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A BSTRACT
With current technology it is possible to deposit and etch thin films, one atomic layer at
a time, in processes called atomic layer deposition (ALD) and atomic layer etching (ALE).
From literature it is known that both ALD and ALE can in some cases lead to smoothing of
surfaces. In this work it is investigated how ALD and ALE lead to smoothing using theoretical
analysis, simulations and experimentation. The findings were used to test whether ALD/ALE
smoothing could be used to improve device performance of several example devices.
ALD is known to be a conformal process, meaning that for an ideal ALD process, the deposited layer is equally thick everywhere. It is hypothesized that the conformal nature of
deposition is the leading cause for the smoothing effect that has been observed in literature. From this hypothesis the principle of uniform front propagation has been formulated,
which states that ALD and ALE can be described using a propagating front. The front is the
material/vacuum interface, and the propagation is perpendicular to the front. To study ALD
and ALE smoothing, a model is made based on uniform front propagation. The model reveals that smoothing occurs by broadening of peaks, which then grow over smaller peaks.
The broad peaks meet in sharp valleys and the valleys grow faster than the peaks, which
leads to a reduction in the RMS roughness by the elimination of small-scale roughness.
Thicker films remove larger scale roughness. However, to remove larger scale roughness, the
deposited layer must be exponentially thicker.
ALD smoothing was tested using plasma enhanced ALD of Al2 O3 on a rough ZnO film, and
the surface roughness was measured using atomic force microscopy and x-ray reflectivity. The experimental results match the predictions from the model, indicating that ALD
smoothing can be accurately described using uniform front propagation. A reduction in
RMS roughness was observed, 15-25% after 25 nm of ALD and 25-50% after 170 nm of ALD.
The model was also applied to an isotropic ALE dataset from the literature, which involves
surface fluorination. The smoothing observed in literature was significantly faster than the
smoothing as predicted by the model. It is hypothesized that the difference is caused by the
fact that the fluorination half cycle is diffusion limited.
RMS roughness is not necessarily the most relevant metric to quantify surface roughness,
and depending on the underlying physical principles of the application, different roughness
metrics are more relevant. As an example, light reflecting off a rough surface scales with
the RMS slope, which depends more on small-scale roughness. ALD smoothing is most applicable in situations where small-scale roughness is limiting device performance, such as
waveguides and parallel plate capacitors
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C HAPTER 1

I NTRODUCTION
The computing power of microprocessors and the capacity of solid state storage increases
drastically with every new device generation. Together with a decrease in power consumption, this enables new applications previously thought impossible. For these devices to keep
improving in the future, the components on micro-chips, such as transistors, capacitors and
interconnects, have to decrease in size. Reducing the size of these components requires great
control over the thickness of the different layers and width of the features, and they should
be identical across the wafer and between different wafers. For future technology nodes,
processing control is required to be on the scale of individual atoms.
All of these features have a roughness, since a layer is never perfectly flat and lines made by
lithography are never perfectly smooth. In general, the roughness has a detrimental impact
on device performance. If two parallel conductive wires have rough edges this means that
the distance between the wires is lower in some places than others, and this can lead to
a leakage current and in the worst case a short, causing the device to fail. It can therefore
be understood that a decrease in feature size must also mean a reduction in roughness.
Manufacturing can roughly be split into three processes, deposition, etching and patterning.
Each of those can change the roughness. Understanding how processes influence roughness
is the first step towards reducing it.
In this work the effect atomic layer deposition (ALD) and atomic layer etching (ALE) have on
surface roughness is investigated, with the intention to use ALD and ALE to reduce surface
roughness. ALD and ALE fall in the category of atomic scale processing and allow control of
etching and deposition at the atomic level. These techniques are the cutting edge of deposition and etching, having accurate thickness control and uniformity across the wafer. ALD
is already in use in industry, while ALE is currently on its way from research to industry.
By better understanding the effect of ALD and ALE on surface roughness it is possible to
design better manufacturing processes, that lead to a reduction in roughness, allowing for
even more advanced electronic devices.
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CHAPTER 1. INTRODUCTION

1.1

ATOMIC LAYER DEPOSITION AND ATOMIC LAYER ETCHING

ALD is a technique to deposit thin films. It operates in a reactor chamber, often in a vacuum.
The technique works in cycles, where each cycle deposits a certain thickness of material.
Each cycle consist of four steps, and are illustrated in figure 1.1b.
The fist step is the adsorption of the precursor. The precursor is generally an organometallic
molecule with metal center, surrounded by organic ligands. During precursor adsorption,
the metal atom binds to the substrate and some ligands are removed. The metal atom cannot
bind to another adsorbed precursor molecule, as the ligands block a precursor from binding.
Precursor adsorption is thus a self-limiting reaction, meaning that once all available surface
sites have reacted with a precursor molecule, the reaction stops. After the precursors adsorption step, the remaining gas phase precursors and the reaction byproducts are purged
from the reactor.
In the third step the co-reactant is dosed into the chamber. The co-reactant reacts with the
adsorbed precursor molecules by exchanging the ligands, and the ligands leave the surface.
Ligand exchange is a self-limiting reaction. Once all ligands are replaced, the reaction stops.
In the fourth step the unreacted co-reactant and reaction byproducts are purged from the
reaction chamber. The combination of these four steps results in the growth of the desired
material. The cycle is then repeated until the desired thickness is deposited.
The big advantage of ALD over other deposition techniques, such as chemical vapor deposition, is that the layer thickness is a function of the number of cycles and not not directly on
the gas flux, leading to accurate thickness control. In general ALD follows the shape and 3D
structure of the substrate, and this is referred to as conformality. An illustration of conformal
deposition is shown in figure 1.2.
Atomic layer etching (ALE) can be considered to be the opposite of ALD. Two self-limiting
reactions are used to etch a material (for a total of four steps). In the first step the surface
is modified by a gas-phase species. The modification of the top surface can for example be
caused by adsorption of a molecule, reducing the bond energy between the modified top
layer and the bulk, or by fluorination, which changes the chemical composition of the top
layer. The reaction byproducts and unreacted species are purged from the reactor chamber during the second step. During the third step the modified top layer is removed, either
by energetic ions, or through chemical reactions. Removal of the modified layer is a selflimiting process, once the modified layer is removed, etching stops. In step 4 the unreacted
species and byproducts are purged. These four steps are repeated until sufficient material
is removed. A diagram of the four ALE steps is shown in figure 1.1a, and are explained in
more detail in chapter 3. ALE allows for accurate etch thickness control and high uniformity
over the wafer. ALE is often selective, meaning that the reactions only occur for one material and not another material, making it for example possible to etch HfO2 while not etching
Al2 O3 [1]. ALE can be categorized into two groups, anisotropic and isotropic processes. With
anisotropic ALE the process etches only in the vertical direction which leads to the creation
2
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Figure 1.1: Diagram explaining ALD and ALE. (a) ALE process: the precursor modifies the
surface, and the modified top layer is removed by sputtering or by chemical reactions. In
between these two steps the reactor chamber is purged. (b) ALD process: During the first
half cycle the precursor adsorbs on the surface, and during the second the co-reactant reacts
with the adsorbed precursor. Edited from ref. [2].

of trenches with vertical walls. Isotropic ALE etches equally in all directions, an illustration
of which can be found in figure 1.2.

Figure 1.2: Diagram illustrating conformality in ALD and isotropy in ALE.
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1.2

C ONFORMALITY AND SURFACE ROUGHNESS

Conformal deposition in ALD and isotropic etching in ALE are similar concepts. Conformal
deposition means that the deposited thickness is equal everywhere on a 3D feature, and that
the deposited thickness is independent of the gas flux. The same is true for isotropic etching,
but then material is removed instead of added. Isotropy also has another meaning in the
context of surface roughness as is explained in chapter 2. In order to prevent confusion, an
’isotropic process’ refers to an ALE process, while an ’isotropic surface’ refers to the property
a surface can have.
In an ideal case, the conformal deposition or etching can be described as a propagating
front, as illustrated in figure 1.3. The substrate surface is the original front and conformal
etching or deposition then propagate this front into or out of the surface. The propagation is
always in the direction perpendicular to the front and the propagation rate is equal at every
point of the front, i.e. the front propagation is uniform.

Figure 1.3: Example of front propagation.
The red line is the original front. The
front then propagates perpendicular to this
front, and the blue line is the new front.

Figure 1.4: Diagram showing the
filling of a trench by deposition.
The black arrows indicate deposited
thickness. The deposited thickness is
equal everywhere, but the increase
in height, indicated with the yellow
arrows, is higher in the valley than
outside of the valley.

Uniform front propagation leads to smoothing of the front, as shown in figure 1.4. The angled sidewalls of a valley grow inwards, thereby filling in the valley. The deposited layer is
equally thick everywhere, but growth in the vertical direction (the yellow arrows) is higher
on the sidewalls than on top, such that the lower lying areas are catching up with the peaks,
resulting in smoothing. For a rough surface, conformal deposition and/or etching lead to
surface smoothing as can be seen in figure 1.5. The smallest features are smoothed out early
on while the larger features remain. The final smoothed surface consists of smooth curves
that are connected by sharp corners.
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Figure 1.5: Illustration of how (a) ALD and (b) ALE can lead to smoothing. In this figure the
deposited material is considered to be a continuum, meaning that the illustrated layers do
not correspond to individual monolayers.

There is experimental evidence that smoothing occurs for ALD [3, 4]. One good example is
in the work of Sechrist et al. [5] where a nanolaminate of W and Al2 O3 is deposited using
ALD. W ALD grows rough films due to formation of nano-crystals. The Al2 O3 deposited on
the W is amorphous, and this causes smoothing as can be seen in figure 1.6. The smoothing
is very similar to the smoothing effect shown in figure 1.5. From the work of Sechrist et al.
we can conclude that ALD smoothing does occur, but not for all materials. It depends on
the material that is deposited and especially on the crystallinity of the deposited material.
Smoothing also occurs during isotropic ALE, as shown in the work by Zywotko et al. [6],
where they found that ALE of Al2 O3 using HF and TMA leads to a decrease in surface roughness (see figure 6.8). The fact that ALE can lead to smoothing could be very useful for various
applications in industry, as etch processes often lead to an increase in roughness [7], which
is generally detrimental for device performance. Smoothing for ALE is discussed in more
detail in section 3.2.

1.3

G OALS OF PROJECT

The main goals of this project are to obtain better understanding of smoothing by ALD
and ALE, and explore whether ALD and/or ALE can be used to smooth surfaces for various
applications. From literature it can be concluded that smoothing occurs in ALD and ALE, but
the mechanisms behind smoothing have not been systematically studied. This work consists
of a literature study, the definition of a model and experimental work. Due to the effects
of the COVID-19 pandemic, the time for performing experiments was less than originally
planned. Instead the work focuses more on literature study and modeling. The following
5
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Figure 1.6: TEM image showing the ALD smoothing effect. W ALD results in crystalline material, which has a rough top surface. The Al2 O3 grown on top then smoothes the surface.
From ref. [5].

research questions were defined:
• By which mechanisms does ALD and ALE affect the surface roughness, and is uniform front propagation a good approximation?
In section 1.2 it is hypothesized that uniform front propagation is the leading cause
of smoothing. In uniform front propagation the deposited material is assumed to be
a continuum, and is not dependent on the material that is deposited, meaning that it
applies to all ALD and ALE processes in the same way. However, uniform front propagation is a simplified interpretation of ALD and ALE processes. The literature is investigated to gain a better understanding of how effects such as crystallization, nucleation
and precursor adsorption influence ALD smoothing. Furthermore, the operating principles of both isotropic and anisotropic ALE processes are investigated in order to find
the mechanisms by which smoothing occurs.
• How can a computer model simulate the effect uniform front propagation has on
surface roughness and what can we learn from it?
A model is defined according to the principle of uniform front propagation in order to
better understand ALD and ALE smoothing. A rough starting surface is used as input
for the model, and ALD or ALE is simulated on that surface, leading to smoothing. The
resulting smoothed surface can then be analyzed to comprehend how uniform front
propagation affects the surface roughness.

6
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• How does ALD of Al2 O3 on a rough substrate reduce the roughness, and how do the
results compare to the model?
ALD smoothing is experimentally tested by first depositing a rough ZnO film, followed
by the deposition of an amorphous Al2 O3 film on top, which results in smoothing
of the top surface. The experimental results are then compared to the model results,
which reveals whether ALD and ALE can be modeled by assuming uniform front propagation. Observed differences can lead to insights into how processes such as nucleation influence the surface roughness.
• How does surface roughness affect device performance and for what practical problems can ALD/ALE smoothing be used?
Using the model it is possible to look into potential applications in industry to see how
roughness affects device performance, and whether ALD and ALE smoothing can be
used to improve it. Three specific cases are described: lithography lines, optical waveguides and parallel plate capacitors. In all of these cases, surface roughness adversely
affects device performance, but each by a different physical principle.
This thesis is organized into 8 chapters. In chapter 2 the theory of surface roughness is presented. In chapter 3 a theoretical analysis of ALD and ALE is presented, with an emphasis on
how these techniques affect the surface roughness. The experimental details are described
in chapter 4. In chapter 5 the uniform front propagation model is detailed, and the results
from the model are discussed in chapter 6, in which the model is also applied to examples
from the literature. The experimental results are addressed in chapter 7. Chapter 8 contains
the conclusions and outlook.

7

C HAPTER 2

S TATISTICS OF RANDOM SURFACES
2.1

I NTRODUCTION

To investigate the influence of ALD and ALE on the surface roughness, a framework to describe the surface roughness should first established. In this chapter, certain key concepts
of surface roughness are explained that will be used as a backbone for the rest of this thesis. The literature overview in this chapter is based mostly on the work of Persson et al. [8],
Jacobs et al. [9], and Sentenac et al. [10].
In this work we are interested in random roughness, where the features are random, but
can still follow certain rules. Examples of random rough surfaces are everywhere: surfaces
of rocks, polished metal and plant leaves [8]. In nano-electronics random surfaces can be
formed by deposition and etch processes. To understand random surfaces we characterize
them with statistics.
For the application that we are interested in, three basic assumptions are made: the surface roughness is (i) homogeneous, (ii) isotropic and (iii) ergodic [10]. For a surface to be
homogeneous, the statistics describing the surface should not be influenced by translation,
i.e. the roughness is the same at different locations on the surface. ALD and ALE are known
to be very uniform in thickness, and it is therefore reasonable to assume that the roughness
is also uniform over the surface. Homogeneity can be tested by measuring the roughness on
different parts of the sample. If the surface is homogeneous, the different measured surfaces
should give the same statistics.
Isotropy for surface roughness is not the same as isotropy for etch processes (see section 3.2).
In the context of surface roughness it means that the statistics are independent of rotation around the vertical axis. Random surfaces in nano-electronics are generally isotropic.
Isotropy can be tested experimentally by measuring the statistics of a sample for different
orientations. If the surface is isotropic, rotation should not influence the statistics.
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For stochastic processes, the statistics are derived from a statistical ensemble, which contains a large number of independent realizations (i.e. different surfaces) with the same statistics. Ergodicity means that statistics can be derived from different points on the surface instead of from a large number of realizations. Distant parts of the same surface act as if they
are separate surfaces. Ergodicity is crucial for experimentation, as measuring a large number
of different samples is not practical. If the surface is ergodic, a single sample can be used
instead. The question is then, how do we know whether a surface is ergodic? If the distance
between two points is very large, the height at those points can be considered uncorrelated.
The limit of the distance at which two points are still correlated is referred to as the correlation length. If the measured area is much larger than the correlation length, it can be
assumed that the area contains many different independent surface areas, as if they were
different realizations. We can then say that the surface is ergodic. In Appendix C the three
assumptions are shown to hold for the surfaces used in this work.
With these assumptions the statistics can be given with two distributions, the one point
distribution function and the two point distribution function [10], which is explained in
detail in the next sections, by considering both 1D profiles and 2D surfaces. For a 1D profile
the height is given by the height h(x). Measurement of a profile results in the discretized
height profile h i with i the indices referring to the measured data points, which range from
1 to N , with N the number of data points. The total length of the profile in the horizontal
direction is L, meaning that the distance between data points is ∆l = L/N .
For a 2D surface the height is given by h(x, y). The height can be discretized to h i , j with i
and j the indices in the x and y direction, respectively. The height of a surface is given for
a certain area A = L x · L y with N x points in the x direction and N y points in the y direction.
For simplicity L x = L y = L and N x = N y = N and again ∆l = L/N . In this work N is always
even.

2.2

O NE POINT DISTRIBUTION FUNCTION

The one point distribution function p 1 (h) is also referred to as the height distribution function, and is defined as the probability of finding a point at a certain height. The mean is set
to zero, such that the root mean square (RMS) is equal to the standard deviation. The RMS
roughness (σ) is given by [10]
Z ∞
σ2 =< h 2 >=
h 2 · p 1 (h) dh
(2.1)
−∞

for a continuous function. For a discrete 1D profile σ is
σ2 =

N
1 X
h2
N i =1 i

9
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and for a discrete 2D surface σ is
σ2 =

N X
N
1 X
h2 .
N 2 i =1 j =1 i , j

(2.3)

The height distribution is often considered to be Gaussian, due to the central limit theorem [11], which states that a sum of random variables tends to be Gaussian even if the variables do not have a Gaussian distribution. The height distribution can also be non-gaussian,
skewed or have kurtosis, but the equations above still hold.

2.3

T WO POINT DISTRIBUTION FUNCTION

The height distribution function only contains information on the vertical distribution of
the surface, while no lateral information is included in this metric. However, lateral features
can have a significant impact on the roughness. Lateral features are described with the two
point distribution function. In figure 2.1 three different profiles are shown with the same
RMS roughness, but with different two point distribution functions.

Figure 2.1: Example of three different profiles with the same RMS roughness, but different
PSDs (see section 2.4). The PSD of a sine wave is the Dirac-delta function, which is indicated
by a blue arrow.
Taken a random point, the two point distribution function is the height distribution of a
random point distance r away. For small r it can be assumed that the two points are similar
in height, but for large r the two points are likely less correlated in height. The two point
distribution function is often represented with the auto-correlation function (ACF) R. The
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ACF for a 1D continuous profile is given by [11]
Z
1 ∞
R(x) =
h(x 0 ) · h(x 0 + x) dx 0
L −∞
and for a 2D continuous surface by
Ï ∞
1
h(x 0 , y 0 ) · h(x 0 + x, y 0 + y) dx 0 dy 0 .
R(x, y) = 2
L
−∞

(2.4)

(2.5)

For discrete surfaces the 1D case is then
Ri =

N −i
X+1

h n · h n+i −1

(2.6)

n=1

with the upper bound of the summation selected such that n + i − 1 ≤ N . For a discrete 2D
surface the auto correlation function is
Ri , j =

j +1
N −i
X+1 N −X
n=1

h n,m · h n+i −1,m+ j −1 .

(2.7)

m=1

In the 1D case R(0) = σ2 and R 1 = σ2 . For the 2D case R(0, 0) = σ2 and R 1,1 = σ2 . If the surface
is isotropic, then the 2D ACF has circular symmetry.

2.4

P OWER SPECTRAL DENSITY

The power spectral density (PSD) originates in the field of signal processing. For an electrical
signal, the PSD gives the average power for a given frequency range. The PSD can also be
used to describe rough surfaces. In the 1D case, the PSD is a function of the wavenumber q
(unit [m-1 ]) and in 2D the PSD is a function of the wave vector q = (q x , q y ) (unit [m-1 ]). The
1D PSD has unit [m3 ] and the 2D PSD has unit [m4 ] [9].
The interpretation of the PSD for rough surfaces is that it indicates the intensity of waves at a
certain wavenumber. Looking back at the profiles in figure 2.1, in which the profiles and their
corresponding PSDs are plotted. The PSD is plotted in a log-log scale, which better shows its
behavior. The profiles shows that the red profile has more high frequency roughness than
the yellow profile. Consequently, the PSD for the red profile is higher for high wavenumbers,
while the yellow profile has a PSD more prevalent in the low wavenumber range. The PSD
of the sine wave is a Dirac-delta peak with q the wavenumber of the sine wave.
The 1D PSD, denoted as C 1D (q), is defined by the Fourier transform of the autocorrelation
function of the profile height. For a continuous 1D profile the PSD is given by [11]
Z ∞
1D
C (q) =
R(x)e −i q x dx
(2.8)
−∞
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and for a continuous surface the 2D PSD is
Ï ∞
2D
q) =
C (q
R(x, y)e −i (q x x+q y y) dx dy.

(2.9)

−∞

The autocorrelation function R(x) can be rewritten to h(x) ∗ h(x), with ∗ the convolution
function and h(x) indicating the complex conjugate of h(x). Using the convolution theorem,
equation 2.8 can be rewritten to
C 1D (q) =

´ 1
1 ³
1
F h(x) ∗ h(x) = F (h(x)) · F (h(x)) = |F (h(x))|2
L
L
L

(2.10)

with F () the Fourier transform. The same can be done in 2D
q) =
C 2D (q

¯2
1 ¯¯ 2D
F (h(x, y))¯ .
2
L

(2.11)

The PSD is always real because the absolute value of a complex number is always real and
positive. The PSD relates to the RMS roughness by [9]
Z ∞
2
C 1D (q)d q
(2.12)
σ =
−∞

which shows that σ2 is equal to the area under the PSD. Looking again at figure 2.1, the RMS
roughness is identical for the three profiles, meaning that the area under the curves for the
three PSD functions is the same. The PSD of the sine wave is the Dirac-delta function, and
integration of the Dirac-delta function results in a finite value.
If the surface is isotropic, the 2D PSD can be reduced to the 1D variant using [12]
Z ∞
Z ∞
q ) dq y = C 1D (q y ) =
q ) dq x
C 1D (q x ) =
C 2D (q
C 2D (q
−∞

(2.13)

−∞

For 1D, the PSD for positive q is equal to the PSD for negative q but mirrored, which is a
general property of the Fourier transform of a real function. The positive part of the PSD
therefore contains all information, and for this reason often only the positive part is considered. In this work the positive part of C 1D is indicated as C 1D+ .
For discrete 1D data, the PSD is
C i1D =

1
|F (h i )|2
L

and in 2D

(2.14)

¯2
1 ¯¯ 2D
F (h i , j )¯ .
(2.15)
2
L
The discrete Fourier transform is calculated using the fast Fourier transform algorithm. The
PSD at q = 0 relates to the area under the profile or surface, meaning that if the profile or
surface is normalized, the PSD at q = 0 is equal to zero. The lowest value of q is q mi n = 2π/L,

C i2D
,j =

12

2.5. MODELS OF PSD FOR RANDOM ROUGHNESS

which is the longest feature that can be measured. The highest value of q is q max = 2π/∆l ,
which is the smallest feature that can be measured. The measured RMS roughness is the area
under the PSD curve, i.e. from q mi n to q max , meaning that the measured RMS roughness
is dependent on the measurement size and number of data points. For the PSD different
measurement sizes give different domains of the same PSD curve, which is an advantage of
using the PSD over the RMS roughness as a metric to characterize roughness.

2.5

M ODELS OF PSD FOR RANDOM ROUGHNESS

In this section several different models for the PSD are given and compared. The PSDs of
these models are shown in figure 2.2.

2.5.1

W HITE NOISE

White noise is completely uncorrelated, meaning that the height at each point is random
and independent of neighboring points. No real surface exhibits this behavior, but it is important to note it as a limit case. The PSD of white noise is constant i.e. C 1D = C 0 , and is
plotted in figure 2.2a. The RMS roughness, as calculated using 2.12, is infinite. The integral
to calculate the RMS roughness goes to infinity in the large wavenumber limit. White noise
is not continuous at any point.

2.5.2

S ELF - AFFINE FRACTAL

A surface generated by a random deposition or etching process often has roughness of a
fractal nature. A fractal is a shape of which a smaller part of the shape is similar to the
original shape, i.e. the shape is self-similar. An example is the Sierpinski triangle as shown
in figure 2.3. For random rough surfaces, the height profile can have a similar property as
is shown in figure 2.4. A zoomed part of the profile is similar to the original profile. It is not
identical, but it is similar in a statistical sense. Such a profile is therefore called a random
fractal or a statistical fractal. To explain this property with mathematics, consider a height
profile that is given by z = h(x). If both the x and z scale are scaled with a factor λ, the
new height should be given by z 0 /λ = h(x/λ). If the surface is self-similar, z 0 is statistically
similar to z. Self-similarity can be generalized to self-affinity, in which case the scaling along
the x- and z-axes do not scale one-to-one. For self-affine profiles, the scaled height is given
by z 0 = λH h(x/λ) [8]. H is the Hurst coefficient which has a value between 1 and 0 for selfaffine surfaces, and gives the relation between large and small features. A self-affine surface
is called self-similar in the specific case that H = 1. If H is lower than 1, smaller features get
more pronounced and the surface has sharper peaks.
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Figure 2.2: Examples of different PSD functions together with example profiles: (a,d) white
noise, (b,e) the self-affine fractal, and (c,f ) the K-correlation model. The K-correlation model
approaches a self-affine fractal in the high wavenumber limit and to white noise in the low
wavenumber limit.

Figure 2.3: The Sierpinski triangle is constructed out of a solid triangle. The triangle is constructed out of four equal smaller triangles, and the middle triangle is removed. This process
is then repeated an infinite number of times. It becomes clear that the Sierpinski triangle is
self-similar, since the top triangle is identical in shape to the whole triangle. Figure from the
public domain [13].

The PSD for a 1D self-affine profile is
C 1D+ (q) ∝ q −2H −1

(2.16)

q ) ∝ |q
q |−2H −2 .
C 2D (q

(2.17)

and for 2D
The 1D PSD of a self-affine profile is plotted in figure 2.2b.
The RMS roughness diverges for a self-affine surface. It goes to infinity in the low wavenum14
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Figure 2.4: Self-similar fractal profile at different length scales. Although they are not identical, they are statistically similar.

ber limit, but it does converge in the high wavenumber limit. The fact that the RMS roughness diverges in the low wavenumber limit can be understood from the fact that it is a
fractal. Every feature has to be part of a larger feature and zooming out reveals more and
larger features and bumps. A self-affine function is continuous everywhere.

2.5.3

K- CORRELATION MODEL

In many physical surfaces or profiles there are limits to the fractal behavior. At the smallscale the fractal nature stops at the scale of individual atoms, and at the large scale there is
a limit to how far away different regions are still correlated. The small-scale limit is ignored
in this work, because it is beyond the measurement limit. The large scale limit is called the
correlation length (ξ), and beyond this length two points are uncorrelated. The K-correlation
model has a PSD with a self-affine tail for large wavenumbers and below 1/ξ the PSD is
constant, similar to (uncorrelated) white noise which resembles a plateau. The tail and the
plateau are connected with a smooth curve. The K-correlation model is plotted in figure 2.2c,
and is given for 1D by [14]
C0
C 1D+ (q) = ¡
(2.18)
¢H + 1
2
1 + (q · ξ)2
and for 2D

C 00
q |) = ¡
C 2D (|q
¢H +1
q | · ξ)2
1 + (|q
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with

1 Γ(H + 1)
C 00 = p
¡
¢ · C0 · ξ
2 π Γ H + 12

(2.20)

and with Γ the gamma function [15].
The RMS roughness of this function is finite if H > 0. Most real world surfaces behave similar
to the K-correlation model, and for that reason it is be used as a starting point for my model
in chapter 5.
The K-correlation model has three parameters, the plateau height (C 0 ), the correlation length
(ξ) and the Hurst coefficient (H ). In figure 2.5 example profiles and their corresponding
PSD are shown for different input parameters to better understand how these parameter
influence the surface roughness.
Altering C 0 only affects the height distribution, (i.e. doubling C 0 , doubles the whole PSD)
but does not alter the lateral roughness.
p Using equation 2.12, we can derive that doubling
C 0 increases the RMS roughness by 2. The correlation length defines the point where the
uncorrelated plateau meets the self-affine tail, and increasing the correlation length means
that there is less small-scale roughness, leading to a decrease in RMS roughness. The profiles
in figure 2.5b show more small-scale roughness for the smaller correlation length. The Hurst
coefficient is between 0 and 1 for a self-affine fractal. However, the Hurst coefficient can be
larger than 1 and still give physical results (but it is then no longer a fractal). For 0 < H < 1,
smaller peaks are sharper than larger peaks. Lower H means more small-scale roughness
and thus a larger RMS roughness.
Figure 2.5 shows that it is difficult to differentiate the profiles, and by eye it is not straightforward to see how the different parameters influence the roughness. In the PSD however,
the differences are quite pronounced, showing the power of the PSD as a metric. For this
reason the PSD will be extensively used in the remainder of this work.
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Figure 2.5: Profiles and PSDs for different input parameters are plotted. The default parameters are C 0 = 100 nm3 , ξ = 10 nm and H = 0.5, and in each plot one of the parameters are
altered to the value indicated in the plot. In (a,d) C 0 is altered, in (b,e) ξ is altered and in (c,f)
H is altered. In plots (d) to (f) the RMS roughness values are given for the different input
parameters.
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C HAPTER 3

T HEORY OF ALD AND ALE
In chapter 1 a brief overview of ALD and ALE was presented. In this section ALD and ALE are
discussed in depth and specific topics that influence the surface roughness are investigated.
For ALD the chemistry and several example processes are discussed, as well as the effect
of crystallization, nucleation and random deposition on the surface roughness. For ALE the
mechanisms by which anisotropic and isotropic ALE can potentially lead to smoothing are
addressed.

3.1

T HEORY OF ALD

As explained in chapter 1, an ALD process consists of two half-cycles (see figure1.1). Let us
investigate an example of a thermal ALD process, the deposition of Al2 O3 using trimethylaluminium (TMA) and H2 O. ALD of Al2 O3 is often considered to be a model ALD process,
and many ALD processes have similar reaction chemistry, especially for metal oxide ALD
processes. TMA forms a dimer with formula [Al(CH3 )3 ]2 . During the first half cycle a surface
hydroxyl group (s-OH) reacts with the TMA in a ligand exchange reaction. The TMA can
react with one or two hydroxyl groups (n = 1, 2), with the following reaction formula:
n s-OH(ads) + 21 [Al(CH3 )3 ]2(vap) −−→ s-On Al(CH3 )3 – n(ads) + n CH4(g) .
During the purge step, the reaction products (CH4 ) and unreacted TMA is removed. In the
co-reactant step, H2 O is dosed into the reactor. The H2 O reacts with the adsorbed precursor
in a hydrolysis reaction:
s-Al(CH3 )(ads) + H2 Ovap −−→ s-AlOHads + CH4(g) .
The thickness of the material that is deposited during each cycle is called the growth per
cycle (GPC). The duration of the steps is important for the ALD process. The dose steps
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should be long enough such that the self-limiting reactions are saturated. If the dose steps
are too short, not every available c-OH group has reacted with the TMA, and the GPC is
reduced. A reduced GPC is detrimental for throughput, because more cycles are required for
the same thickness. Undersaturation is also detrimental because it reduces the conformality
and uniformity, since surfaces that are exposed to less flux have less reactions occurring on
them, and therefore a lower GPC. Good uniformity and conformality are one of the big
benefits of ALD, meaning that saturated dose steps are essential for a good ALD process.
The purge steps should also be long enough. If not, the next chemical is dosed before the
previous is completely removed. Consequently, the TMA and H2 O react with each other in
the gas phase, or on the substrate, and this leads to uncontrolled growth. Both the purge
and dose steps should not be too long either because in the additional time no reactions
occur and this decreases throughput, and uses extra precursor and co-reactant.
Instead of using (only) thermal energy to drive the chemical reactions, energetic plasma
species can be used, in which case the technique is referred to as plasma enhanced ALD
(PEALD). The plasma is mostly used during the coreactant step, where radicals react in combustion reactions. As an example let us look at a PEALD process to deposit Al2 O3 using TMA
and an O2 plasma. The first half cycle is the same as for the thermal process mentioned
above. During the second half cycle, oxygen radicals generated by the plasma source react with the ligands in a combustion like reaction that forms H2 O and CO2 . The reaction
pathway for the second cycle is :
s-Al(CH3 )(ads) + 4 O(radical) −−→ s-AlOH(ads) + CO2(g) + H2 O(vap) .
For ALD of Al2 O3 using TMA, the high reactivity of the plasma species (O(radical) ) leads to
a higher GPC for the plasma process compared to the thermal process, specifically at low
temperatures. Plasma processes often lead to films with a higher density, and lower carbon
and hydrogen contents compared to the thermal process [16].

3.1.1

C RYSTAL FORMATION

Depending on the deposited material and the process conditions, a material can grow crystalline or amorphous, and this effects the roughness of the grown film. As an example Al2 O3
generally grows amorphous, while ZnO generally grows polycrystalline [17]. In the work of
Premkumar et al. [18] they investigated the development of roughness for different metal oxides which were deposited by ALD on a smooth surface. For amorphous Al2 O3 , the roughness
is constant for different deposited thicknesses. NiO grows crystalline, and the RMS roughness increases with thickness, while the correlation length stays constant.
To better understand the change in roughness as a function of thickness, the simulation work
by Nilsen et al. [19, 20, 21] is investigated. In a series of papers, Nilsen et al. simulated the
growth of amorphous and polycrystalline films deposited by ALD. The model starts with a
smooth surface, and islands are formed during the first cycle. After the first cycle, deposition
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only occurs on the islands. An amorphous material forms hemispheres (see figure 3.1), while
polycrystalline materials form crystallites, whose shape depend on the crystal lattice (see
figure 3.2). A material that grows cubic crystals thus forms cubic nuclei, and the orientation
of nuclei are random.
As the number of cycles increase, the nuclei grow together and coalesce (around 50 cycles in
figure 3.1 and 3.2), and at a certain point the whole surface is covered with material. Before
closure of the film, the roughness increases for both amorphous and crystalline materials,
because the lowest point remains the substrate, while the highest points increase in height.
After the film closes, the nuclei grow upwards creating columns for each nuclei. For amorphous materials the columns corresponding to each nuclei are perfectly vertical, as shown
in figure 3.1. The roughness decreases with the number of cycles, and for thick layers the
roughness goes to zero. Smoothing is caused by uniform front propagation, since after the
film is closed, deposition is equal everywhere on the surface, leading to uniform front propagation.
For crystalline materials the precise behavior is dependent on the crystal lattice and the
growth per cycle for each of the different faces of the crystal, but the general behavior is
identical. As the nuclei coalesce and form a closed film, they form columns. Each column
is a crystal grain in the orientation of the original nucleus, which is shown in figure 3.2. The
top of the columns have sharp peaks according to the the crystal structure. The top surface
is rough due to the different grains, and the roughness increases as the film grows thicker.
The increase in roughness for thicker films matches the observation from Premkumar et al.
where the roughness of a nickel oxide film increases as the film thickness increases.
In the model by Nilsen et al. atoms cannot rearrange after being deposited. In reality grains
can absorb other grains by reorienting neighboring atoms. The latter occurs more readily
at higher temperatures [22]. If the film is exposed to high temperatures after the deposition
step (for example during an anneal step), the atoms can reorient and the roughness can
change.

3.1.2

N UCLEATION

In the previous section we assumed that ALD growth starts at certain spots, where nuclei
form and that during the subsequent cycles the deposition occurs only on the nuclei. Not all
deposition processes behave this way. There are three commonly accepted growth modes:
2D layer-by-layer growth, island growth and layer-plus-island growth.
In 2D layer-by-layer growth (also referred to as Frank-van der Merwe growth), deposition fills
the lowest unfilled monolayer. Only when a layer is filled, does the next layer grow. For this
case the GPC is constant and the roughness does not increase. For island growth (or VolmerWeber growth), deposition preferably occurs on top of the deposited material, which causes
islands to form. The islands grow in size and at a certain point coalesce to form a closed
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Figure 3.1: Model results from Nilsen et al.
showing the nucleation and growth of an
amorphous material. The roughness first
increases, and then decreases. Edited from
ref. [19]

Figure 3.2: Model results from Nilsen et al.
showing the nucleation and growth of a cubic polycrystalline material. The crystallites
grow upwards and create a rough top surface with sharp peaks. From ref. [20].

film. Layer-plus-island growth (or Stranski-Krastanov growth) is a combination of layer-bylayer growth and island growth. The first layers are 2D layers and then the growth changes
to island growth. The transition from layer-by-layer growth to island growth can occur due
to a lattice mismatch between the substrate and the deposited film, or due to inter-diffusion
between the substrate and the film [23].
Which growth mode occurs depends on the surface energy of the interfaces. If the adsorbed
atoms are mobile, they can diffuse on the surface. If multiple species meet, they can bind
and form a cluster if this is energetically favorable [24]. Whether island growth or layerby-layer growth occurs depends on the surface tensions of the cluster-substrate interface
γS/F , cluster-vacuum interface γF and vacuum-substrate interface γS . Layer-by-layer growth
occurs if γS ≥ γF + γS/F and island growth if γS < γF + γS/F [25].
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When considering island growth, the locations where nuclei form are not random, but nuclei try to minimize energy. On a rough surface, an island might be more stable in a sharp
valley, where it maximizes the surface area that interfaces with the substrate, while minimizing the area to vacuum. Selective condensation based on surface curvature is called
capillary condensation. A good example of this is shown in the work by Kim et al. [26],
where tetraethyl orthosilicate molecules condenses selectively in the sharp valleys of a TiO2
nanoparticle agglomerate. Although this is not an ALD process, these results do show that
capillary condensation as a process does occur at the nano scale.
Nucleation is in general more likely on surface defects, because of local differences in surface
energy. Grain boundaries are a type of line defects, and on 2D materials, such as graphene
and MoS2 , selective deposition on grain boundaries is a well known effect [27, 28]. Since the
valleys of a polycrystalline film are generally grain boundaries, this might mean that nucleation is more likely to occur in the valleys. The combined effect of capillary condensation,
and nucleation on grain boundaries, might lead to faster smoothing than by uniform front
propagation, due to selective deposition in valleys.

3.1.3

R ANDOM DEPOSITION

Another process by which films can become rough is random deposition. A single ALD cycle
does not always deposit a full monolayer. Reasons for this include steric hindrance (where
the bulky ligands of the precursor block available adsorption sites), desorption of precursor
molecules, and limited availability of reactive groups on the surface (such as the presence of
hydroxyl groups [29]). In the random deposition model by Puurunen et al. [30] it is assumed
that the location where the precursor is absorbed is random, as is illustrated in figure 3.3a.
The adsorption sites are based on a grid and the precursors can adsorb on the top surfaces
of each grid point. Precursors adsorb on random locations on the grid during a cycle and
then stay put, akin to placing blocks on the grid. During the next cycle the precursor adsorbs
on top of the deposited blocks or on the initial surface, and the precursor cannot adsorb on
the sides of the blocks. In this model the height of each grid point is independent of the
height of the other grid points and the roughness increases as the layer grows thicker.
Precursor adsorption is likely not completely random but dependent on the surface morphology, as explained in the previous section. Ahn et al [31] modified the random deposition
model by making the precursor mobile after adsorption, which is illustrated in figure 3.3.
After adsorption the mobile precursor can relax to a nearby site with a lower energy state.
In this random deposition and surface relaxation model, the roughness does increase as the
film increases in thickness, but much slower.
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Figure 3.3: (a) A random deposition process whereby precursor A and B adsorb on the random locations A 0 and B 0 respectively. (b) A random deposition process with surface relaxation, where after deposition the precursor can move to a location with a lower energy. From
ref. [31].

3.1.4

C ONCLUSIONS FROM THEORY OF ALD

In chapter 1 it was hypothesized that the main factor influencing surface roughness was
uniform front propagation. In this section several different effects that can also influence
surface roughness are discussed. These effects are crystal formation, nucleation and random
deposition, and if any of these effects have a significant influence on the surface roughness,
then the observed change in surface roughness will not behave according to uniform front
propagation. The experiments in this work use two ALD processes, thermal ALD of ZnO,
and PEALD of Al2 O3 . ZnO is known to grow crystalline, meaning that the surface roughness
does not change according to uniform front propagation. Al2 O3 grows amorphous and nucleation on a metal oxide substrate (such as ZnO) is fast. Premkumar et al. [18] showed that
ALD of Al2 O3 does not lead to an increase in roughness, meaning that random deposition
does not play a significant role. It is therefore reasonable to assume that ALD of Al2 O3 behaves according to uniform front propagation, and that the effects discussed in this section
(crystallinity, nucleation and random deposition) can be neglected.

3.2

T HEORY OF ALE

ALE can be divided into two categories, anisotropic and isotropic1 etching, as is illustrated in
figure 3.4. The main difference is that anisotropic ALE processes involve directional high energy ions for the etch process. Since these ions are directed perpendicular to the surface, this
leads to etching exclusively in the downward direction. For isotropic ALE the etch reactions
are not based on high energy ions but are based on thermal energy or plasma radicals [32].
1 in this chapter isotropic refers to the property an etch process has, not the surface property that is explained

in chapter 2.
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Figure 3.4: (a) Illustration of an anisotropic/directional etch process. The material is etched
selectively in the downward direction. (b) Illustration of an isotropic etch process. The material is etched equally in every direction. From ref. [33].

3.2.1

A NISOTROPIC ALE

Anisotropic ALE works in two half reactions, which are illustrated in figure 3.5. First the
surface is modified, such that the modified layer is easier to sputter than the underlying
bulk material, and the second half reaction is to remove the modified layer by sputtering.
By using an ion energy between the sputter thresholds of the modified top layer and of the
bulk material, the modified top layer is selectively sputtered, but the bulk material is not
affected. These two steps are then repeated.

Figure 3.5: (a) An illustration of an ALE process, in the first half cycle the surface is modified,
which is a self limiting process. In the second half cycle the modified top layer is removed.
(b) An anisotropic ALE process of Si. In the first half cycle the surface is modified by adsorption of Cl. The binding of Cl with Si reduces the bond strength between the top Si atom and
the bulk Si, meaning that the bond between Cl and Si is stronger than the bond between
the top Si atom and bulk Si atoms. This difference is then exploited in the second half cycle,
where energetic ions selectively sputter the modified top Si layer. From ref. [33].
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In literature the roughness has been reported to increase, decrease or not change at all. Park
et al. [34] reported an increase in roughness for ALE of Si using Cl2 and an Ar ion beam, the
increase in roughness was hypothesized to be caused by incomplete removal of Cl. In the
work of Min et al. [35] BCl3 and an Ar plasma were used to etch Al2 O3 . They observed a very
small increase (0.05 nm) in RMS roughness after 250 etch cycles (26 nm). Park et al. [36]
observed no change in roughness by ALE of HfO2 using BCl3 and a neutral Ar beam. Ohba
et al. [7] showed that the RMS roughness decreases for an anisotropic ALE process for GaN
using Cl2 and a biased Ar plasma, while for a continuous plasma process with the same
chemistry the roughness increases significantly. Karanik et al. [37] showed that significant
smoothing occurred for anisotropic ALE of Ru, Si and C.
The fact that in the literature different effects on the roughness are reported indicates that
probably two effects are at play, a roughening and a smoothing effect. The roughening effect is likely due to an improper process, such as partial removal of adsorbed chlorine [34].
Possible reasons for the smoothing effect are (i) reaction sites on sharp peaks are more reactive, since more chlorine atoms can bond, (ii) high energy ions can flatten the surface by
amorphization or recrystallization of the surface [37], and (iii) uniform front propagation.
It is still an open question whether during an anisotropic etch process the etch direction is
in the direction of the impeding ions, or in the direction perpendicular to the surface. If the
latter is true, smoothing should occur according to uniform front propagation.
It is not known how the effects mentioned above influence the surface roughness. More
research is required into this topic, especially since ALE has been reported to cause the
roughness to increase, decrease or not change at all. However, in all cases, the roughness of
the film after anisotropic ALE is significantly lower than after a comparable continuous etch
processes. It can therefore be concluded that anisotropic ALE can create smooth films, and in
some cases even reduce the surface roughness, which is beneficial for many semiconductor
applications.

3.2.2

I SOTROPIC ALE USING FLUORINATION REACTIONS

For isotropic ALE, the first half cycle involves the modification of the top surface. During
the second half cycle, the modified layer is selectively removed by chemical etching. In this
section isotropic ALE that modifies the surface by fluorination is addressed. In this process
a fluorinating agent adsorbs on the surface and diffuses into the top layer. The fluorinated
layer can then be removed by chemical etching, which involves the removal of the fluorinated material by a ligand exchange reaction.
Isotropic ALE is often considered to be the reverse of ALD, but there is an important difference: ALD is limited by the availability of surface sites, but for isotropic ALE using fluorination, the fluorination step is limited by diffusion. Diffusion of fluorine atoms to form a
fluorinated film can be described by the Deal-Grove model [38]. While originally proposed
for thermal oxidation of Si, it is also applicable for fluorination. In the Deal-Grove model
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a oxygen atom has to go through three steps in order to cause an oxidation reaction. First,
it has to adsorb on the surface. Second, it has to travel through the oxidized film by diffusion. Thirdly, once arrived at the un-oxidized bulk, the oxygen atom reacts with an Si atom,
thereby increasing the thickness of the oxidized film. The flux of the oxygen atoms for each
of the three steps is assumed to be in equilibrium.
The behavior of the oxidation depth x 0 over time can be separated into two regimes. For
small time scales the process is surface-flux limited, and x 0 scales linear with time. For long
time scales the process is diffusion limited, and x 02 scales with time. In the diffusion-limited
regime the oxidation slows down because the oxidized layer acts as a diffusion barrier [39].
The Deal-Grove model is a 1D model and represents a flat surface. The model was expanded
to curved structures for oxidation of silicon by Kao et al., in which they performed both experimental work [40] and made a model [41]. Their work considers two circularly symmetric
cases, the convex case, where a disc of Si is oxidized from the outside, and the concave case,
where a ring of Si is oxidized from the inside hole of the ring. The two cases are illustrated
for fluorination in figure 3.6. The concave case resembles a valley and the convex case a
peak on a rough surface. Two effects are important to consider: stress buildup and diffusion
effects.

Figure 3.6: Illustration of fluorination of (a) convex and (b) concave surfaces. The flux Φ is
constant through the film, but due to the curvature, the flux density F is not. The fluorinating
agent goes through 3 steps in order to increase the thickness of the fluorinated layer. The
steps are indicated by the numbers in (a). 1. Adsorption of the fluorinating agent on the
surface. 2. Diffusion of the fluorine atom through the fluorinated material. 3. Fluorination
of the non-fluorinated material.
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For the oxidation of Si, the oxidized film expands and this causes stress between the oxidized
film and non-oxidized Si. The stress reduces the reactivity both for the convex and concave
cases. Stress also builds up inside the film, compressive stress for the concave case, and
tensile stress for the convex case. Fluorination generally expands the film, meaning that
stress builds up in the fluorinated film, but how this affects fluorination is not known.
A second effect is related to diffusion. As stated earlier, the flux Φ is constant in the fluorinated film, but for both the convex and concave situation the flux density F is not, as is
illustrated in figure 3.6. At a point r from the center of the circle (with radius R) the flux is
then Φ = 2π · r · F . The flux density is higher for the convex case (r < R) and lower for the
concave case (r > R), meaning that diffusion is faster for convex structures and slower for
concave structures.
For Si oxidation, the combined effect of stress buildup and diffusion is that in both the
concave and convex cases the oxide thickness is lower than for a planar substrate. The oxide
thickness is much lower for concave surface than a convex surface. A rough surface has
concave parts (valleys) and convex parts (peaks). The peaks oxidize faster than valleys and
roughness of the SiO2 -Si interface is lower than the original interface [42, 43].
How this translates to ALE based on fluorination is not known. The diffusion effects are identical for oxidation and fluorination, but stress buildup and the effect this has on diffusion
and reactivity is different and not known. Important to note is that the fluorination thickness (∼0.1 nm) is much lower than typical oxidation thickness (>1 nm) and the fluorination
time (seconds) is much shorter than typical oxidation time (hours). For ALE processes the
fluorination process is combined with a chemical etch step, and these steps are repeated.
Conclusions from the oxidation of silicon oxide cannot necessarily be generalized to ALE
using fluorination. However it is very plausible that convex surfaces fluorinate faster than
concave surfaces, meaning that smoothing in fluorination based ALE processes is faster
than by uniform front propagation alone. The smoothing effect of isotropic ALE is further
addressed in section 6.4.
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E XPERIMENTAL SETUP
4.1

ALD/ALE REACTOR

ALD and ALE are performed in low pressure reactors. The ZnO is deposited in an Oxford
Instruments OpAL reactor and the Al2 O3 is deposited in an Oxford Instruments FlexAL reactor. There are significant similarities between the two reactors and this section will cover
ALD reactors in a more general sense. These reactors are capable of both plasma-enhanced
and thermal ALD/ALE processes. A diagram of such a reactor is shown in figure 4.1.

Figure 4.1: A diagram showing a typical plasma-enhanced ALD reactor. The sample is placed
on the sample holder. A inductively coupled plasma source is shown in this figure. From
ref. [44].
The reactor chamber contains the sample on a substrate holder, and is at a low pressure
(∼ 10−6 mbar), pumped down by a turbo pump and a pre-pump. Both the walls of the chamber and the substrate holder can be temperature controlled. The different gasses required
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for the reactions are dosed into the chamber where they react with the substrate, and the excess gasses and reaction byproducts are then pumped away by the turbo pump. Inert gasses
can also be vented into the chamber to increase gas flow or the pressure.
The precursors are often liquid at room temperature. For ALD a volatile precursor is required.
If the volatility is insufficient at room temperature, the temperature of the container storing
the liquid is increased which increases the vapor pressure. The precursor is then dosed into
the chamber via heated pipes to prevent condensation of the precursor inside the pipes.
For thermal ALD the temperature of the substrate is sufficient to drive the reactions, but
for plasma-enhanced ALD a plasma source is used. The plasma creates energetic ions and
reactive radicals which drive the surface reactions. Both reactors comprise a remote plasma
source.
Two different deposition processes were performed in the two reactors. ZnO was deposited
using a thermal process with diethylzinc (DEZ) and H2 O at 200° C, with a DEZ dose time of
60 ms, a DEZ purge of 5 s, a H2 O dose time of 60 ms, and 10 s of H2 O purge time. Al2 O3 was
deposited using a PEALD process with TMA and an O2 plasma at 150° C, with a TMA dose
time of 40 ms, a TMA purge time of 3 s, an O2 dose time of 3 s and an O2 purge time of 3 s.

4.2

S PECTROSCOPIC ELLIPSOMETRY

Spectroscopic ellipsometry (SE) is a technique that can be used to determine the optical
properties and thickness of a stack of thin films. In SE, polarized light is reflected on a sample.
The phase and intensity of the reflected light is then measured for different wavelengths
and for both polarization directions. The change in polarization is dependent on the optical
properties and thickness of the different layers.
In this work the measurements were performed on an ex-situ J.A. Woollam variable angle
ellipsometer, at the angles of 65°, 70° and 75°. The data was acquired between 1.24 and 6.5 eV,
with 512 wavelength steps and an acquisition time of 5 s.
It is possible to find the layer thicknesses and optical properties of the films by making a
model and fitting that model. The model consist of the different layers, and the optical properties of the layers. Modeling is performed with CompleteEASE software by J.A. Woollam. The
different layers can be selected from a library of materials. If the fit is close to measurement
data, the model results should be very close to the actual thicknesses.
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4.3

ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is a type of scanning probe microscopy, where a sharp probe
is scanned over a surface and the interaction between the tip and the sample is used to make
a 2D height map of the sample. In AFM a sharp tip is mounted on a cantilever and forces
acting on the tip cause the cantilever to deflect. The deflection is measured by reflecting a
laser on the cantilever and the reflected light is analyzed by a photo detector. The sample
and tip can be moved in three dimensions with piezoelectric scanners. These scanners are
used to raster scan the surface to make a 2D height map. An illustration of a typical AFM
setup is shown in figure 4.2.

Figure 4.2: A simplified diagram of an AFM setup. The tip interacts with the sample and
bends the cantilever, which deflects the laser light that is reflected on the cantilever. The
deflection of the light is measured using a photo detector. The sample and tip can be moved
using the piezoelectric scanners.

An AFM can operate in different modes and in this work I used PeakForce tapping, a proprietary AFM technique by Bruker [45]. PeakForce tapping is closely related to tapping mode
AFM, and in tapping mode AFM the cantilever oscillates at its resonant frequency. At the lowest point of the oscillation the tip hits the surface and this decreases the amplitude. Moving
the tip further down increases the velocity at which the tip hits the surface and more energy is lost with each impact, which reduces the amplitude. When scanning the sample, the
changing surface height causes the amplitude to change. The Z-piezo-scanner changes the
cantilever height using a PID controller, such that the amplitude stays constant. The height
of the Z-scanner is then used for the height map. The gain and the set point of the controller
are parameters that are set before measurements and choosing these is essential for getting
good results.
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PeakForce tapping is similar in that it also uses an oscillating tip that intermittently interacts
with the surface, but it does not oscillate at the resonant frequency. Instead, it oscillates at
a much lower frequency of a few kHz, low enough such that the deflection during the short
periods of contact can be resolved. The precise point of contact can be measured and this
is the measured height.
PeakForce tapping is used together with ScanAsyst, which automates the scanning process,
meaning that no user input is required for setting the gain and set point. The deflection
data is used to change the gain and set point after each tap to minimize the force between
the tip and the sample, which reduces damage to the sample and tip, and limits distortions.
With this these two techniques performing an AFM scan is almost an automatic process.
The measurements are performed on the Dimension Icon AFM manufactured by Bruker,
using a PeakForce-Air tip.
In the next subsections, two effects that can limit accuracy of an AFM height map are discussed: tip dilation and electronic noise.

4.3.1

T IP DILATION

The AFM tip is never perfectly sharp but instead the tip is rounded. The tip resembles a
sphere and the radius of this sphere is called the tip radius R tip . The tip radius for a new tip
can be very low, below 10 nm, but after use the tip radius increases due to abrasion. The
tip can also break or pick up particles. All of these effects cause the measured image to be
distorted and if the distortion is too bad, the tip must be replaced. In this section the effect
of tip smoothing on surface roughness is investigated for two reasons: (i) to make sure that
it does not interfere with the experimental findings, and (ii) tip smoothing influences the
surface roughness in a similar way to uniform front propagation, meaning that the findings
from tip smoothing are also relevant to ALD/ALE smoothing.
There are two scenarios to consider depending on the local radius of curvature of the surface.
The local radius of curvature is
¯³
´3/2 ¯¯
¯
¯ 1 + d dh(x)
¯
x
¯
¯
R surf (x) = ¯
(4.1)
¯
d 2 h(x)
¯
¯
2
¯
¯
dx
for a 1D profile. For a 2D surface a point has two radii of curvature, one in the x direction
and one in the y direction. In the rest of the chapter R surf is the minimum of either the x or
y curvature. If the local slope is small, R surf can be simplified to the inverse of the second
order derivative of the height.
If the tip radius is smaller than R surf , then the tip can touch every part of the surface, i.e. the
tip fits in every structure on the surface as illustrated in figure 4.3a. The measured surface
is distorted, but the original surface can be reconstructed if the tip radius is known.
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If R surf (x) < R tip , then the tip cannot reach that part of the surface as shown in figure 4.3c.
This is only true for upwards curvature, or a valley. A sharp peak can be traced no matter
the curvature, as can be seen in figure 4.3b. If a valley has a sharper radius of curvature than
the tip radius, the tip cannot trace the surface. It is therefore impossible to reconstruct the
original surface from the measurement data, meaning that information is lost, and this is
called tip dilation [46].

Figure 4.3: The tip has a radius R tip and this causes an error in the measurement. (a) The
radius of curvature of the surface is larger than the tip radius, meaning that every point
on the surface can be reached by the tip. (b) A sharp valley cannot be reached by the tip
because the tip radius is larger than the radius of curvature in the valley. The true surface
cannot reconstructed from the measurement data and information is lost. The measured
valley is less deep than the real valley. (c) A sharp peak can be traced by the tip even though
the local radius of curvature of the tip is smaller than the tip radius. The measured profile
(the dotted line) has a broader peak than the real profile.

In the case of tip dilation, the measured surface consists of a series of broadened peaks
which connect in sharp valleys, also called cusps. The effect tip dilation has on a rough
surface is similar to the that of ALD smoothing, as can be seen in figure 4.4. A spherical tip
does not necessarily touch the surface at the bottom of the tip, but the center of the sphere
is always R tip from the real surface and this distance is also perpendicular to the real surface.
The measured surface is thus the real surface, but propagated R tip perpendicular to the real
surface, which is identical to uniform front propagation as described in the chapter 1. It is
thus expected that the effect of ALD smoothing is identical to AFM tip dilation.
Of particular interest is the effect of tip dilation on the PSD of the measured surface. Church
et al. [47] conjectured that there is a critical wavenumber q c below which the PSD is unaffected. Above the critical wavenumber the features are smoothed out, and the PSD is proportional to q −4 . The q −4 comes from the sharp cusps between the broadened peaks. A
larger tip radius means a lower critical wavenumber and more smoothing. Wu used simulations to model tip dilation on a 1D self-affine profile [48] and a K-correlation surface (with
H = 0.5) [49]. The results match the conjecture of Church et al.
In figure 4.5 an experimental example of AFM tip dilation is shown. A 100 nm ZnO film
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Figure 4.4: A diagram comparing the smoothing effect of (a) conformal ALD and (b) tip
dilation.
(deposited as explained in section 7.3) is measured with a good tip, and with a worn tip. The
worn tip filters out high frequency roughness, which can also be concluded from the PSD.
The PSD is constant until the critical wavenumber. Above the critical wavenumber the PSD
decreases with q −4 .

Figure 4.5: Experimental data showing the effect of a blunt tip. AFM images of (a) ZnO
with a good tip and (b) the same sample but measured with a tip with a large tip radius.
Small-scale features are filtered out and the surface appears smoother. (c) The PSDs for both
height maps. The blunt tip smoothes the high frequency roughness and above the critical
wavenumber (q c ) the PSD is approximately equal to q −4 .
Since the effect of AFM tip dilation and ALD smoothing are so similar, the literature on
AFM tip dilation can be used as a starting point for ALD smoothing. In chapter 5 and 6 the
uniform front propagation model and its results are discussed, and it is expected that the
results from the model are similar to the findings that are discussed in this section.

4.3.2

E LECTRONIC NOISE

Electronic noise in the measurement and feedback electronics can reduce the accuracy of
measurements. Electronic noise is assumed to be white noise [50, 9], and the effects are
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most obvious in the PSD. The measured PSD is thus the sum of the real PSD and the PSD
1D+
1D+
of the noise. White noise has a constant PSD, meaning that C measured
(q) = C real
(q) +C noise .
In the used setup the electronic noise level is small compared to the plateau height of the
PSD. For low q, the PSD is high, and therefore the noise term can be neglected. For high
values of q, the PSD is low and then electronic noise can have a significant impact. The PSD
curves upward to and flattens to a plateau at the noise level C noise .
In reality the electronic noise is not perfect white noise. There are peaks at certain locations
and spectrum is not always flat. In figure 4.5c the PSD curve for the blunt tip bends upwards
for high wavenumbers, but there is no true plateau. There are also peaks visible for both the
good and blunt tips, which are also caused by electronic noise.

4.4

X- RAY REFLECTIVITY

As an alternative to AFM, X-ray reflection (XRR) can be used to measure the surface roughness. The advantages of this method are that is non-contact, and it is possible to measure
the film thickness and the roughness of buried interfaces. One disadvantage of XRR (as it
is used in this work), is that it can only find the RMS roughness of the surface roughness,
and not the lateral roughness. Lateral roughness information is required to run the model
in chapter 5, meaning that XRR data alone is not enough to run the model. Instead, XRR is
used as a control for the AFM measurements.
XRR operates on the principle of total external reflection. For most materials the refractive
index is slightly smaller than one for X-rays in the 10 keV range. The complex refractive index
n is equal to 1−δ+i β, with δ the dispersion term and β the absorption term. Because of the
fact that n < 1, total external reflection occurs for angles lower than the critical angle αc . It
can be derived that the critical angle of an interface between a homogeneous material and
vacuum is
p
p
αc ≈ 2δ = λ r e ρ/π
(4.2)
with λ the radiation wavelength, r e the classical electron radius and ρ the electron density [51]. The electron density of air is negligibly low, and therefore measurements in air can
be assumed to be in vacuum. Below the critical angle the reflection is close to one and above
the critical angle reflection decreases to zero.
k ·rr ) with E 0 the wave
The electric field of an electromagnetic wave is equal to E (r ) = E 0 exp(ik
amplitude, k the wave vector, and r the position vector. For the incoming and scattered
radiation, the wave vector is k i and k f . The light that enters the material is given by the
wave vector of transmission k t . In this work we only look at the specular reflection. For
specular reflection the angle of incidence is equal to the angle of scattering. Instead of using
the incoming and scattered wave vector, we can use the 2θ angle which is the angle between
the two wave vectors as shown in figure 4.6. Specular reflectivity contains information on

34

4.4. X-RAY REFLECTIVITY

the vertical structure of the material, i.e. the densities, thicknesses and roughnesses. Lateral
structures have limited influence on the specular reflectivity. The experimental data is fitted
using an optical model, which is dependent on fitting parameters (e.g. thickness, roughness
etc.). The output of the model is compared to the experimental data using a figure-of-merit
(FOM) function. An algorithm then alters the fitting parameters in order to minimize the
FOM function. This process is repeated until a minimum is reached. The difficulty of fitting
is that it is impossible to know whether the reached minimum is the global minimum, other
than checking all possible values. The fitting is performed with a software called GenX [52,
53] which uses the differential evolution algorithm and has build-in XRR models. In the next
sections, a theoretical background for specular X-ray scattering is given and then the used
optical model, FOM function and algorithm are explained.

Figure 4.6: An illustration showing the wave vector of incidence k i , the wave vector of scattering k f and the wave vector of transmission k t . The angle between k i and k f is defined
as 2θ.

4.4.1

T HEORETICAL BACKGROUND

Specular reflectivity for X-rays can calculated using the Fresnel equations, similar to optical
radiation. First the simplest case is considered, a thick substrate with a no roughness and
refractive index n. Since the substrate is thick, there is no reflection from the bottom of the
substrate. Reflectivity for s- and p-polarization is
rs =
rp =

k i ,z − k t ,z
k i ,z + k t ,z
n 2 · k i ,z − k t ,z

(4.3)

n 2 · k i ,z + k t ,z

k i | sin(αi ) the
with k i ,z = |k
pvertical component of the wave vector of incidence,
k t | sin(αt ) = |k
k t | n 2 − cos2 (αi ) the vertical component of the wave vector of transk t ,z = n|k
mission, and αi and αt the angle of incidence and transmission. Since the reflective index
is close to 1, the reflectivity for s- and p-polarization is almost identical. From this point on
the s-polarized reflection is used and the subscript is dropped. The measured intensity of
the reflected wave is equal to |r |2 . Examples of the reflectivity for Si and ZnO are shown in
figure 4.7. Because ZnO has a higher electron density than Si, the critical angle of ZnO is
higher than that of Si.
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Figure 4.7: Simulations of specular X-ray reflectivity for a Si substrate, ZnO substrate and
100nm of ZnO on an Si substrate. The simulations were performed using GenX (see section 4.4.2).

The reflectivity of a stack of smooth layers can be calculated in a similar way. Lets take a
stack with N interfaces and N+1 layers. Air (which is assumed to be a vacuum with n = 1)
and the substrate are included in these layers. The first interface is between the first and
second layer, i.e. the interface between vacuum and the top most layer. The N th interface is
between the N th layer and the substrate. The height of interface j is z j with z 1 = 0 and the
refractive index of layer j is n j . Each layer has a downward and a reflected upward wave. In
layer j the downward and upward wave amplitudes are T j and R j respectively. The ratio of
the upward and downward amplitudes are then
Xj =

Rj
Tj

= exp(−2i · k z, j z j )

r j , j +1 + X j +1 exp(−2i · k z, j +1 z j )
1 + r j , j +1 X j +1 exp(−2i · k z, j +1 z j )

with
r j , j +1 =

k z, j − k z, j +1
k z, j + k z, j +1

(4.4)

(4.5)

the Fresnel reflectivity as given in equation 4.3. This system of equations can be solved using
Parrats recursion algorithm [54], which starts by solving the equation for the Nth interface,
which is possible because the bottom layer is assumed to be infinite, i.e. R n+1 = X n+1 = 0.
The layers on top are then solved recursively from the bottom up. T1 is equal to one, i.e.
the reflected intensity R = |X 1 |2 = |R 1 |2 . For N = 2 this leads to interference fringes as can be
seen in figure 4.7.
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Rough interfaces change the reflectivity. For specular reflection the height distribution has
the biggest influence, while the lateral structure has a limited effect. It is therefore best to
think of roughness not as height differences in a sharp interface, but instead as a gradual change in the electron density. A flat interface where the two compounds have mixed
(inter-diffusion) appears to have roughness. The roughness measured by XRR is somewhat
different from the roughness measured by AFM. AFM measures only the difference in surface height, while XRR measures a combination of surface height and inter-diffusion on the
interface. In some cases, the roughness measured by XRR is higher than the roughness measured by AFM, e.g. when the surface is porous, or when exposure to air has created a top
layer with lower density.
The roughness of an interface j is assumed to haves a Gaussian height distribution with a
standard deviation of σ j , meaning that the refractive index between two layers is
n j (z) =

n j + n j +1
2

−

n j + n j +1
2

Ã

z − zj
erf p
2σ j

!

with erf(z) the Gauss error function which is defined by
Z z
2
erf(z) = p
exp(−t 2 ) dt .
π 0

(4.6)

(4.7)

For equation 4.6 to be accurate σ j must be much smaller than the layer thickness. Gaussian
roughness can be incorporated into equation 4.4 by changing the Fresnel reflection factor
r j , j +1 . There are two different variants, the Névot-Croce result[55]:
r˜j , j +1 = r j , j +1 exp(−2k z, j k z, j +1 σ2j )

(4.8)

with r j , j +1 the original Fresnel reflection, which assumes a small correlation length. Alternatively, there is the Debye-Waller factor (also referred to as the Beckmann-Sizzichino result):
2
2
r˜j , j +1 = r j , j +1 exp(−2k z,
j σj )

(4.9)

which assumes a large correlation length [51]. In this work the Névot-Croce factor is used
because the correlation lengths are relatively short (ξ < 100). The Debye-Waller result is
typically used when ξ > 100 nm [56] which is not relevant for this work. Further information
can be found in the work of M. Tolan [51], and A. Gibaud and G. Vignaud [57].

4.4.2

M ODELING USING G EN X: M ODEL , FOM FUNCTION AND FITTING

With the GenX software it possible to make an optical model by inserting the stack of layers of
the sample and guessing the densities, thicknesses and interface roughnesses. The program
then calculates the reflectivity using Parrats recursion algorithm with the Névot-Croce result
to model roughness. The results from the model S i are then compared to the experimental
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data Yi using a FOM function, with i referring to the different data points in a measurement.
Examples of such functions are
1 X
|Yi − S i |
N −p i
p
1 Xp
sqrt : F OM sqr t =
| Yi − S i |
N −p i
1 X
| log10 (Yi ) − log10 (S i )|
log : F OM l og =
N −p i
diff : F OM d i f f =

(4.10)

with N the number of data points and p the number of parameters of the fit. A right FOM
function should be selected depending on the data, the model and the variables to be fitted.
The precise workings of GenX is beyond the scope of this work, but can be found in the
paper describing the program [52]. An example of a measurement and the resulting fit can
be found in figure 4.8.
The accuracy of the found fitting parameters is difficult to state and depends on the quality
of the fit. The thicknesses and densities of the layers are in general more accurate then the
roughness of the interfaces. With a good fit it is possible to find the RMS roughness with an
accuracy of around ∼ 0.1 − 0.2 nm.

Figure 4.8: An example of an XRR measurement with the fit of the measurement data. The
sample is an Al2 O3 layer (93 nm) on top of a ZnO layer (97 nm) on top of a c-Si wafer. It is
possible to find the roughnesses of all the interfaces and the densities of the different layers.
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4.4.3

XRR MEASUREMENTS

The reflectivity measurements are performed on an X’pert PRO using copper Ka radiation
with a wavelength of 1.54 Å , a voltage of 45 kV and a current of 40 mA. The emitted radiation
is diverging and this reduces the resolution of the measurements. The divergence is limited
by using 0.04 rad Soller slits and a fixed slit of 1/32°. The beam size is limited by a 15 mm
mask. The spectrum emitted from the X-ray tube is not monochromatic, meaning that the
usage of a monochromator improves the resolution, and therefore in this work a graphite
monochromator is placed in front of the detector. The PIXcel 1D detector is used in receiving
slit mode. The scans are performed with a scan range from 0 to 2.5°, a step-size of 0.0025°
and a integration time of 1.3 s.
The beam arrives at the sample with a certain width w beam . The illuminated length is then
w beam / sin(2θ/2) and if this length is larger than the sample, it has an influence on the measurement. Samples should be over 10 mm in length to prevent this.
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M ODEL
5.1

I NTRODUCTION

In order to better understand and predict ALD and ALE smoothing, a model is made based
on the principle of uniform front propagation. The top surface is seen as a front which
propagates perpendicular to the initial front (away from the substrate for ALD and towards
the substrate in ALE). Figure 1.5 shows examples of front propagation for ALE and ALD in
1D.
Uniform front propagation is a simplification of real ALD and ALE processes. The model
does not take any details of surface chemistry into account. Instead, it assumes that the
deposited material is a continuum. In chapter 3 several effects were discussed that will cause
the surface roughness to not behave according to uniform front propagation. For ALD these
were crystal formation, nucleation and random deposition, and the model will therefore
exclude these effects. The model resembles the ALD of an amorphous material that grows
layer-by-layer. For ALE the model assumes that the process is isotropic and it excludes effects
due to diffusion and stress buildup (see section 3.2.2).
The model can work in both 1D and 2D. The 2D model is explained in this chapter, and the
1D model is detailed in Appendix B. The model is based on a partial differential equation,
which is discussed in section 5.2. To solve the partial differential equation, the finite differences method is used, as is explained in section 5.3. The input for the model is a starting
surface, and this surface can be experimentally measured or randomly generated. The process for random generation is explained in section 5.4. In section 5.5 the implementation
of the model is discussed. The model is tested for stability and numerical accuracy, which
is addressed in section 5.6. From the model results, the PSD is calculated, and the PSD is
fitted, which is discussed in section 5.7. An overview of the different steps is presented in
figure 5.10.
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5.2

M ATHEMATICS OF THE MODEL

The simulation is based on a non-linear differential equation given by:

∂h(x, y, τ)
=
∂τ

s

∂h(x, y, τ)
1+
∂x
µ

¶2

∂h(x, y, τ)
+
∂y
µ

¶2

(5.1)

with h the height as a function of the Cartesian x and y coordinates, and τ the deposited
thickness. The equation is based on a 1D equation presented in the work by Alasaarela et
al. [58] and is in this work expanded to two dimensions. To derive this equation we imagine a
point on the surface at location (x, y) where the height is h(x, y). In figure 5.1 the surface and
the point (x, y, h(x, y)) are illustrated. For the remainder of this proof, the point is indicated
by the origin (O). The normal vector at this point is by definition perpendicular to the tangent
plane. A second plane, the work plane, is spanned by the normal vector and by the z-axis
through the origin. The place where the work plane and the tangent plane intersect is the
line of maximum slope. From this point on, all the lines and points are on the work plane,
and the work plane is illustrated in figure 5.2. On the line of maximum slope lies the point P .
The slope of line OP is the maximum slope, which is equal to |∇h(x, y)|. P x y is the projection
of P on the x y plane. The length of OP x y is 1, such that |P x y P | is |∇h|.

Figure 5.1: Illustration showing the 2D surface. At the point O the tangent plane
and normal vector are indicated. The work
plane is spanned by the normal vector and
the z-axis. The line intersecting the work
plane and the tangent plane is the line of
maximum slope.

Figure 5.2: Illustration of the points
and lines on the work plane. The line
of maximum slope is indicated by
OP . P x y is the projection of P on the
xy-plane. OQ is normal to the surface
and the front propagates in that direction. The model uses an unchanging grid, therefore the propagation
is modeled along the z-axis, and the
front propagates to point R.

The front propagates normal to the surface (for ALD upwards and for ALE downwards). In
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this example we consider ALD, meaning that the front propagates upwards. For an infinitesimal propagation of ∂τ, the front propagates from O to Q. This model uses an x y grid, but
Q is not aligned to the grid. It is possible to use a moving mesh, but since this unnecessarily
complicates the model, a constant grid is used instead. To this end, Q should be moved such
that it remains on the x y grid. Q is translated perpendicular to OQ to R. This translation is
accurate because we assume that the surface is differentiable, meaning that as long as ∂τ
and ∂h are small, it can be assumed that the surface has no curvature.
Because OP and QR lie in the same plane, QR is parallel to OP . Since RO is parallel to
P P x y , ∠ORQ = ∠P x y PO must hold. Because ∠OQR = ∠P P x y O =⊥, this means that 4OQR
and 4OP x y P are similar (meaning that all angles are identical), so

|RO|
|OP |
|RO|
=
⇒
=
|OQ| |OP x y |
|OQ|

q
|OP x y |2 + |P P x y |2

|OP x y |

(5.2)

and given that |RO| = ∂h, |OQ| = ∂τ, |OP x y | = 1, and |P P x y | = |∇h(x, y)| we find the following
equation:
∂h p
= 1 + |∇h|2
∂τ

(5.3)

which is the PDE shown in equation 5.1.

5.3

S OLUTION SCHEME USING FINITE DIFFERENCE METHOD

The finite difference method (FDM) is used to solve the non-linear differential equation
mentioned above. The surface is discretized into a grid and the deposition is discretized
into steps. This makes the approach similar to ALD in that is not a continuous process, but
occurs in discrete steps (which in ALD and ALE would be call cycles). The discrete steps are
inherent to FDM as a method, and not a deliberate part of the model. The deposition steps
in the model do not necessarily deposit the same thickness as actual ALD/ALE cycles.
In the previous section it was assumed that the equation is differentiable everywhere on
the surface, but this is not the case for two reasons. First, the surface is assumed to be a
self-affine fractal, and fractals are inherently not differentiable. Second, due to the nature of
the equation valleys become infinitely sharp, forming cusps and these sharp valleys are not
differentiable. Because the surface is not differentiable, the curvature of the surface cannot
be ignored, meaning that the translation from Q to R is not accurate. To solve this issue,
we look at a similar equation, the eikonal equation, which is used in optics. The eikonal
equation is given by
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|∇L|2 = n 2

(5.4)

with n the index of refraction, and L Hamiltons characteristic function. The eikonal equation is used to calculate the time it takes for a wavefront of light to propagate through a
medium, with the wavefront at time t given by the coordinates where L = t . With n set to 1,
the eikonal equation is analogous to propagation of a wavefront of light through vacuum,
which is similar to uniform front propagation, because light in a vacuum always travels at a
constant speed and normal to the wavefront. Multiplying equation 5.4 by (∂z/∂L)2 we get
µ

∂z
∂L

¶2

µ

·1 =

µ

∂z
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µ
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∂y
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(5.5)

¶2

+1

(5.6)

which is identical to equation 5.1 where L = τ and z = h. It is therefore logical to use a similar
solution scheme. A simple solution scheme using FDM is to use the following approximate
partial differentials [59]
τ+∆τ
τ
∂h(x, y, τ) h x,y − h x,y
=
+ O(∆τ)
∂τ
∆τ
¢
¡
∂h(x, y, τ)
= max D x+ , −D x− , 0 + O(∆x)
∂x
¡
¢
∂h(x, y, τ)
= max D y+ , −D y− , 0 + O(∆x)
∂y

with
D ν+ =
D

ν−

τ
h ν+∆ν
− h ντ

∆ν
τ
h ντ − h ν−∆ν

(5.7)
(5.8)
(5.9)

(5.10)

.
(5.11)
∆ν
with ν either x or y and max(a, b, c) the maximum of either a,b or c. Using this solution
scheme solves the problem of the surface not being differentiable. To better understand
how this scheme works with curved surface, let us further investigate a singe grid point
(x i , y i ), which is surrounded by four other grid points. Since the partial derivative to x and
y are independent of each other, only the x derivative will be considered. Several examples
are illustrated in figure 5.3. Lines connecting the outer points (x i −1 and x i +1 ) to the center
point x i have a normal vector (in the up direction for ALD) that is either directed towards
the center point or away from it. Growth is always in the perpendicular direction, meaning
that if the normal vector is away from the center point, it does not have an influence on
the center point. For example, if the normal vectors at both sides are away from the center
point (i.e. for a peak), the growth is equal to the normal growth i.e. ∆τ as illustrated in 5.3a.
=
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If the normal vector of one (i.e. for a slope, see figure 5.3b) or both sides (i.e. for a valley,
see figure 5.3c) is towards the center point, the growth is dominated by the side that has a
larger slope.
With this in mind, it is possible to conceptually understand why deposition leads to smoothing. At the peaks the slope is zero, and thus the growth rate is the normal growth speed. The
valleys grow with a rate dependent on the slopes surrounding it, and this rate is always
higher than the rate at which the peaks grow. In other words, the peaks grow only slightly,
while the valleys catch up.

Figure 5.3: An illustration exemplifying the FDM method. The red arrows indicate the deposited thickness ∆τ and the blue arrows the increase in height ∆h. (a) On a peak both
normal vectors are pointing away from the center point and the increase in height is equal
to ∆τ. (b) In a valley both normal vectors are pointing towards the center point and the
steepest side determines the increase in height, in this case the right side. (c) On a slope
only one normal vector points towards the center point, and this determines the increase in
height, which is in this case the right side.

5.4

G ENERATION OF STARTING S URFACE

As a starting surface for the model, experimental AFM data can be used or a starting surface
can be randomly generated. For the latter, a PSD is used as input in order to generate a
starting surface. The PSD must be a 2D PSD, and in principle any 2D PSD can be used. An
obvious candidate is the 2D K-correlation model, given by equation 2.19 (see section 2.5.3),
but it has several disadvantages. For analysis it is beneficial that the 1D PSD, derived from the
2D K-correlation model (using equation 2.13) matches the 1D K-correlation model, because
the PSD derived from experiments are in the 1D form. The 1D PSD in the x direction can
be derived from the 2D PSD by integrating over the y axis and dividing by L, which is only
correct if the integration occurs from q = −∞ to q = ∞. In the simulations N and L are finite,
thus the integration only occurs from q = −q max to q = q max . Because of this difference,

44

5.4. GENERATION OF STARTING SURFACE

the derived 1D PSD does not match the true 1D PSD, especially in the large wavenumber
limit, where the difference is up to 30%, as is shown in figure 5.4. This difference causes
two problems, (i) the 1D and 2D data cannot be directly compared to each other, and (ii)
the PSD calculated for different length scales L no longer trace the same curve, which was
supposed to be one of the main advantages of using the PSD.

Figure 5.4: Comparison of (i) 1D K-correlation model, (ii) the 1D K-correlation model derived
from the standard 2D K-correlation model, and (iii) the 1D K-correlation model derived from
the 2D K-correlation model with added translations.
Instead of using the 2D K-correlation model, another 2D PSD function has to be found for
which integration over a finite range gives the 1D K-correlation model and this function
should also be isotropic1 i.e.
Z qmax
C0
1D
q )|) dq y = ¡
C 2D (|q
(5.12)
¢H + 1 = C (q x )
2
−q max
2
1 + (q x · ξ)
Finding an exact solution to this problem is difficult and beyond the scope of this work.
Instead, a trial solution is found that gives desirable results. The trial solution starts with
the 2D K-correlation model and translates parts of the 2D PSD that lie out of range into the
range. For positive x and y, the modified 2D K-correlation model is the sum of the standard
2D K-correlation model, and the 2D K-correlation model translated q max in the positive x
and y direction
q ) = C 2D (q
q ) +C 2D (q
q + q max e x )) +C 2D (q
q + q max e y ))
C 2D,t r ans (q

(5.13)

with e x and e y the unit vector in the x and y direction, respectively. The addition of the
translations works the same for the other quadrants. These translations are visualized in
1 Meaning here that the surface roughness is independent of rotation.
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figures 5.5 and 5.6.
The addition of the translations increases the integral such that the mismatch disappears
and the generated 1D PSD functions trace the same curve. One disadvantage of this function
is that it is no longer radially symmetric. However, the asymmetry is very minor, since the
original PSD is much larger than the correction that is added to it (see figure 5.6), meaning
that the shape stays mostly unaffected. The derived 1D PSD is plotted in figure 5.4.

Figure 5.5: Diagram showing how parts
outside of the 2D K-correlation model are
translated into the range. The red square
gives the original PSD and the arrows indicate the translations

Figure 5.6: Diagram showing the relation
between the original PSD and the translations. The PSD of the translations are significantly lower than the original PSD.

Using this PSD function, the starting surface can be generated using the reverse of equation 2.15. When calculating the PSD, the phase information is lost, and this has to be added
back in. Because this work focuses on random surfaces, it is assumed that the phases are
random. The surface can then the be generated by
−1
h i , j = F2D

³q
´
i φr and
L 2 · C i2D
·
e
,j

(5.14)

with φr and an N 2 sized matrix filled with random phases from 0 to 2π. The random phases
are selected such that the resulting inverse Fourier transform generates a real surface.

5.5

M ODEL IMPLEMENTATION

The simulations are performed in MATLAB. The model generates M separate surfaces of
size L 2 with N 2 datapoints and the deposition (or etching) step size is ∆τ. The reason that
multiple surfaces are generated is because it reduces statistical uncertainty. However, generating multiple surfaces is not always required. In the rest of this chapter only one surface is
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considered. For multiple surfaces the same process is performed multiple times in parallel.
The starting surface is an N by N matrix. To deposit a layer τ in thickness with step size
∆τ, Nτ = τ/∆τ steps are required. The heights of the starting surface and the Nτ calculated
surfaces are stored in the structure array Surfaces(k).data(i,j) with i and j the indices
for the x and y coordinate, respectively, ranging from 1 to N , and k the index for τ steps,
ranging from 1 to Nτ + 1.
To calculate the height that is stored in Surfaces(k+1).data(i,j), five data points are
used, Surfaces(k).data(i,j), Surfaces(k).data(i+1,j), Surfaces(k).data(i-1,j),
Surfaces(k).data(i,j+1), and Surfaces(k).data(i,j-1). At the boundaries (i.e. where
i or j equals either 1 or N ) this does not work as some of the values do not exist, and
therefore special boundary conditions are required. For the randomly generated surface the
boundaries match, i.e. the left boundary matches the right boundary and the top matches
the bottom boundary. The boundaries match, because the surface is generated by the inverse
Fourier transform, and the inverse of the Fourier transform is by definition periodic. For
this reason, periodic boundary conditions are used for randomly generated surfaces. As an
example, at the left boundary Surfaces(k).data(0,j) does not exist, and
Surfaces(k).data(N,j) is used instead.
AFM data is not periodic, but instead the height of the value outside of the boundary is
assumed to be equal to its neighbor inside the boundary. At the left boundary this means that
Surfaces(k).data(0,j) is the same as Surfaces(k).data(1,j). The nearest neighbor
boundary condition means that values outside of the boundary have no influence on the
growth because the slope is zero.
The model code is explained in more detail in Appendix A.

5.6

S TABILITY AND NUMERICAL ACCURACY

To test if the numerical approximations are accurate, the simulation variables are varied. The
simulation variables are the simulated length L, the number of points along one edge N , the
deposition thickness step size ∆τ and the number of generated surfaces M . In this test the
default values are 2 µm for L, 2 for M , 1024 for N and 0.1 nm for ∆τ. The rough starting
surface has as input variables ξ = 10 nm, C 0 = 100 nm3 and H = 0.5 (see section 2.5.3). A
total of 60 nm is deposited, and plotted at 0 nm, 3 nm, 14 nm and 60 nm of deposition. The
results of the test are shown in figure 5.7.
By changing L, the different values shift q mi n and q max , but they still trace the same curve.
Near q max there is a slight deviation upwards, which is likely an artifact of the FDM simulation, because it is present in every performed simulation. For M the differences are very
limited, indicating that with a resolution of 1024x1024, using M = 1 does not lead to a reduction in accuracy, but can speed up the simulations. An increase in N causes q max to
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Figure 5.7: The simulation parameters are altered to test how they impact the model results.
For each figure four deposited thicknesses are plotted: 0 nm, 3 nm, 14 nm and 60 nm. The
default system parameters are L = 2 µm, M = 2, N = 1024 and ∆τ = 0.1 nm, and the starting
surface has as parameters ξ = 10 nm, C 0 = 100 nm3 and H = 0.5. (a) L is altered, and this
leads to a shift in q mi n and q max . (b) M is altered, which does not affect the graphs. (c)
Changing N leads to an increase in q max . (d) Altering ∆τ does not lead to an observable
difference in the model results.

increase. For different values of N they still trace the same curve, apart from the artifact
near q max as discussed before. The deposition step size ∆τ is important for stability. If it is
too large, the simulations become unstable and the calculated heights go to infinity. Near
the stability limit it is expected that the simulated result differs from the theoretical result.
For all the simulated ∆τ the differences between them is small, which indicates that all simulations are well below the stability limit. The results in this section show that the model is
stable and numerically accurate with the used parameters, with only a small artifact near
q max .
In section 5.5 it was explained that the model can use two different boundary conditions,
i.e. periodic boundary conditions for periodic surfaces such as the ones that are randomly
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generated, and nearest neighbor boundary conditions for non-periodic surfaces from AFM
measurements. To compare these two boundary conditions, the model is modified to create
non periodic surfaces, and the model is then applied to this surface using nearest neighbor
boundary conditions. In figure 5.8 the two boundary conditions are compared and it shows
that they are mostly identical except for thick films (39 and 100 nm), where they differ for
high wavenumbers. In this range the PSD for nearest neighbor boundary conditions is higher
than for periodic boundary conditions, which is caused by spectral leakage. Spectral leakage
is an effect caused by the fact that for the nearest neighbor case the surface is not periodic
and non-periodic surfaces lead to artifacts in the Fourier transform. Spectral leakage is a well
known problem for Fourier transforms of non-periodic functions and these artifacts can be
reduced by using window functions [60]. However, these window function create artifacts
of their own [61]. The nearest neighbor boundary conditions are only applied to AFM data,
for which the electronic noise level is in general much higher than the artifacts caused by
spectral leakage, and for this reason no window functions are used.

Figure 5.8: A comparison of nearest neighbor and periodic boundary conditions. They are
almost identical except for thick films in the high wavenumber range.

5.7

F ITTING OF PSD

The model results in Nτ surfaces, and from each of these surfaces the 1D PSD is calculated.
For easy interpretation of the model results, it is beneficial that the model results are fitted.
The model results can then be captured in several parameters instead of the whole PSD.
To find a suitable fit function, it is important to first investigate the behavior of the PSD.
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The behavior is expected to be similar to tip dilation, as was discussed in section 4.3.1.
For tip dilation, the PSD is unaltered below the critical wavenumber (q c ), above which it
is approximately equal to q −4 . In figure 5.9 the PSD of the starting surface and PSDs after
deposition are shown. The PSD of the starting surface is given by the K-correlation model
(see section 2.5.3), which is dependent on the plateau height (C 0 ), the correlation length
(ξ) and the Hurst coefficient (H ), as is shown in figure 5.9a. After deposition of a thin film
(small τ), the critical wavenumber (q c ) is larger than 1/ξ, the PSD for this case is plotted
in figure 5.9b. For small τ the PSD can be split into 3 regions: (i) below q = 1/ξ which is
the uncorrelated plateau, (ii) between q = 1/ξ and q = q c , which is the self-affine fractal
region, and (iii) above q = q c where the roughness has been smoothed out, and the slope is
p ≈ −4. Increasing the deposited thickness, leads to a decrease in q c , and at a certain point
q c < 1/ξ, an example of which is shown in figure 5.9c. The PSD can then be split into two
regions: (i) below q = q c , where the roughness is uncorrelated, and (ii) above q = q c where
the roughness has been smoothed out and slope is ∼-4. Below q c the PSD after deposition
is not equal to the PSD before deposition, instead the plateau height after deposition (C pl )
is lower than before deposition (C 0 ). In figure 5.9c the difference might appear insignificant,
but because the plot is on a logarithmic scale, the difference is quite significant at ∼ 20%.

Figure 5.9: (a) PSD of the starting surface. The K-correlation model has three parameters: the
plateau height (C 0 ), the correlation length (ξ), and the Hurst coefficient (H ). (b) PSD after
deposition of a thin film (0.2 nm). The PSD is unaltered below q c , above which the slope
is p ≈ −4. (c) PSD after deposition of a thick film (50 nm). q c is smaller than 1/ξ, meaning
that the self-affine tail of the starting surface has been removed. The plateau height after
deposition (C pl ) is lower than before deposition (C 0 ).
A suitable fit function should have the following behavior:(i) above q c the PSD is q p ,(ii) below
q c the PSD is identical to the PSD of the starting surface, except that the plateau height is
given by C pl , in order to correct for the change in plateau height, (iii) the two regions (above
and below q c ) should be connected by a smooth curve around q c , and (iv) in order to fit
experimental AFM data, the fit function should also include a noise term (see section 4.3.2).
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A function that fits this description is

C 1D+ (q) =

1D
C st
ar t

C 0,st ar t

C pl , f i t
³
´−p f i t +C noi se, f i t
q
+ qc, f i t

(5.15)

1D
where C st
ar t is the PSD of the starting surface and C 0,st ar t the plateau height of the starting
surface. The fitted parameters are the plateau height C pl , f i t , the critical wavenumber q c, f i t ,
the tail slope p f i t and the white noise power density C noi se, f i t .

The PSD of the starting surface is used as input for the fit function. The way this is done is
different when fitting model results using a randomly generated surface, fitting model results
using an AFM starting surface or fitting of experimental results. In figure 5.10, the method
by which the PSD of the starting surface is inputted into the fit function in equation 5.15 is
explained for each of these cases. In case of a randomly generated surface, the input PSD
can be used for this. When AFM data is used as a starting surface, the PSD of the AFM data
cannot be used, because this AFM data contains noise. The same is true for the fitting of
experimental data. Instead, the AFM starting surface is also fitted, using the 1D K-correlation
model (see equation 2.18) with an added noise term
C 0, f i t
C 1D+ (q) = ¡
¢H + 1 +C noi se, f i t .
1 + (q · ξ f i t )2 f i t 2

(5.16)

The function has four fitting parameters: C 0, f i t , ξ f i t , H f i t and C noi se, f i t . The 1D K-correlation
model as calculated using equation 2.18 (using C 0, f i t , ξ f i t and H f i t ) is then used in equation 5.15 to fit the model results.
Both of the fit functions are fitted by the same method. In order to fit the data, a figureof-merit (FOM) function is minimized (similar to the XRR data, see section 4.4). The FOM
function is dependent on the model data (Yi ), the fit data (S i ) and a weight function Wi by

F OM = Wi (ln(Yi ) − ln(S i ))

(5.17)

Wi = i −A + B

(5.18)

with the weight function
and A, B parameters selected to give to give the best fit. By trial and error these are set to
A = 0.25 and B = 0.2, because for these values the fit and data match best, even for noisy
data sets. The reason for the logarithmic FOM function is the large difference in the PSD for
low and high values of q. If a linear FOM was used, it would be dominated by the plateau,
and the tail would not be fitted correctly because the values of the PSD in the tail are many
orders of magnitude less. The weight function is not constant, but the sum of a constant (B )
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Figure 5.10: Overview of the different steps in the model. The red arrows indicate how one
step influences the next step. (a) For a randomly generated starting surface, the input parameters (C 0 , ξ and H ) are used to calculate the 2D PSD using the modified 2D K-correlation
model, which is then used to generate the starting surface, as is explained in section 5.4.
ALD/ALE is then modeled using the finite difference method, as addressed in section 5.3,
using the partial differential equation that is given in section 5.2. Periodic boundary conditions are used, as is explained in section 5.5. From the resulting surfaces, the 1D PSD is
calculated, which is fitted, resulting in the fit parameters C pl , q c and p. In order to fit the
PSD, the PSD of the starting surface is required. (b) When using AFM data as the starting
surface, the 1D PSD of the starting surface must be fitted, which is a requirement for the fitting of the model results. Using the AFM data, the model is then performed using the nearest
neighbor boundary conditions, as is explained in section 5.5. From the model results, the
1D PSD is calculated and then fitted. (c) An overview of fitting experimental data. To fit the
experimental data, AFM data of both before and after deposition is required. The AFM data
before deposition is fitted using the 1D K-correlation model, which is then used as input for
the fitting of the PSD after deposition.

and a power law. Because of the logarithmic nature of the PSD, there are many more data
points in the tail than in the plateau, thus in order to accurately fit the plateau, the values
for low q are weighed more than the values for high q. The FOM function is minimized
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using the thrust-region-reflective least squares algorithm [62]. The fits for the PSDs shown
in figure 5.9 are shown in figure 5.11.

Figure 5.11: Fits of the PSDs in figure 5.9. (a) PSD and fit after simulated deposition of a thin
film. (b) PSD and fit after simulated deposition of a thick film.
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M ODEL RESULTS
In the previous chapter a model was discussed which simulates the effect that ALD has on
surface roughness, based on the principle of uniform front propagation. In this chapter the
results from the model are discussed. In section 6.1 the model results are presented, using
a randomly generated starting surface, and in section 6.2 the effect of changing the starting
surface is addressed. In section 6.3 the model is applied to the roughness of lithography
features, and compared to data from literature. In section 6.4 the model is applied to an
example from literature, regarding isotropic ALE.

6.1

R ESULTS FOR ALD

In this section the model results are discussed for a randomly generated starting surface
(see section 5.4), with a correlation length (ξ) of 10 nm, a plateau height (C 0 ) of 100 nm3
and a Hurst coefficient (H ) of 0.5. All starting surfaces in this section (section 6.1) have these
parameters. The simulation is performed on a single surface (i.e. M = 1) and the deposition
step size is 0.1 nm (see section 5.5). The length (L) and number of points on each axis (N )
are given in the description of each graph.
The height maps that result from the model are shown in figure 6.1a-d. The deposited layer
causes the peaks to broaden and the valleys to sharpen. As the deposited layer grows thicker,
the peaks broaden more and then grow over lower peaks, which removes the small-scale
features, which can also be seen in the height profiles in figure 6.1e.
The surface area of a rough substrate is larger than that of a flat substrate. This means that
after 1 nm of deposition, the amount of material that is deposited is larger for a rough surface, and this leads to a faster growth rate. After 100 nm of deposition, the average film
thickness, is larger than the deposited thickness τ. The height given in each map is equal
to the actual height of the film minus the deposited thickness. Looking at the thicker films,
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the average height of the maps is not equal to zero, which shows that the average film thickness is indeed larger than the deposited thickness τ. The fact that average film thickness is
larger than the deposited thickness can also be seen in the 1D profiles shown in figure 6.1e,
especially for 100 nm of deposition.

Figure 6.1: (a)-(d) Surfaces for different deposition thicknesses. The indicated height is the
actual height of that point minus the deposited thickness, e.g. in (b) 5nm is subtracted. The
valleys get filled in and the peaks broaden. (e) Cut through profile of the locations indicated
in (a) to (d) with the black lines. The profiles show that the small-scale features are removed,
the peaks are broadened and the valleys sharpened. (f) RMS roughness as a function of the
deposited thickness. For (a)-(e) L = 100 nm and N = 256, and for (f ) L = 2 µm and N = 1024.
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As the film grows thicker, the RMS roughness decreases, as shown in figure 6.1f. The RMS
roughness is not the only metric that quantifies the change in roughness, but the change in
slope and curvature can also be relevant. The slope is defined as ∂h/∂x and the curvature
as ∂2 h/∂x 2 . On a 2D surface there is a slope in both the x and y direction, but because
the surface is isotropic1 , these slopes are statistically identical. An example of the height,
slope and curvature of a profile after deposition is shown in figure 6.2a-c. The 1D height
profile shows broad peaks, with sharp valleys, as was discussed earlier. The profile of the
slope has a sawtooth like shape, with periods of fast increase in the slope, combined with
periods of a slow decrease in slope. The curvature is mostly negative and constant, which
correspond to the broad peaks that have approximately a constant curvature. The sharp
peaks in the curvature correspond to the sharp valleys in height. In theory the valleys are
infinitely sharp, but in the model the sharpness is limited by the finite distance between the
grid points. In the curvature plot there are also very small valleys, and when comparing this
plot to the slope graph, it can be seen that these valleys correspond to a short and sharp
decrease in slope, at the point where the slope is zero. This is an artifact due to the finite
size of the grid elements. The grid point closest to the peak is not exactly at the point where
the peak would be, if no grid was used. This artifact is inherent to the methods used in the
model, but did not appear to influence the model results.

Figure 6.2: (a) A profile after 30 nm of ALD. (b) The slope of that profile and (c) the curvature. (d) The RMS roughness/height, (e) RMS curvature and, (f ) RMS slope as a function
of deposition thickness. For (a)-(c) L = 200 nm and N = 512, and for (d)-(f) L = 2 µm and
N = 1024.
From the distribution of slope and curvature we can derive the RMS slope and the RMS
curvature, which are equal to the standard deviation of the distributions (similar to the RMS
1 Meaning here that the surface roughness is independent of rotation.
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roughness, see equation 2.3). The RMS roughness (or RMS height), RMS slope and RMS
curvature are plotted as a function of deposited thickness in figure 6.2d-f. Comparing these
RMS values, we can see that the RMS slope decreases faster than the RMS height, and that
the RMS curvature decreases even faster than the RMS slope. As mentioned earlier, smallscale roughness is smoothed out the fastest, and the slope and curvature are affected more
by small-scale roughness. The fast decrease of the RMS slope and RMS curvature could be
useful for certain applications. As an example, light scattered of a rough surface is more
divergent than the incident radiation, and the width of the scattered light scales with the
RMS slope [63], which is explained further in section 7.5.
To further investigate how the model affects small-scale roughness, the effect of smoothing on the PSD is studied. The effect is expected to be similar to the effect of tip dilation,
which was explained in section 4.3.1. For tip dilation, the PSD is unaltered below the critical
wavenumber (q c ), while the PSD is equal to q −4 above the critical wavenumber. The PSD for
different deposited thicknesses, as calculated by the model, is shown in figure 6.3a which
largely shows the expected behavior. In 6.3b-c the fit parameters (see section 5.7) are plotted as a function of deposited thickness. These are the critical wavenumber q c , the plateau
height C pl and the slope p.
To better understand the fit results, it is insightful to first look at the limit case, where τ = 0,
i.e. the model result is the starting surface. In this case, the plateau height after deposition
(C pl ) is equal to the plateau height of the starting surface (C 0 ). The critical wavenumber is
the value above which the PSD of the model result and the starting surface differ. Because
the two PSDs are identical the critical wavenumber is infinite. However, since the largest
wavenumber that can be measured is q max , the fitted value is finite, and larger than q max .
Since q c > q max , the tail slope cannot be fitted, because the tail does not exist. The fitting
algorithm will find a value, but this value does not have any physical meaning.
For values of τ larger than zero, all fit results are properly defined. The plateau height decreases, a result which has not been reported for AFM tip dilation. The reason for this change
is not yet known. An interesting thing to note is that for the 2D model the plateau height
decreases after deposition, but for the 1D model (see Appendix B) an increase is observed.
The change in plateau height appears to be dependent on the amount of dimensions of
the model. The critical wavenumber decreases as the film grows thicker, initially fast, but
then the decrease slows down. The inset of figure 6.3c shows the same data on a logarithmic
x-axis as an almost linear trend, which shows that the critical wavenumber decreases as a
logarithmic function (q c ∝ − ln τ). The fit in figure 6.3d shows that the slope above the critical wavenumber is approximately −4. For the first 10 nm the slope decreases, which could
be caused by a poor fit. Fitting the slope is inaccurate for low deposition thicknesses, for the
same reason that fitting at τ = 0 is inaccurate. The slope is fitted above q c , and q c is large
for low deposited thicknesses, meaning that there is insufficient data for a proper fit.
In section 5.7, two separate cases are discussed, for q c > 1/ξ and for q c < 1/ξ. It can therefore
be expected that around q c = 1/ξ a change in behavior of the fit parameters can be observed.
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However, no change in behavior is visible in figure 6.3b-d, indicating that, apart from the
change in shape of the PSD, there is no significant difference between the two cases.

Figure 6.3: (a) PSD for different deposition thicknesses with the corresponding fit. The PSD
changes most for high wavenumbers, and the slope of the tail tends to −4. Fitted value for (a)
the plateau height, (b) the critical wavenumber (the inset is the same data with a logarithmic
x-axis), and (d) the slope. For all figures L = 2 µm and N = 2048.
In conclusion, ALD smoothing leads to a decrease in surface roughness because the peaks
broaden. Consequently the higher peaks grow over the smaller peaks, and the peaks meet in
sharp valleys. Taken together, this leads to a reduction is small-scale roughness. Smoothing
is visible in the PSD: above the critical wavenumber, small-scale features are removed, while
the PSD is mostly unaffected below the critical wavenumber, apart from a decrease in the
plateau height. For all simulations in this section, the same input parameters for the starting
surface were used. In the next section it is discussed how changing the input parameters
alters the smoothing process.
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M ODEL RESULTS FOR DIFFERENT INPUT PARAMETERS

The precise smoothing process depends on the starting surface. In this section I want to
discuss how the input parameters of the K-correlation model (C 0 , ξ and H ) influence the
conclusions discussed in the previous section. To do this, the fit parameters after deposition (C pl , q c and p) are examined. As a reminder, the input parameters are explained in
section 2.5.3 and in figure 2.5. The fit parameters are explained in section 5.7. In order to
find out how the input parameters alter the smoothing process, several simulations were performed by changing one input parameter at a time. As default parameters H = 0.5, ξ = 10 nm
and C 0 = 100 nm3 were used, and simulations were performed where one of the parameter
is modified. In total seven simulations were performed, i.e. one at default settings and for
each parameter a high a low value. The outputs are the fit parameters (C pl , q c and p), and
the RMS roughness. The results are shown in figure 6.4, where the rows correspond to the
different input parameters and the columns correspond to fit results and the RMS roughness
as a function of deposited thickness.
A description of each graph in figure 6.4 can be found in the caption of the figure. In this
paragraph I want to highlight several significant findings, without addressing all graphs individually. For small correlation lengths (ξ) or low Hurst coefficients (H ), the RMS roughness decreases fastest, since small-scale roughness (i.e. high q) is smoothed out first (figure 6.4a,e). Furthermore, low H and ξ appear to influence the RMS roughness and the fit
parameters in a similar way, showing that smoothing depends mostly on the relative amount
of small-scale roughness, and not so much on the precise PSD of the starting surface. An
increase in the amount of small-scale roughness leads to a change in behavior in C pl (figure 6.4b,f). Instead of only a decrease, as observed in figure 6.3, an increase is observed after
a sharp decrease. Why this occurs is not yet known. C 0 does not influence lateral roughness,
and for both the RMS roughness and C pl the behavior scales with C 0 (figure 6.4i,j). C 0 has
almost no influence on q c (figure 6.4k). For all simulations the slope decreases to ∼-4.2 after
which the slope remains almost constant (figure 6.4d,h,l).
The study performed in this section shows that most of the conclusions from the previous
section still hold: (i) the reduction in the RMS roughness is fast at first, but then slows down,
(ii) the decrease in roughness is mostly caused by a decrease in the critical wavenumber,
which appears to decrease in a logarithmic trend, and (iii) above the critical wavenumber
the slope is approximately -4. One observed deviation is that C pl does not just decrease, but
for low ξ or H increase after a fast decrease. It can also be concluded that the decrease in
roughness is fastest when there is relatively more small scale roughness, since small-scale
roughness is smoothed out first.
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Figure 6.4: A comparison of the fit results from the different starting surfaces.
(a-d) results for different H (a) After deposition, the RMS roughness decreases faster for a
low Hurst coefficient, which makes sense considering that high wavenumber roughness is
smoothed out first. (b) The plateau height decreases for all different values of H , but for
H = 0.1 C pl increases after a minimum. For higher H the decrease in C pl is slower. (c) The
critical wavenumber is plotted on a logarithmic x-scale, and the almost straight lines show
that q c decreases as a logarithmic function. After 100 nm q c is identical for the different
values of H , but the for low thicknesses q c is higher for lower H . (d) For all values of H the
slope decreases to a value below -4, after which it remains constant. (e-h) Results for different
ξ. (e) A lower correlation length (ξ) means more small-scale roughness, therefore the RMS
roughness decreases faster for low correlation lengths. (f ) A higher correlation length leads to
a slower decrease in C pl , and for ξ = 5 the decrease is very fast and increases after ∼30 nm of
deposition. (g) Similar to (c) the critical wavenumber is identical after 100 nm of deposition.
q c for low thicknesses is higher for small ξ. (h) Similar to (d) the slope decreases to ∼-4.2
and remains constant. (i-l) results for different C 0 . (i) The RMS roughness after deposition,
divided by the RMS roughness of the starting surface is similar for all different values of C 0 .
(j) C pl decreases as the film grows thicker. The decrease in C pl scales with the starting value
of C 0 . (k) q c decreases at the same rate for different values of C 0 but the starting value of q c
is slightly higher for lower values of C 0 . (l) The slope decreases to a value of ∼-4.2 similar to
(d) and (h). Simulation parameters are: L = 2 µm and N = 1024.
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E XAMPLE APPLICATION : ROUGHNESS OF LITHOGRAPHY FEATURES
I NTRODUCTION

In this section the ALD model is applied to roughness in lithography features. The research in
this section was performed during the COVID-19 lock-down as an alternative to performing
experiments.
To further scale down microelectronics, more lines must be patterned in the same space. The
distance between the center lines of two neighboring lines is called the pitch, and reducing
the pitch can be done by making the lines thinner or the space between the lines smaller.
If the line has to conduct current, a thinner line leads to a higher resistance, while reducing
the distance between lines can lead to leakage current, capacitive coupling or a short. The
lines are never perfectly smooth, but the edges of the line have roughness, which can lead to
several problems. In places where the line is thin the local resistance increases, and in places
where the line is thick it can get close to the neighboring line, which can lead to leakage
currents and capacitive coupling. It is therefore important that for smaller line pitches, the
roughness of the lines also decrease.
A line has two different kinds of roughness, the line edge roughness (LER) and the line width
roughness (LWR), which are illustrated in figure 6.5. The LER is the deviation from the mean
of the line edge, and each line has two LERs, i.e. one on each side of the line. The LWR
is the deviation in width compared to the mean width of the line. The LER and LWR are
similar to the roughness of a 1D profile, but instead of being a deviation in height, the LER
is a horizontal deviation and the LWR a deviation in width. The LER and LWR are often
quantified using the 3σ value, which is 3 times the RMS roughness value, or with the PSD.
The LER and LWR can be measured using critical dimension scanning electron microscopy
(CD-SEM) or with AFM.
In the next section I will investigate the ALD smoothing effect on lithography features, specifically for self-aligned double patterning. The model can be applied to this case by using the
LER of the original line as input for the 1D model. The results from the model can be compared to results from literature, giving insight into the validity of the model. This investigation also gives an example application of the model in a field where roughness is a hot topic
for research.

6.3.2

S ELF - ALIGNED DOUBLE PATTERNING

The pitch that can be patterned using lithography is limited by the wavelength of the light
and the numerical aperture of the lens system. One method to reduce the pitch below this
limit is self-aligned double patterning (SADP). In SADP, the number of lines is doubled,
meaning that the new pitch is half the pitch of the original pattern.
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Figure 6.5: Illustration of two rough lines, indicating the LWR and LER. A indicates a point
where the line is thin due to roughness and this causes a high local resistance. B is a point
where the two lines are close together, and this can lead to a higher leakage current.

SADP consists of four steps, which are illustrated in figure 6.6. First the original lines are
patterned using lithography. This sacrificial pattern can either be the photoresist or it can
be transferred to another layer, which is then called the mandrel. The sacrificial pattern is
also called the core. In the second step the spacer is deposited using conformal deposition
process, such as ALD. In step three an anisotropic etch process is used which etches until
the core is exposed. Finally, the core is selectively removed. The spacer that is deposited on
the sidewall remains and this is the new pattern which has half the pitch compared to the
original pattern.
It has been observed that the LWR of the new pattern is lower than that of the original pattern [65, 66]. The lower LWR is in part due to the conformal nature of the spacer deposition,
meaning that the two edges of the line are correlated. A reduction in LER has also been
reported in some cases [67, 68, 64], which is potentially due to the ALD smoothing effect.
The roughness of the spacer side facing the core (indicated by edge 2 and 3 in figure 6.6), is
dependent on the roughness of the core. After ALD, the outside edges (edge 1 and 4) are then
potentially smoothed due to ALD. To test this, the work by Dupuy et al. [64] is investigated.
In this work SADP was performed using ALD to deposit the spacer on top of a photoresist
core. The LER and LWR of the lines after each step were measured using CD-SEM, and both
the 3σ and the PSD is provided. The PSDs are also fitted, and the fit results are used as inputs
for the uniform front propagation model.
In works by Dupuy et al. the starting resist lines are patterned using electron beam lithography with a pitch of 80 nm and the lines are 40 nm in width. The developed photoresist lines
are then trimmed using a plasma of a HBr and O2 mixture, which reduces the line width
and the LER. A 20 nm SiO2 spacer is deposited on top of the photoresist with PEALD using
BDEAS precursor and an O2 plasma as co-reactant at a temperature of 50° C. The top of the
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Figure 6.6: Illustration of self-aligned double patterning manufacturing process. (1) The sacrifical pattern is deposited. The pitch is indicated by P . (2) The conformal spacer is deposited. (3) The top of the spacer is removed using an anisotropic etch process. (4) The
core is selectively removed. The new lines have half the pitch of the original pattern. From
ref. [64].

spacer is then anisotropically etched using a CF4 plasma. Subsequently, the photoresist of
the sacrificial pattern is selectively etched by an O2 plasma. The pattern is transferred first
to an Si anti reflection coating and spin-on carbon (SOC) layer and then to the Si substrate.
The different processes all effect the LER and LWR, which are shown in figure 6.7. We are
interested in the LER and LWR before and after spacer deposition, and after the removal of
the core.
Deposition of the spacer reduces the LER from 3.2 to 2.5 nm 3σ and the LWR from 4.6 to
3.7 nm 3σ. After removal of the core there are two LWRs (one for each line), and four LERs
(two for each line). Removal of the core reduces the LWR from 3.7 nm to 2.4 nm (the LWR is
equal for both lines), and the LER remains constant at around 2.5 nm. The LER of the inner
edges is equal to the LER of the outer edges.
The fact that both the LWR and LER are reduced after ALD of the spacer might lead to the
conclusion that this is due to the ALD smoothing effect. Since the PSD of the LER of the core
is known, we can use that as an input for the model presented in chapter 5 and compare
the results. The LER is a 1D profile, meaning that the 1D version of the model (which is
explained in Appendix B) is used, instead of the 2D version. The measured PSDs of the LER
and LWR are the sum of three components. The first component is the actual PSD, which is a
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function of the correlation length, Hurst coefficient and (although not explicitly mentioned)
the plateau height. The second component is the white measurement noise, and the third
component is a long correlation length term that is added due to misalignment between different electron beam lithography scans. An example of the fit and the three components are
shown in figure 6.7c. In the paper the fit results for the LER of the core are H = 0.8, ξ = 22 nm
and C 0 = 13 nm3 , which are then used as input for the model. The roughness of this PSD is
less than the measured LER, because the misalignment and noise components are removed
from this PSD. The model is performed on this starting surface with a deposited thickness
of 20 nm, and the result for the 3σ LER is shown in figure 6.7. The LER reduces by an insignificant amount (∼0.01 nm), showing that according to the model, the ALD smoothing
effect has a negligible impact on the LER.

Figure 6.7: (a) The LWR and (b) the LWR after each step. (c) An example of a measured PSD
with the different PSD components and the fit. (d) Model results of the LER after ALD. (a)-(c)
are from ref. [64].
The model results imply that another cause has lead to the decrease in LER. After removal
of the core, the LER of the inside edges (edge 2 and edge 3) is the same as the LER for the
outside edges (edge 1 and edge 4), while one would expect that due to the ALD smoothing
effect, the outside edges would be smoothed as compared to the inside edges. Instead, the
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observed smoothing can be explained by trimming of the photoresist due to exposure to
O2 plasma during ALD of the spacer. During the first cycles of the deposition step, the O2
plasma, which is used as coreactant, leads to etching of the photoresist material. Due to the
etching, the gap where the core used to be is 14 nm, while the original width of the core is
33 nm. Etching can reduce the LER of photoresist [69], which is caused by a higher etch rate
on protrusions, since they are exposed to more energetic ions, while cavities are shielded
and are thus etched slower [70]. It is concluded that reduction in LER is caused by trimming
of the photoresist, and the ALD smoothing effect has a negligible effect on the LER.
In conclusion, in this case the ALD smoothing effect has a negligible effect on the LER and
LWR, and the LER and LWR are impacted more by other effects, such as trimming processes.
The smoothing is insignificant, largely due to the long correlation length of the roughness.
At 22 nm the correlation length for these lines is much longer than the correlation length
of rough ZnO surfaces, which have a correlation length of around 5 nm (see section 7.3). As
is shown in figure 6.4, a longer correlation length leads to significantly slower smoothing.
Similar correlation lengths have been observed for the LER in literature [71, 72, 73], meaning
that the ALD smoothing effect likely has a limited influence on the LER and LWR when
applied to lithography in general.

6.4

M ODEL RESULTS FOR ISOTROPIC ALE

The uniform front propagation model is the same for ALD and ALE, other than that ALE
propagates in the opposite direction. The model results are thus identical for ALD and ALE.
However, in section 3.2.2 it is hypothesized that the decrease in roughness might be faster
for isotropic ALE than by uniform front propagation, because diffusion of fluorine during
the fluorination step leads to faster etching of peaks. To test this hypothesis the uniform
front propagation model is applied to a data set from literature. If the measured smoothing
is faster than the model predicts, there is reason to believe that for ALE using fluorination,
uniform front propagation is not the only mechanism leading to smoothing.
The investigated data set is from Zywotko et al. [6]. In the experiments Al2 O3 was etched
with a thermal ALE process, using HF and TMA at 300° C. ALE leads to a decrease in RMS
roughness, as is shown in figure 6.8. In order to run the model, the input parameters for the
K-correlation model must be known, but these are not provided in the paper. Instead it is
possible to use experimental data for Al2 O3 surfaces that I deposited and measured myself.
The RMS roughness of these films does not perfectly match the values from Zywotko et al.,
but the data can be used to estimate a change in roughness. As starting surface for the model
the 170 nm of Al2 O3 data from section 7.2 is used, since it has an RMS roughness closest to
the data from Zywotko et al. The results from the model are included in figure 6.8, and show
that the reduction in roughness is negligible, and much smaller than the smoothing that
was observed by Zywotko et al. It is possible that the samples used by Zywotko et al. have
much more small-scale roughness, as compared to my sample. Since small-scale roughness
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Figure 6.8: The black line is the experimental data from the work by Zywotko et al. [6]. The
red line is model data calculated using 170 nm of Al2 O3 on smooth Si as a starting surface
(see section 7.2). The model gives smoothing that is very slow, almost not observable.

is smoothed out first, that would lead to faster smoothing. However, the model results in
smoothing significantly slower than the experiments, such that the amount of small-scale
roughness would need to be orders of magnitude higher, which would not be realistic. Although it is not conclusive evidence, this analysis suggests that isotropic ALE by fluorination
leads to faster smoothing than uniform front propagation would predict.
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C HAPTER 7

E XPERIMENTAL RESULTS
7.1

I NTRODUCTION

In this chapter the experimental results are discussed. In section 7.2 the deposition of Al2 O3
on smooth Si is addressed, which was performed as a control to test the ALD process. In
section 7.3 ALD of ZnO on Si is presented. The ZnO surface was used as a rough starting
surface on which Al2 O3 is deposited. In section 7.4 the experimental results are compared to
the results from the model. In section 7.5 further interpretation of the experimental results
is given.

7.2

ALD OF Al2 O3 ON Si

In section 3.1 three assumptions were put forward, which must hold in order for the change
in roughness to follow uniform front propagation. These were: (i) the film must be amorphous (ii), nucleation must be fast, and (iii) no random deposition occurs. To test these
assumptions Al2 O3 was deposited on a polished Si wafer with a native SiO2 layer of ∼ 2 nm.
Different thicknesses were deposited, ranging from 100 cycles (abbreviated to cc) (10 nm) to
1500cc (170 nm). The thickness of the films is measured using SE, and the GPC is 0.11 nm/cycle.
It is expected that the film after deposition is smooth, since the three assumptions should
hold, as was discussed in section 3.1.4. However, as is shown in figure 7.1, the roughness
does not stay constant, but increases from 0.20 nm to 0.45 nm RMS. In figure 7.1b-e the
AFM height maps of the Al2 O3 on Si show that for thicker films, the features increase in size,
meaning that the correlation length (ξ) increases. In literature both an increase in roughness [74, 75], and constant roughness [76, 77, 18] have been reported for thermal processes,
and this inconsistency is likely due to different experimental parameters.
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Figure 7.1: (a) RMS roughness of Al2 O3 on Si as a function of deposited thickness. (b)-(d)
AFM height maps of Al2 O3 on Si, showing that the roughness and feature size increases for
thicker films. The AFM measurements used a scan size of 500 nm, 256x256 resolution, and
1 Hz scan rate.

Because the roughness keeps increasing after the nucleation phase, the roughness is not
caused by nucleation effects, but instead it could be due to random deposition (see section 3.1.3), with or without relaxation processes occurring. Random deposition occurs when
not every surface site reacts during the adsorption or co-reactant phase. During precursor
adsorption the sites directly next to an adsorbed precursor are blocked by bulky ligands.
Simulations by Jin et al. [78] show that the blocking of bulky ligands can lead to an increase
in surface roughness, similar to what was experimentally observed in this work. The roughness of the Al2 O3 film does not depend on the roughness of the substrate it is grown on, and
is therefore referred to as the inherent roughness of the film.
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7.3

ALD OF Z N O ON S I

ZnO is deposited on Si to create a rough starting surface that is later smoothed by ALD.
ZnO is chosen because of its rough top surface, which is caused by crystal formation, and
its high melting temperature of 1974° C. Lau et al. found that the deposition step could
alter the original starting surface because the crystalline film could crystallize further due
to the high temperatures during deposition [3, 4]. In this case, the deposited ZnO film is not
necessarily completely crystallized after deposition, and to prevent further crystallization
during the later deposition step the ZnO film is annealed at 450° C for 10 minutes in an
N2 atmosphere. Furthermore, to make sure the surface is completely oxidized, the sample
is also treated with an O2 plasma for 10 minutes. Two different thicknesses of the ZnO are
deposited: 300cc and 600cc that have a thickness of 47.1 nm and 98.4 nm respectively.
The roughness of the two films were measured using AFM, and the results of these films
are shown in figure 7.2. The RMS roughnesses of the 300cc film and 600cc film are 1.6 nm
and 1.9 nm respectively. The grains are larger in area for the 600cc film, which matches the
results from the model by Nilsen et al., as explained in section 3.1.1. The larger grain size
leads to a longer correlation length, as is visible in the PSDs. The PSDs are fitted with the
K-correlation model as shown in figure 7.2c and d. The correlation length increases from
3.4 nm for the 300cc film to 5.5 nm for the 600cc film. The plateau height (C 0 ) is larger
for the 600cc film, which means that large scale roughness is higher, i.e. the larger crystals
are also taller. For both surfaces, the Hurst coefficient (H ) is larger than 1 (the upper limit
for a self-affine fractal), meaning that these surfaces are not fractal. A crystalline surface is
not a fractal, because it does not have a self repeating nature. Furthermore, surface is not
truly random, the surface is shaped by the crystals, whose shape depend on the ZnO lattice.
However, the orientation and size of the crystals is random, and the surfaces are therefore
still considered randomly rough surfaces (see section 2.1).

7.4

ALD OF Al2 O3 ON Z N O

Al2 O3 was deposited on the rough ZnO to examine the smoothing of ALD. 11 different thicknesses of Al2 O3 were deposited, ranging from 1 nm to 173 nm. The depositions were performed on both the 300cc and 600cc ZnO films. The ZnO surfaces are used as input for the
model, and the results from the model are then compared to the experimental results.
After deposition the samples are characterized using XRR, SE and AFM. In addition, AFM
was performed for each sample before deposition to make sure that the roughness of the
ZnO is similar. For analysis of the AFM data, effects due to tip dilation need to be taken into
account (see section 4.3.1). During the measurement of a series of samples the tip radius can
increase due to abrasion, in which case the last sample that is measured appears smoother
because of tip dilation. If the samples were analyzed from the thinnest film to the thickest
film, observed smoothing could be either due ALD smoothing or due to the increase in
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Figure 7.2: AFM height maps of (a) 300cc and (b) 600cc ZnO films. PSD of (c) 300cc and (d)
600cc ZnO films together with fits using the K-correlation model with added white noise.
The blue lines are the same fit with the noise removed. The results of the fit are included in
the text boxes. The AFM measurements used a scan size of 1 µm, 512x512 resolution, and
1 Hz scan rate.

tip radius. For that reason, the samples are measured in reverse order, i.e. from thickest to
thinnest, using the same tip. If the surface roughness decreases, this is due to ALD and not
due to tip dilation.
In figure 7.3 AFM height maps for different deposited thicknesses are compared to model
results for the same thicknesses. The measured surfaces are very similar to the modeled
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surfaces (see figure 7.3f-h), showing that the features grow larger and small-scale features
are removed. The peaks are broad, while the valleys are sharp and narrow. One observable difference is the presence of small-scale roughness in the measured data, which is not
present in the model data. Especially for the 173 nm sample is the deviation obvious. Part of
this roughness is due to AFM measurement noise, which is not present in the model data.
Another cause for this small-scale roughness is the inherent roughness of the Al2 O3 film.
The small-scale roughness in figure 7.3d is very similar to the small-scale roughness in figure 7.1e, which supports the hypothesis that the deviation between the experimental and
model data is caused by the inherent roughness of Al2 O3 .

Figure 7.3: (a) AFM height map of the 600cc ZnO sample as the starting surface, which is
used as input for the model. (b)-(e) AFM height maps measured after depositing Al2 O3 of
different thicknesses. (f)-(h) Height maps from the model for different deposited thicknesses.
The AFM measurements used a scan size of 1 µm, 512x512 resolution, and 1 Hz scan rate.
In figure 7.4 the RMS roughness, as measured by AFM and XRR, is compared to the RMS
roughness from the model at different deposited thicknesses. For both the 300cc and the
600cc ZnO starting surfaces there is a decrease in surface roughness for thicker films. The
RMS roughness measured by XRR is higher than the RMS roughness measured by AFM,
which is likely due to the different type of surface roughness the two methods measure (see
sections 4.3 and 4.4). AFM traces the top surface, while XRR measures the RMS by the change
in density of the interface.
Ideally the roughnesses of all 300cc and 600cc ZnO samples should be identical before deposition of the Al2 O3 . However this not the case, which is likely due to a difference in film
thickness between the samples, and measurement noise. It is therefore expected that the
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roughness measured after deposition deviates from the expected value. To indicate this uncertainty, the graph includes error bars, which is the standard deviation of the RMS roughness of the samples before deposition.
The RMS roughness measured by AFM closely matches the values calculated by the model
for both the 300cc and 600cc cases. The results match well for low deposited thicknesses,
which indicates that nucleation effects (see section 3.1.2) have a limited influence on the
RMS roughness. However, there appears to be a deviation for large thicknesses, which is
likely due to measurement noise and inherent roughness of the Al2 O3 film, as mentioned
above.

Figure 7.4: RMS roughness as measured by AFM and XRR, and as predicted by the model,
with (a) starting surface is 300cc of ZnO and (b) starting surface is 600cc of ZnO. The AFM
measurements used a scan size of 1 µm, 512x512 resolution, and 1 Hz scan rate.
In figure 7.5 the PSD is shown for different deposited thicknesses of Al2 O3 with 300cc ZnO as
a starting surface. After deposition the plateau height and the critical wavenumber decrease,
indicating that the small-scale features are smoothed out. The model and AFM data match
closely, especially for low wavenumbers. For high wavenumbers the measured PSD is higher
than the modeled PSD, which is hypothesized to be caused by the inherent roughness of the
Al2 O3 (see section 7.2).
To further investigate the difference for high wavenumbers, in figure 7.6 the PSD of Al2 O3
on ZnO is compared to the PSD of Al2 O3 on smooth Si (see figure 7.1). The Al2 O3 on Si
has less large scale roughness compared to the Al2 O3 on ZnO. Around q = 0.3 nm-1 the
PSD is similar, and for q = 1 nm-1 the PSD is lower for Al2 O3 on Si. The similarity around
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Figure 7.5: PSD from AFM data compared to PSD as predicted by the model for different deposition thicknesses. The AFM measurements used a scan size of 1 µm, 512x512 resolution,
and 1 Hz scan rate.
q = 0.3 nm-1 indicates that the roughness in this region likely has the same origin for the
Al2 O3 on Si case (figure 7.1) and the Al2 O3 on ZnO case (figure 7.3), namely the inherent
roughness of the Al2 O3 . The difference for around q = 1 nm-1 is mostly due to a difference in
measurement noise. From the PSD data we can thus conclude that the evolution at the large
scale roughness is dictated by uniform front propagation and the small-scale roughness is
governed by the inherent roughness of the Al2 O3 film. To further illustrate this, in the same
figure a line is included, which is equal to the sum of the model PSD and the PSD of Al2 O3 on
Si. This line is almost equal to the measured PSD of Al2 O3 on ZnO, with only a deviation in
measurement noise. These observations give additional evidence that the deviation between
the measured PSD of Al2 O3 on rough ZnO and the model is because of measurement noise
and the inherent roughness of the Al2 O3 film.
In figure 7.7 the fit results of the measured and modeled PSDs of Al2 O3 on ZnO are plotted.
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Figure 7.6: The PSD for both the model and the experimental data for 115 nm of Al2 O3 on
ZnO are compared to the measured PSD of Al2 O3 on Si. The modeled (red solid line) and
measured (black solid line) PSD for Al2 O3 on ZnO are similar for low wavenumbers, but
deviate for higher wavenumbers. The black dotted line is the measured PSD of Al2 O3 on
smooth Si. The red dotted line is the sum of the model PSD and the PSD of the measured
Al2 O3 on Si, which is very similar to the measured Al2 O3 on ZnO PSD.
The PSDs are only the data, with no correction added due to the inherent roughness of
the Al2 O3 film. For the 300cc case, the measured plateau height closely matches the model
results, but this is not the case for the 600cc ZnO starting surface, where the model and AFM
data match for the first ∼50 nm of deposition of Al2 O3 , after which the measured plateau
height increases. There is at this point no clear reason for this observed deviation.
For both starting surfaces the critical wavenumber shows a similar logarithmic decrease
as the model predicts. For the 600cc ZnO starting surface, there is one outlier at 2 nm of
deposition, which is likely due to a combination of measurement noise and a fit error.
The measured slope substantially differs from the modeled slope for both the 300cc and
600cc of ZnO starting surfaces. The expected behavior is that the slope goes to ∼-4 and then
stays constant (as discussed in the section 6.1), but instead the slope increases for thicker
films. In figure 7.5 the slope is also higher, and it was shown that this is due to the inherent
roughness of the Al2 O3 film. It is therefore likely that the observed deviation for the slope in
figure 7.7 has the same cause.
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Figure 7.7: Fit results of the PSD for different thicknesses of Al2 O3 ALD on 300cc and 600cc
of ZnO. (a)-(c) are the fit results for 300cc of ZnO as starting surface, and (d)-(f ) are the
fit results for 600cc of ZnO as starting surface. The fit parameters are C pl , q c and p, as is
explained in section 5.7.

In conclusion, the experimental data matches well with the results predicted by the model.
The experimental data shows more small-scale roughness than predicted, which can be
traced back to the inherent roughness that the grown Al2 O3 films have and to measurement
noise.

7.5

I NTERPRETATION OF RESULTS

Experimental results show that ALD smoothing occurs similar to model predictions. In figure 7.4 we saw that after 170 nm of Al2 O3 deposition, the RMS roughness decreases by 40%25%. 170 nm of ALD is thicker than what is generally deposited in the industry. For films of
tens of nanometers thick, the reduction in RMS roughness is significantly less. AFM smoothing removes the small-scale roughness first, but removing the large scale roughness is much
slower. The scale at which features are smoothed, is the critical wavenumber, and the decrease in critical wavenumber is governed by a logarithmic decay (q c ∝ − ln τ). To remove
larger scale roughness, the layer must therefore be exponentially thicker. ALD smoothing is
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thus a method that mostly affects the small-scale roughness. As was discussed in section 6.1,
the small-scale roughness has a more pronounced effect on the RMS slope and RMS curvature, and the model shows that the RMS slope and RMS curvature decrease faster than the
RMS roughness (see figure 6.2).
The way roughness affects the performance of a device, depends on the underlying physical
principles of that device. For a optical waveguide, roughness of the waveguide walls leads to
scattering losses, which decreases device performance [79]. Scattering losses scale with the
RMS slope in the case that the RMS roughness is much smaller than the wavelength of the
optical radiation [63]. The effect of ALD smoothing has been studied for optical waveguides,
and the reported decrease in scattering losses were significant [58]. Another example, is
the case of a parallel plate capacitor, where surface roughness leads to a higher leakage
current. The precise way surface roughness influences the leakage current [80] is beyond the
scope of this work, but the general principle can be understood using basic electrostatics,
as illustrated in figure 7.8. A protrusion leads to a locally higher electric field, and the higher
the curvature of the feature, the higher the local electric field [81], which leads to a higher
leakage current. From this we can conclude that the leakage current is likely related to the
RMS curvature. It is therefore expected that the ALD has a significant effect in reducing
leakage current in a parallel plate capacitor.

Figure 7.8: (a) An infinite parallel plate capacitor with two flat plates. A charge is applied to
the bottom plate, forming a uniform electric field between the plates. (b) The same capacitor
with a sharp protrusion on the bottom electrode. The electric field is no longer spatially
uniform, but deformed around the protrusion. Charges accumulate at the peak, leading to
a higher local electric field. The higher electric field leads to a higher leakage current.
From these two examples (waveguide and capacitor) we learn that the RMS roughness is not
the only metric that is relevant to quantify roughness, and that the influence the roughness
has on device performance is dependent on the specific device. ALD smoothing mostly reduces high wavenumber roughness, meaning that it is most practical for applications where
high wavenumber roughness is most relevant, such as waveguides and capacitors.
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C ONCLUSIONS AND OUTLOOK
8.1

C ONCLUSIONS

The goal of this project is to better understand the effect ALD and ALE have on the surface
roughness, with the purpose of smoothing surfaces, as high surface roughness is often undesirable. To achieve this, the project is split into four parts, (i) a literature study to better
understand surface roughness and the effect ALD and ALE has on surface roughness, (ii)
the definition of a model in order to simulate the effect of ALD and ALE on the surface
roughness, (iii) experimental work to validate the insights from the literature studies and
model, and (iv) applying the model and experimental result to potential applications in the
industry.
ALD is known to be a conformal process, meaning that for an ideal ALD process, the deposited layer is equally thick everywhere. It is hypothesized that the ALD and ALE can be
described by uniform front propagation, which is used as the basic underlying principle for
the rest of this work. Based on this principle a model was defined, which uses the finite
differences method, and is performed in MATLAB. Uniform front propagation is similar to
the eikonal equation from the field of geometric optics, and the same solution scheme was
used. The input for the model is either an AFM height map or a randomly generated surface
based on a modified version of the 2D K-correlation model. From the model results, the
RMS roughness and the PSD are calculated. The PSD is fitted using a custom function.
The model results show that the peaks on the surface broaden, and grow over lower lying
peaks, which leads to the elimination of small-scale features. The valleys become very sharp,
and the valleys grow in height faster than the peaks, which means that the RMS roughness
decreases. This decrease in RMS roughness is rapid at first, but slows down as the thickness
increases. There is a certain wavenumber, the critical wavenumber (q c ), above which the
features are smoothed out, and where the PSD is approximately equal to q −4 . Below the
critical wavenumber the PSD is mostly unaffected. The critical wavenumber decreases as
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the deposited film grows thicker in a logarithmic trend (q c ∝ − ln(τ)). The logarithmic trend
means that eliminating larger scale roughness requires an exponentially thicker film.
The uniform front propagation model is applied to two examples of smoothing from literature: the smoothing effect observed for self-aligned double patterning, and the smoothing
effect of isotropic ALE. For self-aligned double patterning, a method that halves the pitch
of lines patterned by photolithography, it has been suggested that ALD of the spacer leads
to a reduction in line edge roughness (LER). From a literature review and analysis using the
model it is concluded that the observed smoothing is not due to ALD smoothing, but due
to etching of the photoresist core. During the first cycles of ALD of the spacer, the core is
exposed to an O2 plasma, which leads to etching, and an associated reduction in LER.
Zywotko et al. [6] reported that isotropic ALE of Al2 O3 using HF and TMA significantly
reduced the RMS roughness. Their experimental data was compared to the results from
the model defined in this work, from which it is concluded that experimentally observed
smoothing is much faster than the model predicts. This discrepancy indicates that isotropic
ALE smoothes surfaces faster than when considering only uniform front propagation. The
reason for this is hypothesized to be fact that the ALE process involves surface fluorination,
which is diffusion-limited. The 2D Deal-Grove model shows that diffusion-limited processes
do not behave according to uniform front propagation, which is suggested to lead to faster
smoothing.
To experimentally validate the model, the smoothing effect of Al2 O3 ALD was tested on a
rough ZnO surface. ALD of ZnO forms a polycrystalline film, which is rough because the
crystallites protrude from the surface. The RMS roughness for 300 cycles of ZnO (47 nm) is
1.6 nm, and for 600 cycles of ZnO (97 nm) the roughness is 1.9 nm. Deposition of Al2 O3 on
top of the rough ZnO layer leads to smoothing. The observed smoothing is very similar to the
smoothing as predicted by the model. Small-scale features are smoothed out, and the RMS
roughness decreases. The measured PSDs closely match the predicted PSDs, but for high
wavenumbers the observed PSD is higher than the modeled PSD. This deviation is attributed
to the inherent roughness of the Al2 O3 film. ALD of Al2 O3 on a smooth substrate lead to an
increase in roughness, which was not predicted by the model. The increase in roughness
is hypothesized to be caused by random deposition. Taking this inherent roughness into
account, the predicted and measured PSDs closely match. From the experiments we learn
that the ALD of Al2 O3 on ZnO behaves according to uniform front propagation.
Using the findings from the model and the experiments, several applications in industry
were investigated: roughness in lithography, optical waveguides and capacitors. Roughness
in lithography generally has a long correlation length (in the order of ∼20 nm), and to remove
large scale roughness, thick layers are required, much thicker than the space in between the
lines. For this reason, ALD smoothing is likely not practical for reducing LER of lithography
lines. Roughness of an optical waveguide leads to scattering losses. The scattering losses
are related to the RMS slope, and the RMS slope reduces significantly after ALD, even for
thin films. It can therefore be concluded that optical waveguides are an promising applica-
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tion for ALD smoothing. In a parallel plate capacitor, roughness can lead to an increase in
leakage current. The leakage current is amplified by sharp features, which are removed very
effectively by ALD, since the reduction in RMS curvature is very fast.
The results from the model and the literature indicate that ALE processes based on fluorination cause significantly faster smoothing than ALD processes. This could prove useful for
various applications in the industry, as for the same amount of material that is deposited
or etched, the surface is smoothed more by ALE. Implementing an ALE smoothing step
in an already existing process flows is relatively straight forward. A film can be deposited
thicker, and then etched back using ALE, resulting in the same film thickness, but substantially smoother. The process of deposition and then etching could also be repeated, leading
to an even greater reduction in roughness.

8.2

O UTLOOK

The observed ALD smoothing matches the model results, indicating that uniform front propagation is an accurate method to model ALD, as long as the basic assumptions are correct.
These assumptions are: (i) ALD needs to be conformal, (ii) have no inherent roughness, and
(iii) nucleation should be fast (i.e. the films must be significantly thicker than the thickness
at which coalescence of the islands occurs). If these requirements are not satisfied, the experimental results differ from the model results. The Al2 O3 ALD process used in this work
did have inherent roughness, and the observed roughness therefore slightly deviates from
the model results. The deviation could be corrected for by adding a term to the model results, indicating that the model can be adapted to include other effects in the future. The
model is therefore a good starting point for future research. In this outlook several possible
directions for future research are discussed.
Originally the plan was to perform isotropic ALE experiments, but due to the COVID-19
pandemic it was not possible to do so. In future work it would be interesting to measure the
influence of isotropic ALE on a rough Al2 O3 film. The ALE process works by fluorinating the
top surface, and it is expected that the smoothing occurs faster than predicted by uniform
front propagation (see section 3.2.2). Research of this ALE process could also lead to insight
into the basic principles of the fluorination process. Several effects that are well known for
oxidation diffusion processes have seen limited research for fluorination processes, such as
the effect of stress buildup in the film and the effect curvature of the surface has on the
thickness of the fluorinated layer. Not all isotropic processes involve fluorination, recently
processes using Hacac as a precursor have also been reported [32]. It would be interesting
to investigate these processes, as it would give insight into the similarities and differences
between fluorination based and Hacac based processes.
One research direction of particular interest is area-selective deposition based on surface
shape/curvature. In area-selective ALD the goal is often to deposit selectively on a specific
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material (growth area), and not on another (non-growth area). The selectivity is typically
based on the chemical composition of the materials. In the past research has also been performed on topographically selective deposition, whereby deposition only occurs on either
horizontally- or vertically-oriented surfaces [82]. During this project the question was raised
whether differences in curvature of the surface can be used to selectively deposit material,
instead of differences in chemical composition. I want to propose investigating whether it
is possible to only deposit on concave surfaces (valleys) and not on flat or convex surfaces
(peaks). The reason for investigating this is twofold: (i) selectively depositing films in the
valleys and not in the peaks will lead to faster smoothing, since valleys are filled first, and
(ii) testing the effect the curvature of the surface has on selectivity could provide additional
insight into how to improve the selectivity during area-selective deposition. If the shape of
the material influences whether deposition occurs, it is likely that roughness has an impact
on area-selective deposition, and understanding the processes behind this can lead to new
methods to prevent deposition from occurring on a rough non-growth area. In section 3.1.2
we discussed two methods by which selective deposition based on curvature could occur,
(i) by capillary condensation, where islands would preferentially form where the contact area
between the island and the substrate is maximized or (ii) by selective deposition on crystal
grain defects. In future work it would be interesting to experimentally test if selective deposition based on curvature occurs, and how this could be amplified. One option to study this
is by using a deposition process that has very mobile species, and slow nucleation, thereby
leading to large islands. If the islands deposit selectively in the valleys, the RMS roughness
decreases faster than predicted by the model.
The research options, that I have stated above, will hopefully lead to a better fundamental understanding of ALD and ALE processes. The smoothing of surfaces is something that
is relevant for a number of applications, as surface roughness is often considered undesirable, and negatively affects device performance. In this work I have discussed several
applications where surface roughness can have a detrimental impact, namely lithography
lines (section 6.3), optical waveguides and parallel plate capacitors (section 7.5). Another
application can be found in the interconnects for microprocessor manufacturing, where a
thin barrier must be deposited between the dielectric and the conductor. This barrier must
prevent the diffusion of the conductor (e.g. Cu) into the dielectric (e.g. SiO2 ). As the interconnects shrink, the barrier layer has to reduce in thickness as well. Deposition of the
barrier material (e.g. TaN or TiN) using ALD forms islands, and the thickness at which the
film closes is too thick for the narrow interconnects. One solution for this problem is to first
grow a thick closed film, and then etch back this film using ALE, as is illustrated in figure 8.1.
Due to the smoothing properties of ALD and ALE, the result would then be a thin closed
film. Research into this topic could lead to insight into the interplay of ALD and ALE.
In conclusion, the research of smoothing by ALE and ALD has relevance for a variety of different fields and industrial applications. The findings from this work could function as a starting point for further research, by giving a theoretical framework of ALD and ALE smoothing
effects in the form of the uniform front propagation model. The findings in this work will
hopefully inspire further work to investigate ALD and ALE smoothing, and will lead to a
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Figure 8.1: Illustration showing a possible method of making ultra thin closed films by (a)
Depositing a layer using ALD and then (b) etching the layer using ALE. From ref. [83].

more fundamental understanding of these processes.
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A PPENDIX A

2D MODEL CODE
The model is written in MATLAB and consists of several separate scrips and functions. In
this section I will present the global layout of the model, and explain the FDM part of the
code. To access the complete model, please contact the author.

M AIN FILE
The simulation parameters N , L, M and δτ are stored as N, L, M and dTau. The input parameters (C 0 , ξ, H ) are saved as C0, xi and Hurst. Using the input parameters the 2D PSD is
calculated and saved in PSD0(i,j), with i and j the indices referring to x and y axes. Using
the 2D PSD the starting surfaces are generated, and saved in Surface0(K).data(i,j), with
k referring to the surfaces from 1 to M . The starting surface is used as input for ALD model.
Tau is the total thickness of the simulated layer, and compression_factor gives how often
the intermediate steps of the model are saved. compression_factor=5 means that every 5
simulation steps the data is saved, which reduces the total memory usage of the program
by ∼ 5. The results from the FDM simulation is saved in Surfaces(k,l).data(i,j), with
l the index referring to the deposition steps. The surfaces are then analyzed to calculate
the RMS and the PSD. The 1D PSD is calculated by MATLAB and the positive part of the
1D
1D
spectrum is C 21D to C N
/2+1 with C 1 being the PSD at q = 0 (if N is even). In MATLAB, the
input grid is normalized to ∆l = 1 and L = N meaning that the resulting Fourier spectrum
should be multiplied with ∆l for 1D and multiplied with ∆l 2 for 2D. The calculated PSD is
then fitted using the algorithm in section 5.7. More analysis can be added after the last line.
Main file
1
2
3
4

clear a l l
close a l l
addpath ( " functions " ) ;
%%Simulation parameters
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5
6
7
8
9
10
11

N=512;
%Number of datapoints in p r o f i l e
L=0.5 e −6;
%length surface
M=1;
%number of surface to simulated
%%PSD parameters
C0=0.9 e −27;
x i =0.95e −9;
Hurst = 0 . 5 ;

12
13
14
15

%Randomly generated surface
%Generate PSD
PSD0=K_correlation_fold_2D (C0 , xi , Hurst ,N, L ) ;

16
17
18

%Generate p r o f i l e
Surface0=Surface_generation_2D (PSD0 ,N, L ,M) ;

19
20
21
22
23

%ALD parameters
Tau=10e −9;
dTau=2e −10;
compression_factor =1;

24
25
26
27

%ALD simulation
Surfaces=Surface0 ;
Surfaces=ALD_circshift_2D ( Surfaces , Tau , dTau , L , compression_factor ) ;

28
29

%% Analysis

30
31
32

%c a l c u l a t e RMS
rms=RMS_2D( Surfaces ) ;

33
34
35

%c a l c u l a t e mean PSD
PSD=Mean_PSD_2D( Surfaces , 1 , L ) ;

36
37
38

%f i t of PSD using K− c o r r e l a t i o n model
[ F i t ] = Fit_PSD_2D (PSD, L ,N) ;

FDM CODE
The code starts with setting the right variables. The code is written such that it can be daisy
chained, i.e. alternating ALD and ALE steps by placing the function after each other.
temp_surface is the last surface that is calculated. The partial dervivatives are calculated
and saved in Dyp, Dypm, Dxp and Dxm. This code is for periodic boundary conditions, so the
partial derivatives are calculating by shifting the whole matrix using the circshift function.
From the parital derivatives the FDM scheme is applied and saved in hx and hy, which are
then used in the differential equation. The resulting matrix saved in temp_surface and the
process is repeated. Every compression_factor steps the matrix is saved to Surfaces.
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FDM code
1
2
3
4
5
6
7
8

function [ Surface ] = ALD_circshift_2D ( Surface0 , Tau , dTau , L , compression_factor )
%%This function s ol v e s the non− l i n e a r d i f f e r e n t i a l equation
%the t o t a l thickness to be deposited ( Tau ) i s deposited in steps of dTau in
%NTau steps .
NTau=round ( Tau/dTau ) ; %number of intermediate steps
[M, StartNTau ]= s i z e ( Surface0 ) ; %finding M and StartNTau
[ ~ ,N]= s i z e ( Surface0 ( 1 , 1 ) . data ) ;%Finding N
Surface=Surface0 ;

9
10
11
12

i f i s f i e l d ( Surface ( 1 , StartNTau ) , ’Dep ’ ) ==0 %i f f i r s t deposition step
Surface ( 1 , StartNTau ) . Dep=0; %s e t thickness to 0
end

13
14
15
16
17
18
19
20
21
22
23
24

f o r k =1:M %repeat f o r number of surfaces
%Setup matrices
Surface ( k , StartNTau ) . data=Surface0 ( k , end ) . data ;
temp_surface=Surface ( k , StartNTau ) . data ;
j =StartNTau +1;
f o r i =StartNTau : ( StartNTau+NTau−1) %loop f o r FDM
%P e r t i a l d e r i v a t i v e s are calculated
Dyp= c i r c s h i f t ( temp_surface , [ 1 0 ] ) −temp_surface ;
Dym= c i r c s h i f t ( temp_surface , [ − 1 0 ] ) −temp_surface ;
Dxp= c i r c s h i f t ( temp_surface , [ 0 1 ] ) −temp_surface ;
Dxm= c i r c s h i f t ( temp_surface , [ 0 −1])−temp_surface ;

25
26

%The FDM s u b s t i t u t i o n i s performed
hx=max( cat ( 3 ,Dxp,Dxm, zeros (N) ) , [ ] , 3 ) *N/L ;
hy=max( cat ( 3 ,Dyp,Dym, zeros (N) ) , [ ] , 3 ) *N/L ;
%Calculating the new surface height
temp_surface=temp_surface+dTau * s q r t (1+( hx ) .^2+( hy ) . ^ 2 ) ;
i f mod( i , compression_factor ) ==0 %save depending on compression_factor
Surface ( k , j ) . data=temp_surface ;
Surface ( 1 , j ) . Dep=Surface ( 1 , j −1) . Dep+dTau * compression_factor ;
j = j +1;

27
28
29
30
31
32
33
34
35
36
37
38

end
end
c l e a r hx hy i

39
40

end

41
42

end

93

A PPENDIX B

1D FRONT PROPAGATION MODEL
The 1D front propagation model is a simplification of the 2D model explained in chapter 5.
The 1D model only uses the x coordinate, so 5.1 can be simplified to

∂h(x, τ)
=
∂τ

s

∂h(x, τ)
1+
∂x
µ

¶2

(B.1)

and this equation can be solved using FDM in the same way to the 2D case but with one
fewer coordinate. The generation of the starting profile is also similar, using a 1D PSD function (the K-correlation model for example) as a input and using
h i = F −1

³q
´
L · C i1D · e i φr and

(B.2)

with φr and an N sized array of random phases from 0 to 2π. The array of phases is such that
the generated profile is real.
To test the stability and numerical accuracy of the model, the system variables are varied.
These are L the profile length, N the number data points on the profile, M the number of
generated profiles and ∆τ the deposition step size. The default values are L = 2 µm, N = 1024,
M = 500 and ∆τ = 0.1 nm. The starting profile has as variables: ξ = 10 nm, C 0 = 100 nm3 and
H = 0.5. The results are shown in figure B.1.
Chaning L leads to a change in q mi n and q max , but the PSDs trace the same curve. Similar
to the 2D case there is a slight deviation upwards near q max , which is likely an artifact of
the FDM simulation.
Increasing M decreases the statistical noise in the results. 5 generated profiles are not enough
to reduce statistical noise to a desirable level. M = 50 also gives high noise and M = 500 is
almost noise free. For values higher than 500 the data sets are so large that the computer
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has difficulty running the simulations.
N has an effect on q max , so the domain changes, but the PSDs trace the same curve.
∆τ has an effect on the stability on the simulation. It appears that all the deposition step sized
shown in figure B.1 are well below the stability limit for this surface. For different surfaces
the stability limit might be different. In conclusion, the model is stable and numerically
accurate for the variables discussed above.

Figure B.1: (a) Changing L leads to the same curve but a different domain of that curve. (b)
Decreasing M leads to more statistical uncertainty in the PSD. (c) Increasing N increases
q max but the PSDs trace the same curve. (d) ∆τ does not appear to affect the model for the
values used in these simulation, meaning that the simulation is operating below the stability
limit.

The effect of the simulation is similar to that of that in 2D. The tail decreases in slope to
around -4 in a loglog plot, which means that the tail is q −4 . The amount of small-scale
roughness decreases. The plateau height increases, which is opposite of the 2D model, where
it decreases when the deposited layer increases in thickness.
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Figure B.2: PSD for different deposition thicknesses as calculated by the 1D model.
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T ESTING THE ASSUMPTIONS OF THE
SURFACE STATISTICS

In section 2.1 three basic assumptions were made that are required for the used statistics.
These are: (i) homogeneity, the roughness is independent of translation, (ii) isotropy, the
surface is independent on rotation, and (iii) ergodicity, the statistics can be derived from a
single surface. In this appendix it is shown that these three assumptions hold true for the
ZnO starting surfaces.
If the surface roughness is homogeneous, the roughness is uniform over the sample. To test
the homogeneity, several spots on the 4 inch wafer of 300cc and 600cc ZnO on Si are measured using AFM, and the RMS roughness of the different spots is compared to each other
figure C.1a. The experimental data shows that there is a spread in the measured roughness,
but that the spread is relatively small compared to the difference between 300cc and 600cc
ZnO samples. ALD is known to produce uniform thicknesses on a wafer, but there is always some deviation in thickness, which can lead to difference in roughness. The different
points are measured centimeters apart, meaning that at the size of individual measurements
(∼ 1 µm), the roughness can be considered constant and homogeneous. To test if the surface is isotropic, the same spot on 300cc ZnO is measured at different angles. The PSDs of
these measurements are shown in figure C.1b, and are almost identical, from which we can
learn that the roughness is independent on rotation of the sample and is thus isotropic. The
ergodicity of the surface can be tested by comparing the correlation length to the measurement size. The correlation length of the samples measured in chapter 7 range from ∼ 3 to
∼ 20 nm, which is much smaller than the size of the measured area, which is 500 nm to 1
µm in size. The measured surfaces can therefore be assumed to be ergodic.
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Figure C.1: (a) The spread in roughness on different spots on the 300cc and 600cc ZnO on
Si wafers. The spread in roughness can be explained from measurement noise, and nonuniformity of the ALD process. (b) A comparison of the PSD of 300cc ZnO on Si, which is
measured at different angles. The PSDs show that the surface roughness is independent of
rotation of the sample.
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