Chapter 6

Preparation

Obviously, every nanostructure, whether it is a thin film or a laterally structured
sample, first has to be prepared in some form. This is an area of science in its own
right, and we will see in this Chapter that there is a lot of physics behind the growth
and preparation of nanostructures.

Thin film growth, in many cases by deposition via evaporation of the desired material or
by a solution-based process, is typically related to non-equilibrium, i.e. the structure
formation is not only determined by the thermodynamic equilibrium of the system
and the minimum of the Free Energy, but non-equilibrium statistical mechanics and
kinetics. We will see that this leads to growth rate equations, and the competition of the
time scales of the various processes involved (diffusion, adsorption etc.) will determine
the characteristic length scales and morphologies of the forming nanostructures, which,
even for seemingly simple film growth, will exhibit laterally nontrivial correlations.
This has developed into an independent area of research. We will first discuss simple
examples of rate equations and then typical examples of experimental systems and
how these can be described by correlation functions. We will try to identify the key
observables and how these can be related to the various growth mechanisms.

As the technological foundation for fabricating thin film components, suitable deposi-
tion methods are required. The chosen technique needs to be adapted to the respective
substrate (lattice matching, thermal expansion, temperature stability, conductivity,
etc.). The selection of the technique directly influences the thin film properties. For
the preparation of single crystalline thin films e.g., typically epitaxy will be the method
of choice. By controlling the growth parameters one can modify the defect structure,
surface termination, orientation, grain size, morphology and more. We will therefore
introduce an overview over commonly used thin film deposition techniques from the lig-
uid, gas, or plasma phase, incuding such wide-spread methods as physical and chemical
vapour deposition.

If several thin films of different materials are deposited in a vertical sequence, new
functionalities can be embedded in the composite structure. Interface control plays a
major role in device reliability, and e.g. by band-gap engineering of thin semiconductor
stacks, the overall band structure of such heterostructures can be widely tuned.

Moving from two-dimensional extended thin films to further constrictions of the nano-
structure geometry, a variety of micro- and nanostructuring techniques has been de-
veloped that enable flexible control over the size and shape of nanostructures down to

261



262 Chapter 6 Preparation

single nanometers, or even single atoms. We will introduce important top-down and
bottom-up methods that are widely used for creating nanostructures by either shap-
ing an existing material into smaller elements, or building up nanostructures from even
smaller atomic or molecular building blocks. Lithographic techniques such as photo and
electron-beam lithography, several etching techniques, as well as self-assembly strate-
gies will be illustrated with their underlying physical concepts, resolution, examples of
typical resulting nanostructures, and application areas.
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6.1 Thin film growth: Concepts and theory

Sources:

T. Michely and J. Krug, Islands, Mounds, and Atoms: Patterns and Processes in
Crystal Growth Far from Equilibrium (Springer 2004)

A. Pimpinelli and J. Villain, Physics of Crystal Growth (Cambridge University Press
1999)

J. A. Venables, Introduction to Surface and Thin Film Processes (Cambridge University
Press 2000)

J. Krug, Physica A 3183, 47-82 (2002), ’Four lectures on the physics of crystal growth’
H. Liith, Surfaces and Interfaces of Solids (Springer 1993)

6.1.1 Three categories

We consider the adsorption of some film material on a solid substrate.
Generally, three categories of growth scenarios are distinguished (Bauer 1958), which
at first glance resemble the situation for wetting and spreading:

e Frank-van-der-Merwe (FM) growth (layer-by-layer):
corresponding to complete wetting

e Stranski-Krastanov (SK) growth (layer-by-layer followed by islanding):
corresponding to the intermediate case of the ’spreading scenarios’ (see Sec.3.6)

e Vollmer-Weber (VW) growth (islanding):
corresponding to dewetting (finite wetting angle)
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Fig. 6.1: Schematic presentation of the three growth scenarios

The specific conditions, under which these growth modes occur, can be related to the
surface or interface tension =y, i.e. the characteristic free energy (per unit area) to
create an additional surface or interface.



264 Chapter 6 Preparation

YF | Deposit

3

7/, Substrat é

Fig. 6.2: Island on a substrate. Denoted are the different contributions to the surface tension
and the contact angle ¢.

Since vy can also be interpreted as a force per unit length of boundary, force equilibrium
at a point where substrate and 3D island of the deposited film touch requires

Ys = vs/F + YF - cos P (6.1)

where 7g is the surface tension of the substrate/vacuum interface, vy that of the
film /vacuum, and g, that of the substrate/film interface. Using this equation the two
limiting growth modes (layer-by-layer, FM) and (islanding, VW), can be distinguished
by the wetting angle ¢.

o 'M: ¢ = 0,75 = vr +75/F

o FM: ¢ > 0,75 <vr +7s/F

The mixed mode (SK) can easily be explained in this picture by assuming that there
is a lattice mismatch between the deposited film and the substrate. The lattice of the
film tries to adjust to the substrate, but at the expense of elastic deformation energy.
The transition from layer to island growth occurs when the spatial extent of the elastic
strain field exceeds the range of the adhesion forces within the deposited material.

Importantly, however, these considerations are only a ’kinetic analogon’ to the wetting
scenarios; in fact, since growth is a non-equilibrium process, the surface energies and
wetting scenarios can only serve as a limiting case for comparison, but they cannot
suffice to properly describe the growth.

6.1.2 How to describe growth?

As pointed out above, surface energies enter the ’equilibrium structure’, but actually
growth is a non-equilibrium situation, a dynamical problem.

Therefore, at least two dynamical parameters have to enter our consideration:

e the time scale of incoming atoms or molecules (the flux F, which equals the
growth rate on the surface only if all incoming molecules are adsorbed and if
there is no re-desorption).
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e the time scale of dynamics on the growing surface (i.e. diffusion D). which
‘competes’ with the time scale set by the flux, so that we can expect that in
certain situations the ratio (F/D) is relevant.

This already suggests that time dependent equations such as, e.g., rate equations with
different kinetic processes are a possible approach to describe growth.

Fig. 6.3: Schematic diagram of processes at a multi-layered surface, including flux F and
diffusion D

Of course, the situation is more complex than suggested by only two parameters (or
even only one, if exclusively the ratio (F/D) was relevant). In fact, there are several
processes contributing to the dynamics on the (growing) surface, and realistically they
cannot all be captured in one parameter D.

Below we shortly describe some elementary processes which may happen to an adatom
on a surface (see also Fig. 6.4):

e Deposition on the material onto the surface with flux density F' (also known
as deposition rate). It is usually measured in adatoms/m?s or monolayers (ML)
per second. This quantity describes how much material is being deposited on the
substrate, without taking into account any possible desorption, i.e. disattachment
of the adatoms from the substrate.

e Adsorption / Desorption, i.e. attachment of adatoms to the substrate or
evaporation of adatoms from the substrate. The probability of an adatom to stick
to the surface is proportional to the Boltzmann exponent, w o exp[—FE,/kgT],
where F, is bonding energy between adatom and surface.

e Diffusion of an adatom on the surface. This process is determined by a diffusion
coefficient D measured in m?/s. Diffusion is mathematically described by two

'Remember two fundamental laws of diffusion: Fick’s first law: j: —DVn, and Fick’s second law:
on
% = DAn.
ot
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Fig. 6.4: Overview of different dynamic processes occuring in a growing surface

fundamental laws:

Fick’s first law: j = —DVn, (6.2)
0
Fick’s second law: 8_72 = DAn, (6.3)

where j is flux of adatoms, and n is concentration of adatoms.

Depending on what "obstacles” the adatom has to overcome in order to move
over the surface, one has to consider several types of diffusion. For a system with
well-defined layers (e.g., a crystalline adsorbate), the diffusion within one layer
(intralayer diffusion) has to be distinguished from the diffusion between different
layers (interlayer diffusion).

Intralayer diffusion D (in combination with the incoming flux F') determines to
a large extent the typical island sizes and distances in the plane. We will come
back to this in the sections on nucleation and on island sizes and shapes. D will
typically depend on the temperature via

D= Do exp(—ED/k:BT) (64)
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Fig. 6.5: Schematic diagram of intra-layer diffusion D and inter-layer diffusion D’
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Interlayer diffusion D’ usually encounters an additional energy barrier A E's which
adsorbates have to overcome for diffusing over an edge into the next layer as shown
schematically in Figure 6.6.

Energy

Fig. 6.6: Schematic illustration of surface potential with Ehrlich-Schwobel barrier at the step
edge

This barrier AFEg is known as Ehrlich-Schwoebel barrier and usually leads to
D' < D, ie.

/

D
B = exp(—AEs/kBT) <1 (65)

A typical order of magnitude is, e.g., AEg ~ 0.14 eV for Pt growth on Pt(111).
e Edge diffusion
e Attachment to a stepedge / evaporation onto terrace
e Clustering / dissociation of a cluster

e Cluster diffusion

Note that in this consideration we issues such as a possible lattice misfit between
substrate and adsorbate for epitaxial systems, although the resulting elastic stress /
strain can of course be very important.

Fig. 6.7: Growth of Pt islands on Pt(111) substrate
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Note also that the kinetic description of growth is also relevant for the case that the
adsorbate and the substrate are of the same material (which for (single-)crystalline
materials would be called homoepitaxy). While in equilibrium we would naively expect
the surface of this system to be simply flat, due to the kinetic (non-equilibrium) nature
of growth it will not. See, for example, the following pictures of Pt islands grown on a
Pt(111) surface. In fact although seemingly not very exciting, homoepitaxial systems
as these have been used as very useful model systems for understanding growth.

In order to get a first idea of the concepts involved, we will discuss two simple growth
models. After that, we shall discuss possible refinements of these and other approaches.

6.1.3 Simple growth models
6.1.3.1 Langmuir growth for a monolayer

Consider a system, for which the adsorbate grows only in the first monolayer, and fur-
ther growth (i.e. occupancy of the second layer etc.) is impossible. This approximates
relatively well the situation for some surfactant systems and self-assembled monolayers
(SAMs) of the thiol-on-gold type, but it has little to do with, e.g., the evaporation of,
say Au on Si.

The following model is useful to get a feeling for the kinetic equations.

In the simplest case we assume that there is no lateral interaction between different
sites, so that the occupancy of a given adsorption site (again, all in the first monolayer)
has no impact on the adsorption rate in the neighbouring sites. The adsorption sites in
the monolayer are thus considered all independent. The rate of chance of the coverage
0 (normalised to one) is thus simply proportional to the incoming flux times F', some
probability of adsorption €2 (which we combine in a growth rate (1/7)), and to the
fraction (1-6) of unoccupied adsorption sites

Li1—9) (6.6)

T

d
—0
dt

This differential equation is easily solved (with the boundary condition that for the
starting time the coverage is zero, i.e. 0(t = 0) = 0)

0(t) =1—exp(—t/7) (6.7)

A typical example (taken from thiols on gold) is shown in Figure 6.8.
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Fig. 6.8: Time dependence of Langmuir growth of thiols on gold

6.1.3.2 Multilayer growth without interlayer diffusion (’statistical growth’)

We consider a system in which not only a monolayer, but all layers with their respective
coverage 0, can be occupied and grow. As the key ingredient in this model we assume
that there is no interlayer diffusion, i.e. a given adsorbate molecule will stay in the
layer in which it was initially accommodated and can only diffuse laterally within this
layer. This model is referred to as ’statistical growth’ or also 'random deposition’.

The growth rate of the nth layer is then given by

d 1
2700 =~ (Ony = 00) (6.8)

with the boundary condition 6,—o = 1, where 1/7 = QF.

The system of differential equations (6.8) can be solved iteratively. One can show, that
0n—0 = 1 (boundary condition),

0,1 = 1 — e~/7 (Langmuir growth),

Opey =1 — e /T(141/7), Opeg =1 — e ¥/7(1 +t/7 + 1?/272) and so on.

The general solution this system for any n is

n—1

en:1—et”§:%(§y1 (6.9)

k=0

It can be shown, that the total coverage 6, i.e. all material in the film (all monolayers)
deposited until the moment ¢ is

0:5:%:£:QR with 0 <6, < 1. (6.10)
7_
n=1
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This allows one to rewrite equation (6.9) as

n—1 ek
_ -0
0, =1—¢ ZE (6.11)
k=0
n
n-1

Fig. 6.9: Schematic illustration of the exposed coverage ¢, of the nth layer

The ezposed layer coverage (i.e., the fraction of a given layer which is not covered by
the one above it) follows a Poisson distribution

e 'on
Pn = O — 0n+1 = nl (612)
which directly follows from (6.11).

This describes the ’terraced structure’, i.e. the fractional size of a given layer, the
‘envelope’ of which has a variance

W =0 (6.13)

characteristic for a Poisson distribution.

This can be proved mathematically by calculated the roughness of the film o as a
standard deviation (STD) of the film height from its average value. The height of the
film is proportional to the number of layers, z = d - n, where d is the thickness of a
monolayer. Roughness can be then calculated as

o =+/(22) — (2)?2 = d/(n?) — (n)2. (6.14)

Using equation (6.12), one can show that

(n) = Z n- ¢, = theta, (n?) = Z n? . ¢, = theta + theta®, (6.15)
n=0

n=0

which gives for the roughness

o =dvo. (6.16)

This means, that if the interlayer diffusion does not occur in the system, the roughness
of the film scales as square root of its thickness. The faster growth of the roughness
(with the scaling exponent 3 > 1/2) is called rapid roughening.
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6.1.4 Atomic nucleation theory in 2D

If the nucleus is very small, we can no longer use a continuum picture. We thus
employ an atomistic picture. Below we consider a qualitative description of cluster
nucleation in 2D. A more detailed theory can be found in Section 2.3.1 of the book
" Islands, Mounds and Atoms: Patterns and Processes in Crystal Growth Far from
Equilibrium” by T. Michely and J. Krug (Springer-Verlag, 2004) or in ” Four lectures
on the physics of crystal growth” by J. Krug (Physica A 313 47-82, 2002).

A simplified approach to dynamical nucleation theory in two dimensions

based on estimates

see Pimpinelli / Villain book see S. Stoyanov / D. Kashchiev in Current Topics in
Materials Science, vol.7, E. Kaldis (ed.), North Holland, p.69 (1981)

Consider the flux F' onto a substrate and the diffusion D in the plane. For
simplicity, we set the length scales (typical interatomic or intermolecular distances) to
unity, such that F' and D have the dimensions of frequency and 1/F and 1/D have
the dimension of time.

Step 1

Estimate the typical nucleation rate of terraces (which eventually reach a size [, and
then coalesce). The terrace reaches a size [; in a time O(1/F). The average number
I2/(FTyue) of nucleation events in an area (I;)? during a time 1/F must be 1.

Thus

1 F
= (6.17)

Tnuc lg

Step 2
Calculate the adatom lifetime 71 for diffusion over a length [; between islands from
elementary theory of diffusion

12
Step 3
Calculate (monomeric) adatom density
ng =~ F7'1 (619)
Combining eq. 3.30 and eq. 3.31 this gives
F
ny ~ —=I2 (6.20)

DS

Step 4
Specify critical island size; here we assume that dimers are stable, which is the simplest
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case. In the literature, this corresponds to i* = 1 (i.e. one adatom is required to make
a monomer stable). Then eq. 3.29 gives the dimer nucleation rate 1/7,,.. It is equal
to the rate of collisions between adatoms.

Step 5
Estimate the number of sites which an adatom visits in a time ¢... & Dt. During its
lifetime 77 the probability of a given adatom hitting an n-atom island is

Pn &= D7in, (6.21)

(note that technically there is a correction term In(D7y) which we omit, since it
introduces only a small modification)

Step 6
The dimer nucleation rate is equal to the rate of collisions between adatoms, i.e. the
product of p; and F. Combining eq 3.30, eq. 3.32 and eq. 3.33 gives

1
— ~ Fp, (6.22)
~ FDTlnl (623)
2 FI2
~FD=2—= 6.24
DD (6.24)
F2l4
~ 8 6.25
= (6.2
and with equation 3.29 we find
D
10~ = 6.26
= (6.26)
or D
Iy~ (=)0 6.27
(=) (627

Addendum: Classical (continuum) nucleation theory

a) 3D nucleation

Nucleation is a classical process for the formation of a new phase. After formation
of a nucleus, new material from the environment can diffuse and attach to the
nucleus. The key question concerns the stability of the nucleus.

Associated with the formation of a spherical nucleus of a new phase is a change
in Free Energy (here in three dimensions).

4
AF = AFyvorume + AFsur face = ?ﬂrgAgV 1 A2y (6.28)
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b)

The interface energy v of the nucleus is in any event positive. The volume part
Agy can be negative (i.e. favourable), i.e. Agy < 0. Then the nucleus can be
stable above a size r* . For r > r* (above the local maximum of AF’) with

2y
== 6.29
Agv (6.29)

the nucleus is stabilised by further growth (growing r).

2D nucleation

The same picture can be used to discuss the mechanism of the formation of
(2D) islands on the surface of a solid. The (possibly stable) nucleus is now
two-dimensional, and the boundary (the interface, i.e. the rim) is now one-
dimensional. The formation of the interface will also here cost energy (~ r), but
this can be (over)compensated by the energy gain proportional to the area of the
island (~ 72), if the island is sufficiently large (r > r*’).
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6.1.5 Island shapes

(see Chapter 3 of the book " Islands, Mounds and Atoms: Patterns and Processes in
Crystal Growth Far from Equilibrium” by T. Michely and J. Krug)

The last section was concerned with nucleation, which determines the number density
of islands.

This section is concerned with their shape. The shape is determined by two additional
factors, namely the atomic or molecular processes occurring at the island edge, and the
effects of the local environment of the island on the diffusion field of the adatoms. Con-
sider Fig. 6.10 (from Michely/Krug) for an overview of the variety of scenarios of island
shapes even for one and the same system (Pt/Pt(111)) when only the temperature is
varied, i.e. when different kinetic processes are ’sequentially’ switched on.

ne
fl

A

()T = 400 K

(@) T = 200

Ly > &%
\-“l' r

Fig. 6.10: (from Michely /Krug, p.62) Pt/Pt(111) at different deposition temperatures (image
size (156 nm)?), from image (a) to (f) the temperature is increased in 100 K steps. We should
learn how to read the shapes ("A snowflake is a letter to us from the sky.” (p.62)).

6.1.5.1 Fractal-dendritic islands

(see Sections 3.3 and 3.6 of the book ”Islands, Mounds and Atoms: Patterns and
Processes in Crystal Growth Far from Equilibrium” by T. Michely and J. Krug)

The term ’dendrite’ is derived from the Greek word dendron (devdpov) for ’tree’.
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Fig. 6.11: (from Michely/Krug, p.81) Fractal-dendritic islands created by homoepitaxial
growth of (a) Pt(111); (b) Al(111); (c) Ag(111), in each case at deposition temperatures
around 10 % of T,,ers. (image size (120 nm)?).

This is a rather commonly found morphology for a number of growth phenomena, from
snowflakes to islands on metal surfaces and even high-voltage breakdowns (see below).

The formation of fractal-dendritic islands is a common feature in low-temperature
homoepitaxial growth on fee(111) metal surfaces (Michely/Krug, p.81); typically, from
the onset of island formation up to ~ 15 % of the melting temperature of the material.

Michely/Krug discuss different types of mechanisms for the formation of fractal-
dendritic islands (Sec. 3.3 and Sec. 3.6). We will not go into the details of this
rather involved discussion, but refer to the diffusion-limited aggregation model (DLA)
below, which helps to rationalize important features of dendrite formation in the limit
of low coverage (6 < 1) and low island density (2N < 1), although even in these
limits there are important differences to the experiments (Michely/Krug, p.82).

Diffusion-limited aggregation (DLA) - A simple model

Witten & Sander, PRL 47 (1981) 1400; PRB 27 (1983) 5686 Michely/Krug, p.653;
p.81/82; p.100 Wikipedia

In DLA, after placing a seed particle at the origin, a second particle is added at some
random site at a large distance from the origin. This particle walks randomly (diffuses)
until it visits a site adjacent to the seed. There the walking particle then becomes part
of the existing cluster. Then the next particle is added, diffuses, and attaches to the
existing ’cluster’ and so on. The exposed ends of the clusters tend to grow more rapidly
than other perimeter sites because perimeter sites near the center are ’shadowed’.

The clusters formed in DLA are also referred to as 'Brownian trees’. Of critical im-
portance is that the number of particles undergoing Brownian motion in the system is
kept very low so that only the diffusive nature of the system is present.
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Fig. 6.12: (from Witten & Sander, PRB 27 (1983) 5686) Computer simulation of 3000 par-
ticles on a square lattice growing according to DLA. The ’screening effect’ is illustrated by
showing the first 1500 particles to attach to the aggregate as open circles, the rest (latter
1500 particles) as dots.

6.1.5.2 Equilibrium island shapes

(see Michely / Krug book, Chapter 3)

For equilibrium, we expect the island shape to be determined by mechanisms such
as the minimization of the surface (i.e. boundary / perimeter) energy. This would
correspond to the concept of the Wulff construction. For an isotropic system this
would be a circular shape; for a crystalline system, the equilibrium island shape would
reflect the crystal symmetry (see Fig. 6.10(f) with the hexagonal island for growth at
high temperature, as expected for an fcc(111) surface). Note that for heteroepitaxy
(i.e. two different materials on top of each other), strain due to the lattice mismatch
will enter the considerations.

Let us find a condition at which a faceted 2D cluster has minimal surface energy at the
fixed volume (see details of the method of Lagrange multipliers in the book ” Crystal
growth. for beginners” by 1.V. Markov).

In order to find the shape of a cluster, we need to minimize the Helmholtz free energy:

F= Fsurf + Fbulk7 (630)
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0 + 50

Fig. 6.13: Distortion of the cluster’s shape
(derivation of Eq. 6.36).

which consists of two components. Let us consider a 2D cluster, in which each facet
has a length O; (in 3D case, it would be area) and a surface tension ;. The free energy
of the cluster’s surface is then

Fawy =Y 7 O;. (6.31)
J
The bulk contribution to the free energy is

1
Fouir = AV =X+ Z h; - O, (6.32)
J

where A is the proportionality coefficient (pressure), and h; is the distance from the
center of a cluster to the j facet (see Fig. 6.13).

Now we will find the shape of the cluster which corresponds to the minimum of its
energy:
1
F:Z%-Oj—i-)\v:)vEZhj-Oj—>min. (6.33)
J J
Let us distort the shape of the cluster, keeping the volume constant. In result of this

distortion, each facet will have the length O; 4+ 00; and the distance from the center
hj +dh;, so the variation of the free energy is

5F:Z%-5Oj+32hj-5oj+320j-5hj
J J J

A A 6.34
J J

—_——
1A%

The second term is proportional to the variation of the volume 6V, and therefore it
equals to zero:
0V &Y 0;-6h;=0. (6.35)
J

Thus,

A A ;
OF = Z ('yj + 5) 00, =0 = v; = —§hj = | = = const | (6.36)

J
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(c) Inner envelope =
equilibrium shape

(@) y-plot

Fig. 6.14: The Wulff construction (from W. Bao et al., SIAM J. Appl. Math. 77 2093
(2016)).

This condition defines the equilibrium shape of the cluster.

The Wulff construction

In practice, the equilibrium shape of a cluster (which satisfies the condition v;/h; =
const) can be found using the so-called Wulff construction (Fig. 6.14):

1. Draw angular dependence of surface tension (y-plot)
2. For each point on the y-plot, draw normal to the radius-vector

3. Inner envelope of the normals gives equilibrium shape

If the island shape is not only determined by equilibrium energy considerations, but
also or even predominantly by kinetic factors, it will be different. This is already
demonstrated by Fig. 6.10 (a)-(e), where the island shape obviously deviates from the
equilibrium hexagonal (compact) shape.
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6.1.6 Epitaxy

The term ’epitaxy’ is derived from the Greek epi (emt), meaning 'above’, and tawxis
(TaéiC), meaning 'in ordered manner’. It can be translated as 'arranging upon’. Epi-
taxy means a defined crystallographic relation between substrate and film, i.e. a defined
(relative) orientation of the crystallographic axes. We distinguish

— homoepitaxy: substrate and film material are the same (A on A’)

— heteroepitaxy: different materials ("B on A’)

R \{{,fiaiﬁ\ O’f
000GA00000 oo

CO00CGwO0000 | 5
Q000000000 -

Fig. 6.15: Schematic diagram of heteroepitactic growth of material B on substrate A with
identical lattice constants of A and B

The key parameter for the epitaxial growth is misfit parameter:

f = (a'film - asubstrate)/asubstrate- (637)

If the lattice parameter of the film equals to the lattice parameter of the substrate,
f =0. In the case of the mismatch, f # 0.

Heteroepitaxy will in general lead to epitaxial stress / strain, i.e. a different lattice at
/ near the interface if the lattice parameters are matched at the interface. A different
lattice parameter will in general then lead to different physical properties (i.e. a dif-
ferent gap in a semiconductor, where indeed in many cases ’strain engineering is gap
engineering’; see figure ’band gap vs. lattice parameter’ below).

Via the epitaxial strain, i.e. the change of the lattice of the film compared to its bulk
(intrinsic) structure a new material with new properties can be created. In some cases,
the film can even have a completely different structure. It is important to realize that
a strained lattice costs energy. Calculation of the strain energy (as energy per film
volume) can be slightly complicated depending on the specific structure, but typically
gives an expression of the type

1+v
Estrain = 2,&1

e =K, €, (6.38)
—v

where g is the shear modulus, v is Poisson’s ratio, ¢ is the strain. (similar to the
harmonic oscillator with £ = (1/2)kx? with k = ’spring constant’) and the normalized
lattice misfit as the key parameter
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In terms of energy per area for a film of thickness h with uniform strain this gives

Erain = K1 - €°h. (6.39)

Due to this cost in energy the growing film cannot be strained for infinitely large h,
since otherwise the strain energy would diverge.

Typical scenarios are:

1) Only a very thin film is grown

2) After a very thin layer of B on A one continues again with (a thin layer of) A (or
some other material with suitable lattice), leading ultimately to a superlattice

A/BJA/B/A /... ie. (A/B),

3) If a film (beyond a certain critical thickness) is grown, at some point lattice
defects (dislocations) are included to reduce the strain. Let us find the critical
thickness of the film h.,, at which the dislocations start to appear.

)
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Fig. 6.16: Schematic diagram of heteroepitactic growth of material B on substrate A with
lattice- mismatch, leading to defects and tension at the interface. [http://www.tf.uni-
kiel.de/matwis/amat /semitech en/kap 3/backbone/r3 4 1.html]

The dislocation energy (per area) can be calculated as

b h B
Eyo= — (X)) ~k, I 4
d 27(1 —v) i <T0> 2 P (6.40)

where b is the Burgers vector of dislocations, 7y is dislocation core radius, p
- dislocation spacing (distance between dislocations). Dislocations reduce the
strain in the film, so that remaining strain is

b
e=f—-=
p

=(f—¢). (6.41)

The total energy of the film consists of the strain energy and the dislocation
energy

b
E = Eprain + Eais = K1°h + Kyb— = K122h + Kob(f — ¢). (6.42)
p
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The minimum of the total energy (22 = 0) is achieved at the strain
Kb
- . 6.43
T 2K h (6.43)

This result can be substituted in Eq. (6.41) to obtain the separation between
dislocations:

b
f—eo
This equation gives a positive distance between dislocations, if f > ¢¢. If f < g,
the distance between dislocations is negative. This is an nonphysical result,
which means that for such thin films the dislocations do not appear. The critical
thickness of the film h,,, at which the dislocations just appear (p — o0) can be
obtained from the condition f = gy, which gives

p= (6.44)

K
ho ~ 20
2K, [

. (6.45)

For typical values of the elastic constants, one can obtain a good approximation:

b

her % ——, 6.46
9.9f (6.46)

from which it follows, that for a typical lattice misfit f ~ 5%, the critical thickness
is about just 2 atomic layers. Thus, already after a rather thin layer there would
be many dislocations.

These are typically detrimental for the electronic performance and should be
avoided in most cases. This sensitivity to lattice mismatch is a key reason why
many potentially attractive combinations of semiconductors are actually not used
if smooth films are needed. An example for good lattice matching (low f) is
AlAs/GaAs, which both have a lattice parameter of 5.65 A(While the gap is
different (2.16 vs. 1.42 eV), which will be discussed later). An example with bad
lattice matching is InAs/GasAs with lattice parameter mismatch 6.06 A vs. 5.65
A (f is almost 10 %) so that actually no smooth films, but quantum dots are
grown. The gaps are 0.36 vs. 1.42 eV.

In order to grow defect-free films, it is common to use so-called buffer layers to
reduce the elastic strain and therefore prevent formation of dislocations.
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Fig. 6.18: Illustration of a typical scenario for lattice mismatch. [http://www.tf.uni-
kiel.de/matwis/amat/semitech_en/kap_3/illustr/epitaxy_1.gif]
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6.2 Thin film deposition

Thin-film deposition is the deposition of thin layers (films) on a substrate (often
single-crystalline) using different techniques.

The various techniques for thin film deposition can be grouped into depostion from a
liquid phase, from a gas phase, and from a plasma.

Those methods are often based on vacuum evaporation processes: Material is
evaporated from one or several sources in high vacuum (HV: 1073 — 1077 mbar) or
ultra high vacuum (UHV: 1077 — 107! mbar) and then deposited on a substrate.

Important parameters:

— partial pressures p; (processing gas, residual gas)
— substrate temperature T

— deposition rate

— particle energies

Example: High temperature superconductor YBa;Cu3;0, (YBCO):
YBCO is deposited in a tetragonal phase (higher temperature) and subsequently con-
verted into the orthorhombic phase (room temperature, po, = 1 bar).

Tempaerature (°C)
900 800 700 600 500

10% T T T
YBayCuy0y
Tetragonal
102 L y=60
F Sputtering
w
=
£
s 10"
2 E Y BaCuOs
< L +
o
T Bac:'oz Fig. 6.19: Oxygen partial pressure
g 10° o Cu0 3 vs. temperature with critical stability line
g L Q (left) for YBapCusO, at y = 6.0 and
s r \E!ectron . .
5 3 Beam/Thermal parameter ranges for in-situ growth by
10! different thin-film deposition techniques.
; Also shown is the phase boundary for
r the tetragonal-to-orthorhombic transition
102 i | | at y = 6.5 and the stability line for y = 6.9
o8 0¢ 10 11 12 13 14 15 [R. H. Hammond and R. Bormann, Phys-

1000/T [K] ica C 162-164, 703 (1989); Fig.1].

Film growth usually occurs far away from thermodynamic equilibrium
— Growth kinetics are important and can be very complex, see lecture on film growth.

Depending on the growth conditions, films can be:

e amorphous (often requires 7 far below room temperature (RT))

e polycrystalline (typical for deposition at RT)
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e textured (e.g. by directed ion bombardment during growth)

e single-crystalline (requires single-crystalline substrates and good lattice match)

Epitaxy (see lecture on film growth) plays a crucial role in the growth of single-
crystalline films.

6.2.1 Deposition from the liquid phase

Liquid phase epitaxy (LPE) is an inexpensive technology, suitable for the deposition
onto large substrates. It exploits the temperature dependence of the solubility in melts
of metal or salt and was used to produce the first useful Ga;_,Al,As lasers in 1973.

A substrate crystal is brought into contact with a metal melt (e.g. Ga), which is
saturated with the material to be grown (e.g. GaAs). When this melt is cooled down,
the solubility decreases, and the excess material will grow epitaxially on the substrate.

By combining several metal melts with different growth materials, it is possible to
produce complex layer structures.

The Graphite boat process (shown in Fig.6.20) leads to relatively high growth rates
(10 pm/min).

( temperaturgeregelter Rohrofen g

Quarzrohr mit Schutzgas
Graphittiegel mit gesdttigten Schmelzen

V

N %\——
Substratkristall verschiebbarer Substrathalter
( temperaturgeregelter Rohrofen (

Fig. 6.20: Schematic diagram of a system for liquid phase epitaxy using the graphite boat
process [Bergmann-Schéfer, Lehrbuch der Experimentalphysik, Bd. 6, Festkérper (1992);
Abb.7.37].
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6.2.2 Deposition from the gas phase

Material is evaporated from one or several sources in high vacuum (HV) or ultra high
vacuum (UHV) and deposited onto a substrate.

e Thermal evaporation:
by Joule heating (applying large currents) of a vessel (e.g. molybdenum or tung-
sten), material in the vessel is melted and then evaporated.

- Low (thermal) energies of particles (0.1 — 0.5 eV):
Epin = $muv? = 5L ~ 100meV for T = 2000 K

- Simple HV process

- Rate control often via resonance frequency shift of piezoelectric quartz crystal
due to the deposited mass onto the crystal

e Electron beam evaporation (EBE):
Material within a crucible (e.g. Mo, BN, AlO, graphite) is melted and evaporated
using an electron beam.

- Rate control via piezoelectric quartz crystal
- Suitable for materials with high melting temperature

- Sequential evaporation using multiple-crucible arrangements

e Molecular beam epitaxy (MBE):

The individual components of the materials to be deposited are evaporated in
Knudsen cells (heated crucible with small opening), so that the material enters
the UHV chamber as an atomic or molecular beam and reaches the (usually
heated) substrate.

Often in-situ analysis of epitaxial growth (crystal structure and growth rate) is
performed by means of electron beam diffraction on the growing surface (reflective
high energy electron diffraction, RHEED)

MBE has proved to be highly useful in semiconductor technology for GaAs and
corresponding mixed crystals.

More recentely, MBE has also been established for the growth of thin films of
complex oxide materials (‘oxide MBE’ for cuprate superconductors, ferromagnetic
manganates, and ferroelectric materials (e.g. titanates)), and to combine those
materials in advanced epitaxial heterostructures.

Advantages:

— high control over stoichiometric composition
(very flexible, doping can be varied easily)

— in-situ growth control, e.g. via RHEED

Disadvantages:

— very complex technology — expensive

— even more advanced for growing complex compounds, especially oxides
— requires use of activated oxygen (e.g. from an ozone source)
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Addendum: Reflective high energy electron diffraction (RHEED)

Electrons are diffracted on a surface under grazing incidence. The diffraction pattern
is visualized on a fluorescence screen (typically recorded by using a CCD camera)

fluorescence
screen

electron gun substrate

10-100 keV

Setup of a RHEED system [J. Tomaschko, Universitiat Tiibingen (2009)]

— Extremely surface-sensitive method, provides information on crystal structure at
the surface (topmost atom layer)

Generation of the diffraction pattern:
The difference between the wave vectors k (diffracted beam) and ko (incident beam)
has to correspond to a reciprocal lattice vector:

k?—ki():G

Due to grazing incidence of the electron beam, the lattice is 2-dimensional.

— reciprocal lattice = infinitely long, parallel lines

If we consider only elastically scattered electrons, where |k| = |ko|, we obtain an
Ewald sphere with radius |k

RHEED reflexes occur at the intersections of the reciprocal lattice with the
Ewald sphere!

— reflexes are on ‘Laue circles’

Reciprocal lattice vectors can be determined from the position [ of the RHEED reflex
and the distance L between specimen and screen.

Example:

RHEED image of a SrTiO3 substrate in UHV.
The reflexes are located on the 0 Laue cir-
Kikuchi cle. Higher order circles are not shown. The
lines Kikuchi lines occur due to inelastic scattering

processes [J. Klein, Dissertation, Universitit zu
Koln (2001)].




6.2 Thin film deposition 287

Ewald sphere
reciprocal lattice

g. reciprocal rods
o N
9 T
P
K, ° koo0 Ewald sphere Ko %
EaEe— [ k
e incident beam K 0
° ° e L1
\ // koo
° incident 24
° beam
RHEED screen

reciprocal rods
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~

e incident beam

Construction of a RHEED image [J. Klein, Dissertation, Universitdt zu Koéln (2001)]

e Vapor phase epitaxy
(VPE, or chemical vapor deposition, CVD)

p-Schicht
/¥C<— AsHy+H, durch Dotierung mit Zn
— PHy+H, L S
r . Ubergang GaAsi., P,
Misch- .
raum =0 Ubergangszone
6aAs, Substrat Fig. 6.21:
C<— H, (b) Fabrication of
~—— H,5e+H, In+H, Ga(As;—,P,):Se,Zn
ii light diodes by va-
s = por phase epitaxy
— - = — in a 3-zone fur-
p—— — —= _—— Gasauslal
|—> \ L 3 ) nace [Bergmann-
HCL+ H, Gallium- Reaktions-| Aufwachs- . Schafer ~ Bd. 6,
6a I I Substrat mit - .
zone lzone | zone Gahe-Schicht Festkorper (1992);
(@) - HTT5°CI9~850°C | $~725°C Abb. 7.35].

Vapor phase epitaxy is a technique commonly used in industrial applications.
The gaseous components and doping agents are brought together in a reaction
chamber, eventually using additional carrier gases. The exact composition and
dopant concentration depend on the concentration of the gas mixture = deposi-
tion on a substrate (Fig. 6.21). This procedure is also suitable for the growth of
carbon materials (carbon nanotubes, graphene).
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e Organic molecular beam deposition (OMBD)

Method to create amorphous and crystalline organic thin-films from small
molecules. The molecules are sublimated from evaporator cells in UHV. In con-
trast to MBE with inorganic semiconductors, a lattice match is not necessary.
Growth is usually conducted at substrate temperatures from 77K up to room
temperature or at moderately increased temperatures. The evaporation temper-
atures are relatively low (~ 100°C — 450°C), in order to avoid thermal degradation
of the organic precursor materials.

ITO Sample

-y Fig. 6.22:
Photograph and
schematic diagram
of an OMBD system
[AG Schreiber, Uni-
versitdt Tibingen].
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6.2.3 Deposition from the plasma phase

e Sputtering:

vacuum chamber vented with a process gas — typically argon
typical pressures p = 1072 — 1 mbar
— mean free paths £ = 10cm — 0.1 mm
A dc or ac voltage (~ 0.2— several kV) applied between anode and cathode
accelerates free electrons = ionization of Ar atoms — Ar*.
= Ignition of a plasma: The discharge voltage Up depends on the ‘reduced’
pressure p - d (with d = electrode distance).
Ions are accelerated towards a negatively charged target (mounted on the cath-
ode; contains the material to be deposited) and expel material from the target
by momentum transfer. The expelled target atoms then diffuse towards the sub-
strate and grow as a thin film on it.

@ions

2 f;?ggtoani,ms material is ablated

@ Ar atoms

by impact of ions

® @
) ®oq
(o] 3
° . o° e | ® pd
ee 0, ® o..'. o o ©
o® .. 0:.: e o ® o L °© Fig. 6.23: Sketch of the sputtering con-
ee o © _Ju_ .... o figuration and process [Ch.  Giirlich,

Diploma Thesis, Universitdat Tibingen
(2005); Fig. 2.11].

The energy of the atoms arriving at the substrate can be high (1 —100eV). This
depends on cathode voltage, target-to-substrate distance, and working pressure.

dc sputtering: a dc voltage is applied to the cathode;
works with electrically conducting targets.

magnetron sputtering: electron trajectories wind around magnetic field lines
— reduced ‘effective’ mean free path

— increased ionization rate (allows lower working pressure)

— increased sputtering rate — higher energy of target atoms (if p low)

Radio frequency (rf) sputtering

The application of an rf voltage (~ 10 MHz) allows for sputtering with insulating
targets: Since the mobility of electrons in the plasma is significantly higher than
that of ions, the target is charged negatively (‘self-biasing effect’) and is thus
bombarded by the (positively charged) ions.

Reactive sputtering:
The inert working gas (Ar) is mixed with a reactive gas (mixture): Usually O,
or Ny — growth of oxides or nitrides, e.g. SiO5,Al;03, SigNy, AIN
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= calhode — = Fig. 6.24: Magnetic field config-
uration of a rotationally symmet-
\\/ S ric planar magnetron. Three mag-
) f N nets are attached below the target
3 [Ch. Giirlich, Diploma Thesis, Univ.

= Tiibingen (2005); Fig.2.10].
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e Pulsed laser deposition (PLD): A focused, pulsed laser beam (wavelength in
the UV range) can ablate atoms from a target surface (direct breaking of chemical
bonds — no thermal evaporation)

— formation of plasma plume — substrate is placed at the tip of the plume

— typical laser: KrF-excimer laser (A = 248 nm)

— typical pulse lengths: ~ 20 ns

~ typical energy densities: ~ 1J/cm?® (can be varied with optics)

— process pressure comparable to sputtering (often Oy or Ar/O, is used for oxides)

heating: IR diode laser array
808 nm, 90 W, <1000 °C

KrF-excimer laser ~10-¢ mbar
248 nm, < 100 Hz \
)

fluorescence

screen
HP-RHEED

50 keV, <50 Pa

specular
spot

process gas

0, Ny, N0 band radiation pyrometer

1.45-1.8 pym
(*) ~2 J/em?

Fig. 6.25: Principle of pulsed laser deposition with in-situ, high-pressure RHEED
[J. Tomaschko, Univ. Tiibingen (2009)].
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infrared heating laser
(808 nm, 90 W, >1000 °C)

I deflection

substrate

UV excimer laser
(248 nm, 220 mJ pulse energy)

RHEED

RHEED gun

screen

targets

turbo pump

Fig. 6.26: Layout of the PLD system at AG Kélle/Kleiner, Univ. Tiibingen [Manufacturer:
PINK, Wertheim)].

Advantages:

- Relatively easy process for stoichiometric transfer, also for complex compounds;
— used especially for epitaxial growth of complex transition metal oxides
(cuprate superconductors, mixed valence manganates, titanates etc.)

- No problems with insulators

- Very flexible regarding the choice of material
— target carousels (~ 4 - 6 targets) = easy to switch between materials
— Very well suited for deposition of (heteroepitaxial) multilayers

- In contrast to magnetron sputtering: Possibility to use (high-pressure) RHEED
for in-situ growth control (Figs. 6.25).
— Possibility to “count” single monolayers
— Provides information on relaxation times and the growth mode
(Frank-van der Merwe, Vollmer-Weber etc.)

Disadvantages:

- Homogeneous coating of large substrates difficult
(can be remedied by using special geometries/arrangements, is e.g. used for
YBCO coating of steel tapes of > 1km length)

- Optimum growth conditions at the tip of the plasma plume
= optimum substrate-to-target distance depends on many parameters
(Laser energy, energy density, working pressure)

- Requires measures to prevent the formation of precipitates (“droplets”)
(Polishing of target surface, target rotation)
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6.3 Micro- & Nanopatterning

The realization of thin film stuctures for basic research and device applications requires
the lateral confinement of the film geometry by suitable micro- or nanopatterning
techniques.

There are two basically different approaches for the realization of micro- or nanostruc-
tures:

e The top-down approach applies nanofabrication techniques (lithography, etch-
ing, ...) to a large system (bulk material or a thin film) to “carve out” nanostruc-
tures.

- advantages: flexibility and control regarding shape and position;
- disadvantage: limited miniaturization (~ 5 — 10nm)

e The bottom-up approach starts with small components (atoms, molecules, quan-
tum dots, colloids), which are then assembled to form somewhat larger entities by
using nanotechnological or (surface-)chemical methods in order to create a desired
nanostructure.

- advantages: very small structures possible, often self-assembling systems;
- disadvantages: limited shapes and often lack of control of position

For the realization of lateral structures in thin films within the range of micro- and
nanometers, usually a combination of lithography and etching is applied. Recently,
direct patterning (removal of material) with a focused ion beam (FIB) has found in-
creasingly widespread use.

6.3.1 Lithography

Lithography is based on the realization of a resist structure in a suitable material
(resist), deposited directly on top of a thin film or substrate. The resist can be patterned
with photons, electrons, ions, stamps, etc . Subsequently, the pattern is transferred by
various possible processes (deposition, etching, doping, etc., see Secs. 6.3.2, 6.3.3).

Lithography processes are usually done in a clean room under controlled environ-
mental conditions (temperature, humidity) with reduced (often as low as possible)
concentration of dust particles. In case of light-sensitive resists one has to work in a
room with yellow light, in which the high-energy spectrum of the visible light sources
is filtered.

Usually, the liquid resist (a polymer in some solvent) is deposited by spin coating,
i.e. by placing a drop of resist on a centrifuge (‘spinner’) with high revolution speed (few
1000 rpm). Typical resist thicknesses are several 100 nm up to a few pm. Alternatively,
one can apply dip coating (substrate is dipped into resist and pulled out slowly), or
spray coating (resist is sprayed onto the substrate; usually in case of 3-dimensional
topography of the surface, often thicker layers).

After bake-out of the resist (at ~ 100°C, to remove the solvent), the dry resist is
exposed. The energy entry of the particles/light causes locally a chemical change of
the resist, which affects its solubility in an appropriate ‘developer’.
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There are two types of resist (see Fig. 6.27).

e positive resist: exposure with particles/light increases the solubility of the
exposed parts of the resist (e.g. by breaking polymer chains). Subsequently, the
exposed areas of the resist are removed in a developer.

e negative resist: the exposure strengthens the resist structure (e.g. by cross-
linking polymer chains) and decreases the solubility. Subsequently, the non-
exposed areas of the resist are removed in a developer.

Photoresist

Photoresist

Fig. 6.27: Photolithography (for details see below) (a) with positive resist, (b) with negative
resist of the same mask. The two upper panels (1.) show the resist structure (on top of
a SiOq film) after developing. [from Bergmann-Schéfer, Lehrbuch der Ezperimentalphysik,
Bd. 6, Festkdrper (1992); Abb. 6.69].

a) Photolithography (optical lithography)

To define the structure that shall be realized, a layer (~ 1 um thick) of a photoresist
(sensitive to UV light) is coated on a wafer surface.

Subsequently, the resist is exposed through a mask (e.g. chrome structure on glass)
with UV light (projection- or contact exposure in a so called mask aligner). The local
modification of the resist material changes its solubility.

During the following developing step, the resist areas which were exposed (positive
resist) or not exposed (negative resist) are removed. Hence, the desired structure
(encoded in the mask) is transferred into the resist (see scheme in Fig. 6.28).
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Fig. 6.28: Photolithography: (a) dicing of the substrate (optional — can also be done later),
(b) modify surface if necessary, e.g. oxidize, (¢) coating with resist, (d) place glass mask with
Cr pattern on top of sample, (e) expose resist through Cr mask to UV light, (f) modified
resist structure, (g) developing of resist structure, (h) resist structure after developing.

In optical lithography, diffraction effects are limiting minimum feature sizes to roughly
half of the wavelength of the used light (several 100 nm).

Spatial resolution/smallest line width:

A: wavelength of the used light

ki: factor that depends on the imaging- and resist system (~ 0.4)

NA=n-sin(a): numerical aperture of the imaging lens with half aperture angle « in a
medium with refractive index n

In order to improve the spatial resolution of photolithography, the wavelength has been
steadily reduced:

- 434nm and 365 nm with Hg vapour lamps [1970s and 1980s]

- Excimerlaser: 248 nm (KrF-laser); 193nm (ArF-laser) [1990s until today]

Increase of the numerical aperture:
improvement from ~ 0.4 (Hg vapour lamps) to ~ 0.9 (ArF-Laser)

By optimization of various parameters and by using additional ‘tricks’, such as double
exposure, the achievable minimum feature sizes with highly advanced photolithography
for industrial applications in semiconductor technology were reduced to about 20 nm!

For the production of highly integrated circuits, the requirements on the cleanliness of
the environment (clean room) and on the quality of the pattern transfer are tremendous.

b) Electron beam (e-beam) lithography

For the realization of deep submicron structures, mostly in research (much less within
the industrial sector), the exposure of (e-beam) resist can be done in a scanning electron
microscope, or in special electron beam writers.
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\

Fig. 6.29: Scheme of exposure with a focussed electron beam

In this case, electron-beam-sensitive polymers — e.g. polymethylmethacrylate (PMMA)
— are used for the realization of resist masks with smallest feature sizes down to ~
5—10nm. The smallest feature size is not limitied by diffraction effects, but rather by
the electron beam diameter and electron back-scattering effects.

The e-beam is focused to ~ 1nm spot size and is scanned over the resist surface.
According to a predefined algorithm, the e-beam is switched on or off (more precisely,
deflected on or off the sample surface) by a beam-blanker, such that the resist is exposed
to the desired pattern. Analogous to optical lithography, e-beam-sensitive positive or
negative resists can be used. Accordingly, the polymer is either decomposed by the
e-beam and removed during the subsequent chemical developing step, or it is cross-
linked, such that it remains as the desired pattern on the sample surface after the
developement step.

Advantages: very flexible in shape and positioning of the structures, very high spatial
resolution, overlap of several exposure levels is possible with high accuracy

Disadvantage: very long exposure times



296 Chapter 6 Preparation

Spot Magﬁ bet WD Exp
V2.0 156507xSE 88 1 IAP Uni Tubingen

Fig. 6.30: Top and side view (SEM images) of an array of lines (60 nm period), which were pro-
duced by e-beam lithography in HSQ (Hydrogen-Silsesquioxane) negative resist [M. Héffner,
Universitat Tibingen (2006)]

¢) Nanoimprint lithography

Nanoimprint lithography is a parallel-print procedure, which uses a master-stamp
(e.g. made from silicon) for nanopatterning. The patterning of the master stamp can
be done, e.g., by e-beam lithography. Hence, the smallest feature sizes that can be
realized are comparable to e-beam lithography (~ 10nm). The master-stamp is coated
with a non-sticking surface, and transfered as a negative to a polymer. This produces
a flexible (daughter) stamp.

In the next step a substrate is deposited with an imprint resist. The daughter stamp
(‘mold’ in Fig. 6.31(a)) is covered with a non-sticking layer and, usually in a vacuum
chamber, it is evenly pressed into the resist (Fig. 6.31(a)). In the pressed state the resist
is hardened. This can be done by cooling down the resist to below its glass temperature,
or it can be cross-linked with UV light. Subsequently, the daughter stamp is separated
carefully from the resist structure. The resist structure corresponds to the structure of
the original master stamp. Possible resist residues inside the indentations between the
structures can be removed via an oxygen plasma treatment or by etching.

Advantages of the nanoimprint lithography are the high spatial resolution and the
parallel process (faster than e-beam lithography at the same resolution). The stamps
can be reused many times. A disadvantage is the progressive abrasion of the stamps.
There are pilot projects for large-area roll-to-roll-applications, however, the technique
has not yet been established for industrial use. An example is shown in Fig. 6.31.
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_-mold

resist
substrate

2. Pattern Transfer
*RIE -

Fig. 6.31: Parallel patterning by nanoimprint lithography. a) schematic representation of the
imprint process, b) SEM image of a stamp with 10 nm nano rods, ¢) SEM image of an imprint
of the nano rod stamp into PMMA resist [from S. Y. Chou et al., J. Vac. Sci. Technol. B 15,
2897 (1997)].

6.3.2 Lift-off technique

To produce a patterned thin film, one first produces a patterned resist structure on a
substrate by one of the lithography techniques as described in Sec. 6.3.1. Subsequently,
the patterned resist structure is coated by the thin film, using one of the deposition
processes as described in Sec. 2.2; see Fig. 6.32(i). After thin film deposition, the resist
is dissolved (typically in acetone), i.e. from those areas which were covered by resist,
the film grown on top of the resist is also removed; see Fig. 6.32(j).

= In those areas, which were not covered by the resist, the thin film is deposited directly
onto the exposed substrate regions, and the desired thin film structure remains as a
permanent negative pattern of the resist mask; see Fig. 6.32(k).
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Fig. 6.32: Scheme of lift-off patterning: (i) after patterning a resist mask (red) on top of a
substrate, a thin film (green) has been deposited. (j) the resist is removed in a solvent; the
film grown on top of the resist is also removed. (k) resulting thin film structure on top of the
substrate.

Lift-off techniques are often used to produce metallic thin film structures, which serve
as electrical contacts. As the resist mask is fabricated on a substrate before the
deposition of the film, an etching step for patterning of the thin film is avoided.

Fig. 6.33: Antidots in Nb-films,
produced by electron beam litho-
graphy and lift-off [M. Kemmler et
al., Phys. Rev. Lett. 97, 147003
(2006)].
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6.3.3 Etching techniques

In the following we present two techniques, which are used to transfer the topograhy of
a patterned resist structure into a thin film underneath. This is done by removing thin
film areas which are not protected by the resist mask, see Fig. 6.34(i). Subsequently,
the resist is removed in a solvent (typically acetone); see Fig. 6.34(j).

(1) Fig. 6.34: Transfer of resist
structure into thin film un-
derneath by etching: (i) af-
ter etching; (j) after removal
of the resist mask — nano-

structured topography.

a) Chemical wet etching

The unprotected thin film areas are etched (removed) in acid or an alkaline solution
(depending on the material).

In case of a SiO, layer on Si, the pattern is transferred into SiOy by hydrofluoric acid
(HF). In case of a resist mask which is deposited directly on Si, one can use for example
a potassium hydroxide solution (KOH).

Subsequently, the resist mask is dissolved or ashed in an oxygen plasma (step 4 in
Fig. 6.35).

Disadvantage: isotropic etching (comparable etching rates in each direction) results in
an underetching of the resist layer. Hence, the transferred feature sizes do not match
the features on the mask; produces rounded edges (see Fig. 6.35(a)).

Fig. 6.35: etching
processes: (a)
chemical wet
etching with
isotropically
attacking etching
solution, (b) dry
etching with
anisotropically
attacking ion
beam or plasma
[from Bergmann-
Schafer, Lehrbuch
der  Experimen-
talphysik, Bd. 6,
Festkorper
(1992); Abb.
6.73].
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b) Dry etching

Instead of chemical wet etching, different dry etching processes can be applied.

phyiscal dry etching — ion milling:

Ablation of material by ion bombardement (usually with Ar*-ions)
- from directed ion beam = ion beam etching (IBE),
- or in a plasma

Advantage (in contrast to chemical wet etching):
More strongly anisotropic process, which better preserves the features as defined
by the resist mask (see Fig. 6.35(b)).

Disadvantages:
Less selective, i.e., different materials are removed with comparable etching rates;
the ions also etch the resist mask and may also etch the layer below the material
that has to be removed. Furthermore, the etching rate can vary with the angle
of incidence of the ion beam or with crystal direction; this effect can produce a
rough surface.

reactive dry etching — reactive ion etching (RIE):

Suitable chemical reactions between the particles from a plasma (or ion beam)
and the surface material that has to be etched, yield volatile reaction products.
Often gaseous reactive fluorine compounds are used (SFg, CHF3, CF4). During
the reaction atoms are removed from the thin film surface and the volatile reaction
products are drained by the vacuum pumping system.

Advantages:

(i) The anisotropy of the etching process is adjustable (by the energy of the in-
coming ions), i.e. RIE is a combination of physical and chemical etching. Up to
almost perpendicular walls (vertical etching rate < horizontal etching rate) in the
etched film can be achieved; see Fig. 6.35(b).

(ii) The process is strongly selective, i.e. masks made from suitable material are
barely attacked, while the film material to be removed can have a high etching
rate. Moreover, the etching process can be stopped, when a much less reactive
material underneath the film to be etched is reached.

Example: Nb reacts in an SFg-plasma to produce volatile fluorine compounds,
while an Al film below Nb is not etched. This is exploited e.g. in the patterning
of Nb/Al/Nb Josephson junctions.



6.3 Micro- & Nanopatterning 301

6.3.4 Focussed ion beam (FIB) milling

This technique is an attractive extension of IBE. Here, an ion beam is focused by
appropriate beam optics to form a small (nm-sized) beam spot that can be scanned
across a sample surface. This yields a highly localized milling of the sample surface,
without the need of a mask. This technique is also simply called FIB or Focused Ion
Beam FEtching (FIBE).

FIB systems have been developed since the 1970s and 1980s. A significant improvement
of this technique came with the developement of a new type of ion source:

The Liquid Metal Ion Source (LiMIS), see Fig. 6.36, permits very good focusing and
hence a very high ion current density, yielding sufficiently high etching rates.
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Fig. 6.36: Photograph (left) and schematic representation (right) of a LiMIS (Liquid Metal
Ion Source). By heating of the spindle with the heating coil the metal gets fluid, flows to the
peak of the spindle and forms a very tiny LiMIS-head due the electric field which is applied
there [T. Ishitani, H. Kaga, in: Electron Microscopy 44, 331 (1995)].

The material that has to be ionized in the LiIMIS (typically gallium) is located within
a heated reservoir and is in contact with a needle (typically tungsten) which has a
sharp tip at its bottom end. The heated liquid material from the reservoir is wetting
the needle. Due to the low melting temperature and low vapour pressure, a tapered
source (~ bnm radius) is formed at the sharp tip. Due to a very high electric field
applied to the tip (> 10°V/m), field emission takes place, i.e., the material is ionized
and accelerated to an extraction aperture as a beam. By far the most frequently used
material for LIMIS is Ga. Alternative materials are In, Sn, Au and Bi.

The ion beam is focused by electrostatic lenses along the beam path. Since the mass
of the ions is about five orders of magnitude larger than the electron mass, magnetic
lenses are not applicable. For imaging the sample surface, typically secondary electron
detectors or secondary ion detectors are used. Note: Surface imaging with a scanning
ion microscope is of secondary importance.

Substantial strengths of FIB milling:

Highly flexible manipulation of sample surfaces; direct etching of structures into the
surface by ion bombardement with a very good spatial resolution of a few nanometers
— there is no need to fabricate and use a resist mask.
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Disadvantages:

As a serial process, this technique is relatively slow, which yields extremely long etching
times for large areas. Moreover, structures in close (lateral) vicinity to the patterned
edges and the material underneath the milled areas can be significantly damaged due
to amorphization or ion implantation.

Instead of etching with the ion beam (subtractive process), one can also grow nanos-
tructures directly on a surface with a focused ion beam (additive process). This can be
done by focused ion beam induced deposition (FIBID). Here, precursor gas molecules,
which contain the material that has to be deposited, are inserted through a nozzle near
the surface. The molecules which cover the surface are separated locally into a compo-
nent (e.g. Pt, or Co) which grows at the beam spot position, and a volatile component,
which is removed. The molecules are separated due to the indcident energy of the ion
beam. One important application of FIBID is editing (shorting in combination with
cutting) of circuits as a flexible means of modifying and testing a chip-layout.
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