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1 INTRODUCTION







1.1  Nanoparticles

Already since the o™ century, copper nanoparticles have been used to give pottery and
glassware a “magic” shiny luster, making it nanotechnology avant le lettre.* It was,
however, until after the development of modern-day tools like electron microscopy and
atomic force microscopy that we finally begin to understand nanostructures. This initiated

the search for nanoparticle applications.

In most applications, nanoparticles are used for their large specific surface area.’ Catalyst
nanoparticles have a high activity and reduce the amount of material required.a'4 In Li-ion
batteries, nanostructures are used for their mechanical stability upon charge-discharge
cycling and for their large reactive surface area.” Other applications where feature size is
the most important factor are hydrogen storage,6 sensors,” electronics,® ° and

. . 10-18
medicines.

Another reason to use nanoscale is that upon decreasing the feature size, the material
properties start to differ from bulk materials. This is called the quantum size effect.
Semiconductor quantum dots, which are nanocrystals with a typical diameter <10 nm, are
the most exciting example of size-dependent material properties. The band gap of
quantum dots is dependent on the size of the particles becoming larger with decreasing
diameter. The quantum size effect is also thought to enhance the phenomenon of
multiple exciton generation (MEG), a process in which two electron-hole pairs are created
with a single photon.lg’ %% This, combined with the variable band gap, high quantum
yields21 and easy preparation methods, makes them ideal starting materials for third

. . 22
generation photovoltaic cells.

Even though nanoparticles seem promising, they also have their limitations. Due to their
large surface area, many nanoparticles are highly reactive and hence need to be
protected against environmental influences. By coating the particle with a thin inert layer,

creating a so-called core-shell particle, provides an elegant solution for many
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. . 23 . . . .
applications.”” Applications of such core-shell particles can already be found in sunscreens,

printable inks,9 bio-compatible quantum dots,24 and MRI contrasting agents.25

Besides protection, the core-shell structure may also enhance the functional properties of
nanoparticles in other ways. For example, shells may change the color of nanoparticles,
increase their solubility, or affect the life time of excitons in quantum dots.”® ¥
Furthermore, if shells of precious metal catalysts (e.g. Pt or Ni) are deposited on
inexpensive carriers such as SiO, or on metal cores, the catalytic activity per kg of metal
can be greatly enhanced.”® *° Depositing a conductive layer on nanoparticles helps to

make electrical contacts on nanoparticle devices such as solar cells and sensors, and thus

increase the conductivity and performance of nanoparticle-based solar cells.

Shells of core-shell particles have to meet certain requirements to be effective. First of all,
the material has to be chemically inert with respect to the core as well as the
environment in which it is to be used. The use of corrosive chemicals and high
temperatures during shell deposition are to be avoided. Furthermore, the coating should
be homogeneous and thick enough to provide protection, yet thin enough to maintain the

core functionality.

In most cases, the shells are deposited using a wet-chemical method by precipitation of
the shell on the cores, or by simultaneous synthesis of core and shell. With these methods
it is, however, difficult to control the shell thickness and homogeneity. As a result, the
product is often contaminated with uncoated particles and particles that consist entirely
of the shell material.”’ Furthermore, precipitation reactions are difficult to scale up to the

large production volumes required for practical applications.27

In this thesis, the use of Fluidized Bed Atomic Layer Deposition (FB-ALD) to deposit
conductive and protective shells on nanoparticles is investigated. This technique, first
developed by Weimer et aI.,30 serves as an alternative to wet-chemical synthesis
techniques. It combines the possibility of handling nanoparticles and the scalability of
fluidized bed reactors with the precise thickness control, coating homogeneity, and

versatility of Atomic Layer Deposition (ALD). Figure 1-1 gives an indication of the typical




differences of particles coated with FB-ALD and precipitation from a solution. The FB-ALD

grown shells are much thinner and more uniform than the solution-grown shells.

Figure 1-1: Difference between ALD coated particles and particles coated with a precipitation reaction. Left
hand side image shows SiO,-Al,0; core-shell particles by FB-ALD,31 right hand side image shows Au@SiO,

particles synthesized with a precipitation reaction.”

To understand the FB-ALD process, the principles of ALD as well as fluidized bed reactors
should be properly understood. The ALD process is described in section 1.2, where special
attention is given to the deposition of TiO, and TiN. In section 1.3, the principles of
fluidized bed reactors are described. Section 1.4 gives the main goals and outline of this

thesis.

1.2  Atomic layer deposition

Atomic Layer Deposition (ALD) is a thin film deposition technique based on the self-
limiting adsorption of suitable metal-precursors. By adding metal- and non-metal
precursors in a sequential order and with sufficient purging in between the precursors,
self-limiting layer-by-layer growth can be obtained. ALD has been successfully used to
deposit thin films of a wide variety of materials, ranging from pure metals and metal
oxides to nitrides and sulfides.” In this section, the basic principles and limitations of ALD
in general, as well as the particular conditions for the deposition of TiO, and TiN, will be

described.
1.2.1  Basic principles of ALD

An ALD cycle typically consists of four steps: metal precursor adsorption, reactor chamber

purge, precursor oxidation, and a second reactor chamber purge. During the first step, the
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metal precursor vapor is brought into the reactor. The precursor attaches to the substrate
surface by chemisorption. After all surface sites are covered with precursor molecules, the
chemisorption of molecules will stop. At this stage, increasing the precursor dose does not
further increase the growth rate, i.e., the growth is saturated. This self-limiting adsorption
mechanism is the basis for the excellent control over the growth process of ALD layers.
After saturating the surface, the reactor is purged to remove all remaining precursor
vapor and reaction by-products. The second pulse is used to oxidize (in case of metal

oxide deposition) or reduce the adsorbed precursor molecule (in case of metal deposition).

After completion of the reaction, the reactor is purged again and a monolayer has formed.
In order to increase the layer thickness the cycle must be repeated until the desired
thickness is achieved. Typically, the amount of precursor needed to saturate the surface is
determined by varying the precursor exposure (pressure x time) and measuring the

resulting growth rate. A typical result of such an experiment is given in Figure 1-2.

Unsaturated Saturated
growth growth

'y

Growth rate (A/cycle)

Precursor exposure

Figure 1-2: Typical relation between precursor exposure and growth rate

Precursors need to meet a number of criteria to be suitable for ALD processes. First of all
the metal precursor should be able to react with the surface in a self-limiting manner. This
means that the chemisorption reaction should be irreversible and that the precursor
cannot react with itself. The precursor should also be stable under the reaction conditions,

while it has to be highly reactive with the second precursor. Both precursors should have
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a sufficiently high vapor pressure in order to reduce the processing time. This, however,

also depends on the reactor system that is used.

An important parameter is the deposition temperature window. The effect of
temperature on the growth rate is rather complex and involves several different effects.
Low deposition temperatures can cause low reactivity of the precursors, resulting in low
growth rates. However, at low temperatures, water may condensate on the sample
surface, causing uncontrolled growth. Too high temperatures, on the other hand, can
cause thermal decomposition of the precursors, also resulting in growth rates higher than
1 monolayer per cycle. Too high temperatures can also cause precursor desorption,

resulting in lower growth rates. The effect of temperature is summarized in Figure 1-3.

Precursor Thermal precursor
condensation decomposition

3 ALD temperature

© .

= window

<

S

3

[

G}
Low reactivity or by- Precursor desorption
product adsorption

Temperature

Figure 1-3: Overview of the ALD temperature window.

1.2.2 ALDof TiO,

TiO, is a dielectric material that is widely used as in microelectronics, pigments, cosmetics,
and photocatalysts. In this thesis, TiO, is deposited on SiO, nanoparticles as a test-case for
the FB-ALD reactor and as a protective anti-corrosion layer on CdS films. To obtain the
desired homogeneous TiO, coatings, the deposition process should be well understood. A
short review describing the deposition chemistry and most important deposition

conditions is given below.

The generic ALD reaction mechanism of TiO, is given below. The Ti precursor (TiX,) reacts

with an OH terminated surface site (denoted with an *) in the following manner.
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M—0—-H +MX,>M—0—MX} +HX (1.1)

Because each surface site can only react with one precursor molecule, the amount of
adsorbed TiX, is limited to the amount of surface sites available. Table 1-1 gives an

overview of the most commonly used ALD precursors.

Once the surface is saturated and the reactor is purged, the adsorbed precursor is
oxidized. This can be achieved by different methods (cf. Table 1-1). In this thesis water is

always used as oxidizing agent, and the reaction can be described as follows:

M-0-MX;+2H,0>M—-0—-M-H"+3HX (1.2)

In this step, all ligands are removed from the metal atom and replaced by new oxygen
atoms. After reaction completion and reactor chamber purge, the surface is OH-

terminated again and the deposition cycle can be repeated to create thicker layers.

To select the optimal deposition process, a few selection criteria need to be weighed. The
most important criteria are the growth rate, the acceptable deposition temperature, the
formation of corrosive by-products, and the quality of the deposited layer in terms of
homogeneity, morphology and impurities. For this thesis, the TiO, coatings are mainly
used as test-case for the FB-ALD reactor and as protective anti-corrosion layer. For these
applications, the film growth rate, homogeneity, and morphology, as well as the

formation of corrosive by-products are the most important parameters.

TiO, growth rates are typically in the order of 0.1 — 1.8 A/cycle, which is much lower than
the expected monolayer growth (anatase TiO, has lattice parameters of 3.7845 and
9.5143 A).”® This is due to steric hindrance between the adsorbed precursor molecules.
The ligands attached to the Ti atom block neighboring adsorption sites, limiting the
density of adsorbed precursor molecules. However, the fact that growth rates with
TDMAT (large ligands) are higher than TiCl, (small ligands), indicates that other factors,
such as water adsorption at low temperatures and thermal decomposition of TDMAT, are

. 46
also involved.
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Table 1-1: Overview of TiO, and TiN ALD precursors. TDMAT is tetrakis (dimethylamino) titanium, TTIP is

titanium tetra-isopropoxide.

Precursor Oxidizer Temperature Growth rate Refs.
°C A/cycle

Ticl, H,0 200-300 0.4-0.54 3436
Ticl, 0, plasma 100-200 1.35 7
Til, H,0 1.8 3
TDMAT H,0 30-330 0.6-1.5 39,40
TDMAT 0, plasma 30-250 0.6-1.8 3941
TDMAT H,O0 plasma 30-300 0.6-1.6 39
TTIP 0, 150-250 0.52 4
TTIP H,0, 100-250 1.2 s
TTIP H,0 50-325 0.1-0.6 39,43, 44
TTIP H,O plasma 50-325 0.4-0.5 3
TTIP 0, plasma 50-325 0.4 3

The morphology and structure of the deposited films strongly depend on the substrate
and the reaction conditions. TiO, film growth during the initial cycles on HF-cleaned silicon,
GaAs, mica and metals is mostly island-like, giving films with a relatively high roughness.
ALD on RCA-cleaned Si or Al,0O; gives more homogeneous films. This suggests that an O-H
terminated substrate surface (RCA-cleaned Si has a thin oxide film) is crucial in obtaining

. 35,47-50
homogeneous films.

Most ALD-TiO, films are amorphous or only partly crystalline. The crystalline fraction
increases with the amount of cycles and the deposition temperature. Anatase can be
formed at temperatures > 150 °C with TiCl, and at temperatures > 250 °C with TDMAT.
With TTIP, the film remains amorphous. The layer thickness is also important. Thin layers

(<1000 cycles) typically are amorphous.

In summary, TiCl,, H,0 and high temperatures are preferred for the deposition of
crystalline layers. Major drawbacks of TiCl, are, however, the formation of corrosive
gaseous HCl and Cl impurities in the TiO, layer. Since we need to avoid this, TDMAT and

H,0 are used for the work decribed in this thesis.

13



1.2.3 ALDofTiN

Titanium nitride is a conductive material, widely used in the electronics industry. Because
of its high conductivity, it can act as electrode material in, for example, CMOS technology
and as a diffusion barrier between Si devices and Cu and W contacts.”’ Because ALD
provides excellent control over thickness and the ability to deposit highly conformal layers
in high aspect ratio pores (which is required for the ever decreasing dimensions in

microelectronicssz), TiN-ALD is intensely investigated.

In this work, TiN is used as Ohmic contact material for CdS films and used to demonstrate
that nanoparticles can be coated with conductive coatings in the fluidized bed ALD reactor.
The most important requirements of TiN for this research are the growth rate and the
conductivity of the films. A short review of TiN deposition conditions influencing this is

given below.

The precursors that are used in TiN-ALD are essentially the same as in TiO2. The reaction
mechanism is, however, rather different. In contrast to TiO,, the Ti ion in TiN has a charge
of 3+. This means that the Ti needs to be reduced during one of the half-reactions. To aid
this reduction step, sometimes reducing agents such as Zn or trimethylaluminium (TMA)
are added. The growth rates reported in literature vary from 0.1-3.5 A/cycle. For both
precursors, the growth rate depends on the deposition temperature. A higher

temperature gives a higher growth rate.”>>°

The exceptionally high growth rates with TDMAT are obtained at relatively high
deposition temperatures (>200 °C). The fact that the growth-per-cycle exceeds one
monolayer of TiN indicates that the adsorption of TDMAT is not self-limiting at high
temperatures. High growth rates can be caused by thermal decomposition of TDMAT at

temperatures > 200 °c*or by excessive NH3 adsorption on the TiN surface.”’

Table 1-2 gives an overview of the deposition processes described in literature. The
growth rates reported in literature vary from 0.1-3.5 A/cycle. For both precursors, the
growth rate depends on the deposition temperature. A higher temperature gives a higher

growth rate.>>>®
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The exceptionally high growth rates with TDMAT are obtained at relatively high
deposition temperatures (>200 °C). The fact that the growth-per-cycle exceeds one
monolayer of TiN indicates that the adsorption of TDMAT is not self-limiting at high
temperatures. High growth rates can be caused by thermal decomposition of TDMAT at

temperatures > 200 °c*®or by excessive NH; adsorption on the TiN surface.”

Table 1-2: Overview of most used precursors for TiN-ALD. In this table, TMA is trimethylaluminum

Precursor Reducing Temperature Growth rate  Refs.
agent °C A/cycle

Ticl, NH; 300-425 0.1-0.26 %
TiCl, N,-H, plasma 100-400 0.25-0.65 %%
TiCl4 NH; and TMA 275 0.45 ot
TDMAT NH; 150-300 0.5-3.5 >
TDMAT NH; plasma 50-300 0.5-3.5 >
TDMAT N, plasma 50-350 0.5-4 >

The growth rate of TiN is not constant throughout the process. Most TiCl, processes suffer

from a reduced growth rate during the first cycles.sg’ >9,62

For TDMAT, however, growth
rate enhancement is reported for the first cycles.” The initial growth of TiN on Si wafers is
island-like and it takes several cycles for the TiN layer to be completely closed.® The
precursors in the reaction preferably adsorb on TiCl, and NH, groups rather than on SiO,
surfaces. This growth mode eventually leads to polycrystalline, low density films. The
TDMAT process seems to give the lowest-density TiN>’ (3.0 g/cm3, whereas bulk TiN has a

density of 5.22 g/cma)63 the TiCl, process gives densities of ~4 g/cm3.62

The island growth and high porosity of the TiN films have their effect on the conductivity
of the material. Because the intended use of the TiN coatings is to serve as electric
contact material, the resistivity of the material should be as low as possible. The resistivity
- usually a material constant independent of size of the test piece - decreases sharply with
decreasing film thicknesses (< 10 nm). This is believed to be caused by a poor contact
between TiN islands (the concentration is below the percolation threshold) that make up

very thin films.>® %
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The island-like growth and concomitant porosity of ALD-TiN also influences the
conductivity of the films in another way. TiN quickly reacts with air, forming a 1-2 nm
passivation Iayer.64 In porous films, the oxygen diffuses into the ALD-TiN layer and may
oxidize a significant fraction of the TiN film. Large concentrations of O impurities that
could not be attributed to the deposition process are found in layers of ALD-TiN.”’ The
rapid oxidation of pristine TiN as well as the diffusion of O, into the TiN film have been
observed in this work and described in chapter 5.

Films deposited with TiCl, usually have a lower resistivity than films deposited with

51,55, 57,58

TDMAT. Also, the density and amount of impurities are lower for films deposited
with TiCI4.51’ ® Therefore this is the process that is mostly used. There are, however, some
drawbacks in the use of TiCl, processes, the most important being the by-products of the
deposition reaction. The main by-product is HCl, which is a corrosive gas and reported to
corrode Cu substrates during deposition.53 Another issue is the reaction between NH; and
HCI that results in the formation of NH,CI, which leaves a powdery deposit on the
sample.53 For the work described in this thesis, the formation of corrosive gasses should

be absolutely avoided. It was therefore decided to avoid the use of TiCl,, and instead use

TDMAT as a precursor for TiN films.

1.3  Fluidization of nanoparticles

In the FB-ALD reactor, ALD is carried out on particles floating in a fluidized bed reactor.
This type of reactor is widely used in industrial processes where gas and solids need to be
brought into contact with each other. Applications vary from large cracking reactors in oil
refineries, in which evaporated oil fractions react with catalyst particles, to the production
of pharmaceuticals, in which fluidized beds are used to dry medicines. In this section, the
basic principles of fluidization and the specific aspects of nanoparticles fluidization with

low-density gasses will be discussed and key process parameters are given.

In a fluidized bed reactor, a fluid (gas or liquid) is blown through a bed of loose particles.
Because in this thesis gas will be used as fluidizing agent, the description will focus on the

fluidization of particles by a gas.
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In a fluidized bed reactor, the gas enters the bed via a distributer located at the bottom of
the reactor. The gas flows upward through the particle bed and exerts an upwards force
on it. The particles are pulled downwards by their own weight. At low gas flows, the
upwards force will not be high enough to overcome the gravitational pull on the particle
bed and the gas will find its way through the bed via small channels. Upon increasing the
gas flow, the upwards force will become higher and at some point it will be high enough
to balance the downwards force of the particles. The particles will then start to move
through the reactor chamber. This is called the fluidized state. If the gas flow is further
increased, the bed expands; waves and gas bubbles will start to appear in the fluidized
bed. If the flow becomes too high, the particles will be blown out of the reactor. The three

stages of fluidization are summarized in Figure 1-4.
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Figure 1-4: different regimes of fluidization and the corresponding Ap (from Kunii and Levenspiel®)

The minimum gas velocity at which the bed is still in its fluidized state (u, can be
determined by measuring the pressure drop between the bottom and the top of the
particle bed (Ap). At low gas flows, the gas will channel through the fixed bed of particles
and Ap will depend in a non-linear fashion on the gas velocity as described by the Ergun

equation.66 At velocities > un; Ap will be independent of the gas velocity and
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approximately equal to the static pressure caused by the particle weight. This is calculated
with the following equation, in which m,apices is the particle mass, g the gravitational

constant (9.81 m/sz), and A,..cor the surface area of the reactor vessel:

Ap ~ Mparticles9 (13)

Areactor

To estimate the minimum fluidization velocity before doing an experiment, a balance of
the upwards drag force exerted by the gas and the weight of the bed should be made. The
equation for u, of small particles is®®

_ 3B(ps=p )9 Emypo”

(1.4)
150u 1-gmf

umf

In this equation, d, is the particle diameter (m), p; and p; the density of solid and gas
(kg/mg), u the viscosity of the gas (Pa s), s the bed voidage at incipient fluidization (-)

and o the shape factor of the particles (1 for spherical particles).

Even though &,; —and therefore also un,—is difficult to determine, several important
trends can be found in this equation. For equation 1.4 to be valid, the gas must have a
measurable viscosity. However, at the low gas pressures usually applied in ALD processes,
this is not trivial. An easy way to estimate the nature of the flow through a tube is the

Knudsen number (Kn), which is defined as

£
Kn =
dtube

(1.5)

In this equation, dy. (M) is the tube diameter and the gas molecules mean free path £ is

calculated with the equation

kpT

P=—12—
2
‘/Endmolecp

(1.6)

Here, kg is the Boltzmann constant (1.381 x 1073 J/K),63 T the temperature (K), dyoec the

molecular diameter of the gas (m), and p the pressure (Pa). At Kn>>1, the flow is
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molecular, meaning that the gas has no viscosity and particles cannot be fluidized. At

. . .- . 67
Kn<<1, the flow is viscous and fluidization can occur.

The viscosity of low density gasses depends strongly on temperature, but is independent
of the pressure.68 The density of gasses is typically negligible when compared to the
density of solids. If we use these assumptions in the equation 1.4, we learn that uy is

largely independent of the gas pressure.

The estimates for the u, of nanoparticles usually differ by a few orders of magnitude
from the measured values. For example, spherical 20 nm SiO, dioxide particles (p,= 2100
kg/mg)63 fluidized with Ar at room temperature and atmospheric pressure (u = 2.1 x 10”
Pasand p;=1.8 kg/ms)63 have a upp< 3 x 10° m/s, whereas the measured uyy is usually in

the order of a 102 m/s.69'73

This orders-of-magnitude difference is caused by strong agglomeration due to strong
London-van der Waals forces. Typical nanoparticle agglomerates have a diameter of 100-
500 pm, depending on the material. These agglomerates tend to have a loose, open

structure and a very low density.69

The strong agglomeration forces make nanoparticles often difficult to fluidize, and some
form of assistance is needed. Among the assistance methods are vibrating beds,

centrifugal force, stirred columns, electric and magnetic fields and addition of chemicals.”

Even though nanoparticles always agglomerate, the agglomerates are usually loose.
During the process they continuously break up in smaller agglomerates and re-
agglomerate with other particles. Due to this dynamic agglomeration process, all sides of
each particle become available precursor adsorption. This makes the complete coating of
nanoparticles by ALD in a fluidized bed possible, despite the agglomerated nature of the

. 69
nanoparticles.

In summary, nanoparticles are generally present in the form of large agglomerates but

ALD is still possible. The size and density of these agglomerates as well as the gas viscosity
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determine the minimum velocity required to fluidize the particle bed. To improve the

fluidization, assistance is often required.

1.4 Thesis structure

One of the central questions in this thesis is whether a powder of loosely-agglomerated
nanoparticles can be conformally coated with protective and electrically conducting layers.
To systematically address this, the problem is divided into four sub-questions. The first
question is whether the contact between the conductive layer and the nanoparticle

material is Ohmic. This question is answered for TiN and CdS in chapter 2.

In chapter 3, we investigate whether ALD films can be used as protective barriers and how
corrosion does occur in coated semiconductor films. The use of TiO, layers to protect CdS

films against photocorrosion is used as model system.

In chapter 4, the construction of a FB-ALD reactor is described in detail. Chemical analysis
and TEM measurements are used to confirm that SiO,-TiO, core-shell nanoparticles can

be synthesized in the reactor.

In chapter 5, we report on the deposition of TiN-layers on SiO, nanoparticles in a FB-ALD
reactor. Chemical analysis, XPS, and TEM are used to show that indeed TiN is deposited.
The conductive nature of the coatings is demonstrated with 2-point resistance

measurements.
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2 TITANIUM NITRIDE: A NEW OHMIC CONTACT MATERIAL
FOR N-TYPE CDS*

In devices based on CdS, indium is often used to make Ohmic contacts. Since indium is
scarce and expensive, suitable replacement materials need to be found. In this work we
show that sputtered titanium nitride forms an Ohmic contact with n-type CdS. The CdS
films, deposited with chemical bath deposition, have a hexagonal crystal structure and are
polycrystalline, mostly with a (002) texture. The thickness of the films is ~ 600 nm, and the
donor density is 1.9 x 10" ¢cm™. The donor density increases to 1.5 x 10" em? upon
annealing. The contact resistivity of sputtered TiN on CdS is found to be 4.7 £ 0.6 Q cm’.
This value is sufficiently small to avoid large resistive losses in most CdS device
applications. To demonstrate the use of TiN in a CdS device, a Au/CdS/TiN Schottky diode

was constructed. The diode has a potential barrier of 0.69 V and an ideality factor of 2.2.

" This chapter has been published: Arjen Didden, Hemme Battjes, Raymond Machunze,

Bernard Dam, and Roel van de Krol, Journal of Applied Physics 110 (2011) 033717
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2.1 Introduction

CdS is an n-type semiconductor with a direct band gap of 2.42 eV® that can be employed
in a large variety of optoelectronic devices, such as highly efficient CIGS™ and cdTe’® solar

80
and

cells and photodetectors, as well as gas sensors,77' 78 field effect transistors,79'
LEDs.*" For most of these applications indium is used to form an Ohmic contact with CdS.
However, since indium is a relatively scarce metal and at the same time a major
component of transparent conducting oxides used in devices such as solar cells, touch
screens, O-LEDs and flat panel displays, it is becoming increasingly expensive. This drives

the search for alternative Ohmic contact materials that can replace indium.

We propose the use of titanium nitride (TiN) as an alternative for indium in n-type CdS
devices. TiN is a well-known material that is both relatively low-cost and widely used in
several applications, such as wear-resistant coatings on cutting tools, and Cu diffusion
barriers in Si technology. Moreover, it is a material that can be deposited at temperatures
as low as 60 2C by Metal-Organic Atomic Layer Deposition (MO-ALD).57 This could make it
a suitable contact material for applications based on CdS quantum dots, such as quantum
dot solar cells, in which low-temperature processing is required to prevent the

nanoparticles from sintering and losing their quantum-size effects.®”

83,84

Reported work functions of TiN vary between 3.5 and 4.4 eV. This is slightly lower

than the reported electron affinities for CdS, which range between 4.4 and 4.8 VAR
Based on these values, TiN is expected to form an Ohmic contact with n-type CdS.
Obtaining an Ohmic contact in real devices is, however, not trivial. Due to Fermi-level
pinning induced by interface defect states, Schottky-type potential barriers are often
formed where Ohmic contacts would be expected. This is illustrated by metals such as A%
¥ and Zn,89 which form a Schottky contact with n-type CdS despite their lower work
functions. In this paper we investigate the electrical properties of the TiN/CdS contact,

and show that an Ohmic contact is indeed formed.
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2.2  Experimental

The CdS films were grown on FTO-coated glass (fluorine-doped tin dioxide, 15 Q/ao, TEC 15,
Libbey-Owens-Ford) and glass substrates (2 x 3 cm) by Chemical Bath Deposition (cBD).*”
%2 The substrates were cleaned by ultrasonic rinsing in acetone and ethanol, followed by a
5 s dip in a dilute HCI solution (17.5 %) and subsequent rinsing with ultrapure deionized
water (Milli-Q, 18.2 MQcm). After cleaning, the substrates were submerged in 60 ml
ultrapure water that was heated to 70 2C. CdS films were deposited by adding reactants
from aqueous stock solutions (all prepared in ultrapure water) in the following order: 300
pl of 0.5 M CdCl, hemi-pentahydrate (Aldrich, ACS reagent grade), 1320 pl 2 M NH,CI (JT
Baker, 99.5%), and 3800 pl of 13.2 M NH,OH solution (JT Baker). After 15 minutes of
homogenization with a magnetic stirrer, 1800 ul of 1M thiourea (Aldrich, ACS reagent
grade) was added slowly. After 60 minutes, the samples were taken out of the bath and
cleaned ultrasonically in ultrapure water for 30 seconds and rinsed with ultrapure water
to remove loose particle deposits. Thicker layers were obtained by repeating the cycle of

deposition, ultrasonic cleaning, and rinsing multiple times.

TiN contacts were deposited on CdS films and glass substrates by reactive unbalanced
magnetron sputtering in an industrial PVD system (Hauzer HC 750). The substrate
temperature was 200 + 20 °C. Prior to the deposition of TiN, the substrates were plasma-
etched (4 x 10° mbar Ar) to remove impurities from the surface. The substrates
performed a planetary motion in front of a 600 x 120 mm? titanium target; the nitrogen
and argon flows during deposition were 37 sccm and 115 sccm, respectively, yielding a
deposition pressure of 4 x 10 mbar. The base pressure of the system was 4 x 10° mbar.
The film was ion-bombarded during growth by applying a substrate bias voltage of -125 V
in order to increase the density. The target power was 5 kW and the target voltage was
600 V, resulting in a deposition rate of 4.5 nm/s. Typical deposition times were 44 minutes,
resulting in ~200 nm thick films. For comparison with the TiN contacts, Au Schottky
contacts were deposited by thermal evaporation from a resistively heated tungsten boat

in a home-built vacuum chamber having a base pressure of 10”7 mbar.
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Film thickness values were measured with a Dektak 3 Profilometer. Grazing incidence X-
ray diffraction spectra were measured with a Bruker D8 Advance diffractometer using Cu-

K, radiation and an incident angle of 0.99.

Current-voltage measurements were carried out with an EG&G 283 potentiostat
(Princeton Applied Research). Voltage-dependent impedance measurements were carried
out with a Solartron 1255 frequency response analyzer in combination with the EG&G 283
potentiostat. The contact resistivity of the TiN/CdS contacts was measured with four-
point probe measurements using a Keithley 2001 multimeter and the EG&G 283

potentiostat, using spring-loaded gold contact pins.

2.3 Results and discussion
2.3.1 Texture of the CdS film

The grazing incidence X-ray diffraction spectrum of the CdS film on a FTO substrate is
shown in Figure 2-1. Two phases, cubic and hexagonal, have been reported in the

1939 The diffraction pattern of our sample

literature on chemical bath deposition of CdS.
reveals a strong CdS peak at 26.7° and a very small peak at 48°, which correspond to the
(002) and (103) planes of hexagonal CdS, respectively. No traces of the cubic phase are
observed. The diffraction pattern indicates a preferred growth direction with the c-axis
oriented perpendicular to the surface. The same (002) orientation is found for films grown

on uncoated glass substrates, and has also been observed by other authors.”®

For hexagonal CdS, a (002) orientation implies that the closest-packed lattice planes are
exposed to the reaction mixture during growth. We attribute this to an atom-by-atom
growth mechanism, as reported previously by Ortega-Borges et al. for chemical bath-
deposited CdS.’® The reversible adsorption of ions from the solution allows the ions to
find the energetically most favorable sites, analogous to surface diffusion processes that
occur at sufficiently high substrate temperatures during physical vapor deposition (e.g.
sputtering).97 The dynamic adsorption-desorption equilibrium in the CBD solution leads to

recrystallization during film growth, and the growing film aims for the thermodynamically
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most stable configuration. Since the closest-packed lattice planes have the lowest surface
energy, columnar growth with the (002) planes parallel to the surface will occur. This
growth mechanism is analogous to the ‘Type II’ growth described by Mabhieu et al. for
sputter-deposited films.” The deposited films have a clear and homogeneous appearance,
which is indeed consistent with such a slow atom-by-atom growth. The thickness of the

films after three deposition cycles was ~600 nm, which corresponds to ~200 nm per cycle.

(0p2) = Cubic

v Hexagonal

Intensity (a.u.)

_“JKHAL_ B (110) (013)
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20 25 30 35 40 45 50
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Figure 2-1: Grazing incidence X-ray diffraction pattern of an as-deposited CdS film on a FTO substrate.

2.3.2 The TiN/CdS contact

To investigate the electrical properties of the TiN/CdS contact, circular TiN and Au
contacts with diameters of 2 and 1 mm, respectively, were deposited on the CdS film
using a mask. The contacts were first deposited in a co-planar manner, as depicted in
Figure 2-2 (a) and (b), to prevent short-circuiting through pin-holes in the CdS film. The J-V
curves of the Au/CdS/TiN system (Figure 2-2(c)) reveal asymmetric diode-like behavior,
indicating that one contact is blocking while the other one is Ohmic. Au has an electron
work function of 5.3-5.5 eV®® and is well known to form a Schottky contact with Cds.’® The
I-V curve indeed confirms that the CdS/Au Schottky junction is forward biased when a
positive potential is applied to the Au contact. The TiN/CdS contact must therefore be
Ohmic in nature. This is indeed consistent with the fully Ohmic behavior that is observed

when measuring between two TiN contacts, also shown in Figure 2-2(c).
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Figure 2-2: Schematic representation of the lateral (co-planar) geometry of the TiN/CdS/TiN (a) and
TiN/CdS/Au (b) device structures. (c) J-V curves of the TiN/CdS/TiN (open circles) and the Au/CdS/TiN (open

squares) structures.

When TiN is to be used as Ohmic contact material for CdS, both the bulk resistivity of the
TiN layer and the contact resistance should be small enough not to cause a large voltage
drop and adversely affect device performance. To determine the contact resistance, two-,
three- and four-point resistance measurements were carried out using the configuration
shown in Figure 2-3(a). The two-point resistance is given by e.g. Ri312 = Rpu+ 2Rcontacts
whereas the three-point resistance is given by Ri3 1, = Rpuk+ Reontacr- The contribution of
Recontact i Negligible in the case of a four-point measurement. Comparing several sets of
two-, three- and four-point resistance measurements therefore allows us to determine
Rcontact- Measurements on a rectangular (2 x 17 mmz) section of a 600 nm CdS film with 2
mm TiN contacts yield a value of R.nee = 330 £ 50 Q. It should be noted that this value
also includes contributions from the resistance between the gold pins and the TiN
contacts, but separate measurements on a sputtered TiN film show this resistance to be

negligible (~1.1 Q). The spreading resistance can also be neglected for these large contact
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areas. After normalizing R.onwact With respect to surface area, a value of 10 £ 1.6 Q cm?is

found for the specific contact resistivity between TiN and CdS.

Potentiostat

(b)

Reznact Rmm% Reontac = Reontact

]f\/\/\/ ANEAN
Rhu\k Rbulk Rhulk

Figure 2-3: (a) Layout of four-point resistance measurements. A current sent through points 1 and 4 gives rise
to a potential difference between points 2 and 3, from which the resistance Rys2; (=V1,,/11,4) is calculated. The
rectangular dark-gray area is isolated from the surrounding material by cuts with a diamond scriber. (b)

Equivalent circuit showing the bulk resistance and series resistance components.

This value is several orders of magnitude higher than the contact resistivity reported for

other TiN contacts on, for example, GaN and Si devices.” %"

The high value might be
partly due to so-called ‘current crowding’ at the contacts, which means that only part of
the TiN contact area is active in the transport of current from and to the CdS. This effect
occurs because the diameter of the contact is much larger than the film thickness, and the
current always chooses the path of the least resistance.'% While a detailed quantitative

analysis is not possible with the current contact geometry, it is important to realize that

the reported value of 10+ 1.6 Q cm’ represents an upper limit for R.on:c: due to this effect.

To investigate the stability of the TiN/CdS contact, the sample was exposed to air for a
period of 12 months. During this period, the contact resistivity increased by a factor of ~3
to 34 + 3 Q cm’. The exact origin of the increased resistance is unknown, but the
formation of a barrier layer by interdiffusion between TiN and CdS or oxidation of CdS via

oxygen transport along grain boundaries perpendicular to the TiN/CdS interface is a likely
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cause. Further optimization of the growth conditions may lead to fewer grain boundaries

and improved stability in air, but this is beyond the scope of the present study.
2.3.3  Mott-Schottky analysis of the CdS films

Although the data in Figure 2-2(c) as well as the four-point resistance measurements
strongly suggest that the TiN/CdS contact is Ohmic, there is a possible alternative
explanation for the apparent Ohmic behavior that has to be considered. The exposure of
the CdS films to vacuum at high temperatures prior to TiN sputtering, and/or (re-
)sputtering of CdS in the initial phase of TiN deposition may have caused a preferential
removal of sulfur atoms from the CdS lattice.’® These sulfur vacancies act as electron
donors and hence increase the concentration of free electrons in the CdS. Using the

Kréger-Vink notation, this reaction can be written as follows:

0 H%Sz(g) + Ve + 2e/ (2.1)

At high sulfur vacancy concentrations, say >10%° cm’g, the concomitantly high donor
density results in a very narrow depletion layer. Tunneling of electrons through such a
narrow depletion layer would result in apparent Ohmic behavior, even though a Schottky

barrier is in fact present.

To investigate this possibility, the donor density of the CdS films has been determined
from the space charge capacitance using impedance spectroscopy. Towards this end, Au
contacts were evaporated on as-deposited and vacuum-annealed CdS films. As shown
previously, these contacts form Schottky barriers and a space charge layer is therefore
formed in the CdS region close to the Au contact. FTO layers were used as an Ohmic back-

contact,"™ resulting in the parallel plate layout depicted in Figure 2-4 (a) (next page).

Figure 2-4 (c) shows a Nyquist plot of the impedance of a vacuum-annealed FTO/CdS/Au
sample. Similar data have been obtained for the as-deposited CdS films (not shown). The
relation between the real (Z’) and the imaginary part of the impedance (Z”) has the shape
of a semicircle. The diameter of the circle depends strongly on the applied bias potential,

which shows that the impedance is dominated by the space charge capacitance. The
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semicircle is slightly depressed, which indicates small deviations from the ideal capacitive
behavior which we attribute to the presence of trap states in the CdS bulk or at the
CdS/Au interface. The data can be fitted using an equivalent circuit containing a series
resistor (R;) and a resistor in parallel (R;) with a constant phase element (CPE), as

illustrated in Figure 2-4(b).
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Figure 2-4: (a) Layout of the impedance spectroscopy sample. (b) Equivalent circuit used to fit the impedance
data, in which R1 and R2 are resistors and CPE is a constant phase element. (c) Nyquist plot of an FTO/CdS/Au

sample annealed at 350°C in vacuum. The frequency ranges from 100 kHz to 100 Hz in the clockwise direction.

The complex impedance Z of a constant phase element is given by

1
Z= QG

(2.2)

Here, w is the angular frequency (rad/s), and n is the non-ideality factor of a CPE. Forn=1,
the CPE is an ideal capacitor with a capacitance C = Q, whereas the element is purely

resistive for n =0 (R = Q). For 0 < n < 1, which is the case for a depressed semicircle, the
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equivalent capacitance of the CPE (with the dimensionally correct units of Farads) can be

calculated with*®

€ = Q(®max )t (2.3)

This equation was used to convert the CPE values, obtained from the fitted impedance
spectra, to actual space charge capacitance values. The average value of the non-ideality

factor obtained from the fit is 0.97 + 0.01.

Figure 2-5 shows the calculated space charge capacitances, plotted as (1/Csc)2, as a
function of the applied bias potential for an as-deposited and a vacuum-annealed CdS
sample. From the slope of the line, the donor density Ny of the CdS can be obtained using

the Mott-Schottky equation106

(?)2 = (egoerD) (V= on —2%) (2.4)

Here, gy is the permittivity of vacuum (8.854 x 10" F/m), €, is the static dielectric constant
(8.7 for cds'), @y is the built-in potential of the junction, V is the applied bias potential, A
is the surface area, and all other symbols have their usual meaning. Donor density values
of 1.9 x 10" cm®and 1.5 x 10" cm™ are obtained for the as-deposited and vacuum-
annealed samples, respectively. The donor density of the as-deposited sample is
comparable to the values reported in the literature for CdS films deposited with CBD

.. e 95, 107, 108
under similar conditions.

The donor density of the vacuum-annealed sample is an
order of magnitude higher due to the loss of sulfur (cf. Eq. (1)). To see if tunneling can
play a role under these conditions, the corresponding width w of the depletion layer at an

applied bias of 0V, is calculated using the following expression:109

(2.5)

-3

For a donor density of 2 x 107 cm® and a typical built-in potential of 0.1 — 0.5V, a
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depletion layer width between 20 and 50 nm is found. Clearly, this rules out the possibility
of tunneling through the depletion layer. This supports our assertion that TiN forms a true

Ohmic contact with CdS.

It should be noted that there is a significant difference in the intercept with the voltage
axis for the as-deposited and vacuum-annealed samples. Since the intercept with the
voltage-axis is effectively the same as the built-in potential of the Schottky barrier (@),
this means that the built-in potentials of the Schottky barriers are significantly different.
The Schottky barrier height ¢z, can be calculated with @z, =(gp + & + kBT/e).109 The
parameter ¢ is the difference between the Fermi level and the conduction band in the

semiconductor bulk, and is given by110

§ = kegTin (1) (2.6)

In this equation, N, is the effective density of states in the conduction band:

3
2nmgkpT\2
h2

N, = 2( (2.7)

Extrapolation of the linear fits in Figure 2-5 yields intercepts of 0.47 £ 0.03 and 0.91 £ 0.01
V. From the measured donor densities and an electron effective mass me* of 0.21 x my,**°
barrier heights of 0.59 + 0.03 and 0.98 £ 0.01 V are calculated for the as-deposited and
vacuum annealed samples, respectively. Both these values are within the range of 0.2-

95, 111, 112

1.02 V reported for Au/CdS Schottky diodes prepared with CBD. The smaller

barrier height of the as-deposited sample is attributed to the presence of a second phase,

possibly cdo,'®

at the Au/CdS interface. This phase forms an insulating layer that
accommodates part of the work function difference between CdS and Au. The insulating
layer is not present when the CdS is annealed under vacuum prior to depositing the Au
contact. This means that the entire work function difference then falls across the space
charge layer in the CdS, which explains the larger values for the built-in potential and

barrier voltage. The exact nature of the insulating layer is unknown, but it either has a
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high enough vapor pressure to evaporate during vacuum annealing, or the vacuum anneal
increases its conductivity to a degree that it cannot sustain a significant voltage drop. Due
to its negligible vapor pressure at 350 °¢,"* cdo is unlikely to evaporate, but its (n-type)
conductivity is indeed likely to increase through oxygen loss during a vacuum anneal at

this temperature.
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Figure 2-5: Mott-Schottky plot for the Au/CdS junction of an as-deposited and a vacuum-annealed sample,

with capacitance values obtained from the fits of the impedance spectra.

The donor density values found above can be used to estimate the degree of non-

stoichometry of the CdS. Here, we assume that sulfur vacancies are the main source of

electron donors. The degree of ionization can be calculated with: ™

N} 1
Np 1+gp ex ZF7=D
D &XP\ "y

The donor level E, of the doubly-ionized sulfur vacancy (Vs™) is located 0.445 eV below
the conduction band edge.93 For n-type CdS with an (ionized) donor density of 1.9 x 10"
cm's, the Fermi level at room temperature is 0.12 eV (cf. Eq. 2.6) below the conduction

band, so (ErEp) = 0.325 eV. The degeneracy factor g, has the standard value of 2.1

This
results in an ionization degree of 0.83% for the as-deposited sample, indicating that the

concentration of sulfur vacancies is 1.9 x 10 /0.0083 =2.3 x 10" cm™. This corresponds
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to approximately 0.01% of the total number of sulfur ions, indicating that these chemical

bath-deposited films are highly stoichometric.'**

2.3.4  Au/TiN/CdS diode

Now that a high donor concentration in the CdS can be ruled out as a possible cause for
the observed Ohmic nature of the TiN/CdS contact, we turn our attention to the CdS/TiN
interface. To investigate the possibility that sputter-induced damage in the CdS is
responsible for the Ohmic contact behavior of the TiN/CdS junction, CdS films were
deposited on top of the TiN films with CBD. With this configuration the presence of
sputter-induced damage in CdS near the TiN/CdS interface can be excluded. Moreover,
since TiN is less prone to oxidation than CdS, adverse effects of an oxide interface layer
can be minimized. After CBD, the CdS film was annealed at 250 °C in vacuum. The sample
was then quickly transferred to the evaporation chamber to minimize oxidation and Au
contacts were evaporated onto the CdS film to create a Schottky contact. The structure of
this Au/CdS/TiN Schottky diode is given in the inset of Figure 2-6 (next page). The current-
voltage behavior of this structure, shown in Figure 2-6, reveals that a non-blocking (Ohmic)
contact is again formed at the TiN/CdS junction. This clearly demonstrates that sputter
damage does not affect the behavior of the junction, and that it is inherently Ohmic in

nature.
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Figure 2-6: IV curve of an Au/CdS/TiN diode, with the Au contact connected as the working electrode of the
device. The open squares are the measured values, and the solid line is a best fit of the current to Eq. 2.11.

The inset of the graph shows the layout of the sample with parallel contacts.

Even though the I-V curve of the Au/CdS/TiN diode presented in Figure 2-6 shows a clear
diode-like behavior, it does not follow the ideal exponential behavior expected for a
Schottky diode.'® At low currents, the curve is approximately exponential, but as the
current increases, the behavior starts to become linear. This indicates a resistive
component in series with the Au/CdS Schottky junction that causes a voltage drop that is

comparable to the diode voltage drop. This means that

V = AVgioge + AVresistor (2.9)

The voltage drop over the diode can be calculated rewriting the standard expressions for

109

the J-V characteristics of a Schottky diode™ and Ohm’s law and rewriting it for forward

bias:

_ nkgT

J+Jo
v =" ln(T)+]R (2.10)

Here, nis the diode’s dimensionless non-ideality factor. The saturation current J, is given

by109
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Jo = AT? exp (—%22) 211

The value of the effective Richardson constant A" is 120 x (m*/mo) A/em’K?, which yields a

value of 23 A/cm’K’ using m’ =019 x m, for Cds. 1% 115

The barrier height, series resistance and the non-ideality factor have been obtained from
the fit of the data. The barrier height is 0.69 + 0.01 V, which is in the range of values
obtained from the Mott-Schottky measurements. The non-ideality factor is 2.2 + 0.1,
which is in good accordance with values of Schottky diodes made from nanocrystalline
CdS films.™™ 2 ® The series resistance obtained from the fit is 149 + 18 Q, which
represents the sum of the bulk CdS resistance and the contact resistance of the TiN/CdS
contact. Because the distance between the Au contact and the TiN back contact is only a
few hundred nanometers, the magnitude of the bulk resistance is negligible. This implies
that the value of the series resistance is approximately equal to the contact resistance,
which leads to a contact resistivity of 4.7 £ 0.6 Qcm?’. This is a factor of ~2 lower than the

upper-limit value determined for the lateral contact configuration.

To summarize the findings, a band diagram of the Au/CdS/TiN Schottky diode is proposed

in Figure 2-7.
Interface layers ~ ,....... "
Vacuum s o
35-44eV 44-48eV 556V
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Figure 2-7: Proposed band diagram of the Au/CdS/TiN Schottky diode under equilibrium conditions.
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2.4 Conclusions

We have demonstrated that sputtered TiN forms an Ohmic contact with n-type CdS made
by chemical bath deposition. This is in accordance with the expectations based on the
work functions of both materials. The existence of a semi-Ohmic contact in the form of a
narrow Schottky barrier through which electrons can tunnel, could be ruled out explicitly.
A value of 4.7 + 0.6 Qcm’ has been found for the contact resistivity of a sputtered TiN
contact on n-type CdS. This implies that the Ohmic voltage loss for a standard current
density of 10 mA/cm? is less than 50 mV, which is acceptable for most applications. We
have demonstrated the feasibility of TiN as an Ohmic contact material for CdS by having
fabricated a TiN/CdS/Au Schottky diode. This diode showed an ideality factor of 2.2 and a
Schottky barrier height between 0.6 and 1.0 V, depending on the treatment of the CdS

prior to depositing the Au Schottky contact.
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3 PHOTOCORROSION MECHANISM OF TIO,-COATED
PHOTOANODES*

Atomic layer deposition was used to coat CdS photoanodes with 7 nm thick TiO, films to
protect them from photocorrosion during photoelectrochemical water splitting.
Photoelectrochemical measurements indicate that the TiO, coating does not provide full
protection against photocorrosion. The degradation of the film initiates from small
pinholes and shows oscillatory behavior that can be explained by an Avrami-type model
for photocorrosion that is halfway between 2-D and 3-D etching. XPS analysis of corroded
films indicates that a thin layer of CdS remains present on the surface of the corroded

photoanode that is more resilient towards photo-corrosion.

" This chapter has been published: Arjen Didden, Philipp Hillebrand, Bernard Dam, and
Roel van de Krol: Photocorrosion Mechanism of TiO,-Coated Photoanodes, International

Journal of Photoenergy (2015) 457980
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3.1 Introduction

CdS films have ideal band positions for photoelectrochemical water spIitting117 but one of
the limiting factors is the severe photocorrosion that the films experience in aqueous
media.”® To protect CdS photoanodes from photocorrosion, the surface of the film can be
modified with a catalyst that promotes the water splitting reaction, or to add a hole
scavenger to the electrolyte. In both cases, the photocorrosion is suppressed through
kinetic competition.

An alternative protection mechanism is to deposit a protective coating that creates a

physical barrier between electrolyte and the photoactive material.'****

Two strategies
have been reported in literature. One is to find a hole-conducting material that is stable in
electrolyte and has a valence band level that is positioned between that of the

% In this case, the charge

photoanode and the oxygen evolution potential of water.
carriers can easily transfer from the bulk semiconductor to the coating layer and,
subsequently, into the electrolyte. An example of this are the “leaky” TiO,/Ni films that
were recently reported by Hu et al.'® The other strategy is to coat the photoactive
material with an extremely thin layer that is thick enough to provide full protection but

thin enough to enable tunneling of holes through it.*** ***

In view of its excellent chemical stability, TiO, is a promising candidate as an ultrathin
protection layer for CdS photoanodes. The band diagram of CdS/TiO, system is given in
Figure 3-1. Because the TiO, valence band edge lies below the CdS level, the layer should
be extremely thin in order to let holes tunnel through. Depositing such ultrathin
protection layers requires a very high degree of precision and thickness control. Atomic
layer deposition (ALD) is a well-suited technique for this purpose, which allows ultrathin
layers of a variety of materials to be deposited by employing a sequence of self-limiting
adsorption reactions. The self-limiting nature of the reactions gives homogeneous

coatings with an excellent thickness control.®
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Even though coating with a protective layer does improve the stability of photoelectrodes,
it often does not provide full protection. For example, Cu,0 photocathodes were found to
degrade even after more than 10 nm TiO, had been deposited with ALD."”* ***
Furthermore, corrosion experiments on other types of substrates that were coated with
ALD films show that, in spite of the excellent conformal coverage that is normally ascribed

125-127

to ALD coatings, corrosion still occurs. In order to improve the effectiveness of the

coating, the photocorrosion mechanism has to be understood.

._.-/E/_ H.OM,

— J—

_________ \ 1.23 eV

OH/0;
sz
@/
cds g Electrolyte

Figure 3-1: Band diagram of a TiO,-coated CdS photoanode, illustrating the possibility of hole transfer by
tunneling if the TiO, film is sufficiently thin. The redox couple’s distribution of states in the electrolyte is

indicated in this figure as well.

There are several ways to measure corrosion rates, for example by soaking the samples in
corrosive liquid for a given time and comparing the properties of coated and uncoated
samples.126 Yet, most of these techniques only give phenomenological output and do not
provide insights into the exact mechanism of (photo-) corrosion. Electrochemical
measurements, on the other hand, can give more detailed insights into the corrosion
mechanism of coated samples over time. For example, when there is a potential
difference between the substrate and the protective coating layer, the degradation of the
coating can be followed by measuring changes in the potential or polarization over
time.””® Also, electrochemical impedance spectroscopy has been used to describe

125,127

corrosion mechanisms. In this paper, we explore the photocorrosion mechanism for
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an n-type CdS film covered by a thin ALD-deposited TiO, protection layer using time-
resolved photocurrent measurements. We will show that the behavior can be described
with an Avrami-type model that suggests that corrosion mainly takes place in the lateral
direction. Moreover, we show that the addition of a hole scavenger cannot fully suppress

degradation.

3.2  Experimental

Polycrystalline, ~100 nm thick CdS films were deposited on FTO substrates (fluorine-
doped tin dioxide, 15 Q/sq., TEC 15, Libbey-Owens-Ford) with chemical bath deposition
(CBD) according to a method described in section 2.2. Before CBD, the substrates were
cleaned by ultrasonic rinsing in acetone and ethanol, followed by a 5 s dip in a dilute HCI
solution (17.5 %) and subsequent rinsing with ultrapure de-ionized water (Milli-Q, 18.2

MQcm).

After CBD, the samples are rinsed and cleaned ultrasonically in ultrapure water (Milli-Q,
18.2 MQ cm) to remove loose particulate matter, and subsequently dipped in H,0, and
rinsed with ultrapure water. Prior to coating by ALD, the samples were rinsed with
ultrapure water and blow-dried with nitrogen. The CdS films were coated with TiO, in a
home-built ALD reactor. TDMAT (tetrakis-dimethylaminotitanium, SAFC electronic grade)
and water (Milli-Q) were used as precursors for TiO, deposition. TDMAT was used as Ti-
precursor instead of the more common precursor TiCl, to prevent formation of corrosive
HCl as by-product during the ALD reaction. The deposition temperature was 200 2C and
the base pressure 1 Pa. All precursors were fed to the reactor by evaporation, without
using a carrier gas. To ensure a sufficient vapor pressure, the TDMAT container was
heated to 70 2C and the supply lines were heated to 80 2C to prevent condensation. Pulse
times used were 3 s and 10 ms for the TDMAT and water respectively. The TiO, growth
rate, measured on Si wafers with in-situ ellipsometry using a Woollam M2000 F
spectroscopic ellipsometer, was 1.2 A/cycle. After deposition, the samples were annealed

at 450 oC to form crystalline anatase TiO,.

43



Photoelectrochemical measurements were carried out in a three-electrode cell made
from Teflon, using an Ag/AgCl reference electrode and a Pt counter electrode. Solutions of
KOH (Sigma Aldrich reagent grade, 0.1 M) and Na,SOj; (Sigma Aldrich reagent grade, 0.5 M)
in water (Milli-Q) served as electrolyte. The potential was applied by a potentiostat
(Princeton Applied Research, model EG&G 283), and a class AAA solar simulator (AM1.5,
1000 W/m?, Newport Sol3A type 94023-ASR3) was used to illuminate the samples.

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Specs

XR50 X-ray source (Mg Ka radiation) and a Phoibos 100 analyzer.

3.3 Results and discussion

Thin TiO, layers were deposited on polycrystalline CdS films. The sample geometry is
given in Figure 3-2. The polycrystalline CdS films were n-type, with a film thickness of

approximately 100 nm. A more detailed description of the CdS films is given in section 2.3.

~100 nm CdS

Figure 3-2: Sample structure of the CdS photoanodes coated with thin TiO, films.

When we look at the I-V curves of samples coated with 30 and 60 cycles of ALD (Figure
3-3a and 3b) taken in KOH electrolyte in the dark and under simulated solar radiation, the
first thing that stands out is that the samples are not stable over several voltage cycles
when exposed to light (reference samples without ALD coating degraded too fast for
meaningful I-V curves to be recorded). For the sample with 30 ALD cycles we first observe
an increase in photocurrent (up to I-V cycle 5) after which the photocurrent decreases
again. For the sample with 60 ALD cycles, the highest photocurrent is measured in the
first I-V cycle and the photocurrent gradually decreases after each consecutive cycle.

Clearly, even after 60 cycles ALD (~7 nm TiO, coating), the coating is not thick enough to
44




provide sufficient protection against photocorrosion. Furthermore, the current density of
the sample coated with 60 cycles is about two orders of magnitude smaller than that of
the sample coated with 30 cycles. This suggests that the coating layer on top of the CdS
film blocks the current. Also for these films, the photocurrent of the coated samples is not

stable during cycling.
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—~ 05] Ng
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< 0.01 5
g -0.14 Dark measurements S 0.000+ \
O .0.21 -0.0024 Dark measurement
0.3 ———————————
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-06 -04 -02 00 02 04 06 08 1.0
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Figure 3-3: |-V curves in 0.1 M KOH solution of CdS films coated with 30 (a) and 60 ALD cycles of TiO, (b). Scan

rates were 100 mV/s. Red lines represent photocurrent measurements, black lines dark measurements.

To investigate the transient behavior of coated samples, the photocurrent was measured
at a fixed potential of 0.5 V vs. Ag/AgCl. Figure 3-4 gives a typical result of the behavior of
coated samples over time. After turning on the light at t = 0, the current instantaneously

rises to a maximum, then decreases, rises again, and finally slowly decays to zero.

0.00015J

0.00005

0.00000 + T T T
0 500 1000 1500 2000

Time (s)

Figure 3-4: Development of current over time in 0.1 M KOH upon illumination of a CdS sample coated with 200

ALD cycles.
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The oscillatory behavior of the photocurrent can be modeled by assuming that the
photocurrent is the sum of the photocorrosion and water oxidation reactions that occur

simultaneously at the photoanode **";

Cd?*(aq) + S(ads) + 2e~ © €dS (s) (3.1)
(E=0.324 V vs. NHE™)

2H,0 + 0, + 4e~ & 40H™ (3.2)
(E=0.401 V vs. NHE)

Photo-induced water oxidation at semiconductor electrodes has been extensively studied,
and to the best our knowledge has never been reported to give oscillatory behavior. We
therefore attribute the photocurrent to photocorrosion of CdS (reaction 3.1). We can
explain this behavior by assuming that corrosion is initiated from a number of defects in
the coating, as schematically shown in Figure 3-5 (next page). These defects can be
microscopic pinholes or cracks caused by incomplete surface coverage, annealing, or
lattice mismatch between CdS and TiO, (Figure 3-5A). Starting at these defects, the CdS
layer is etched way (Figure 3-5B, C). Due to the etching, the etched regions expand (Figure
3-5D), until they converge with other regions (Figure 3-5E). The etching will continue until

the entire layer is consumed.

Inspection of partially corroded samples with an optical microscope (Figure 3-6) confirms
that corrosion pits are formed in the CdS film. The large corroded areas seem to be made
up of smaller, more or less circular corrosion pits that have joined together. This is indeed

consistent with the mechanism proposed above.
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Figure 3-5: Schematic view of the corrosion mechanism where the corrosion starts with the presence of
pinhole or crack in the pristine sample (A) at which the corrosion is initiated (B). The corrosion then expands
in all directions until the substrate underneath the CdS is reached (C), after which the corrosion pit expands in

lateral direction (D) until it merges with one or more neighboring corrosion pits (E).

Figure 3-6: Optical micrograph of a CdS film coated with 60 cycles ALD after a photo-electrochemical

experiment.

This behavior can be translated to the observed current oscillations by assuming that the
photocurrent is caused by corrosion of the film. The two holes required for every

molecule of CdS that is etched away (see Eq. 3.1) will contribute to the photocurrent.

The high current immediately after switching on the light, is due to excitation of electron-

hole pairs. But since the flux of holes to the surface is larger than the rate at which they
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can be consumed by chemical reactions, they accumulate near the surface. As a result,
recombination increases, which leads to a decrease of the current. This transient behavior
is often observed in photoelectrochemical experiments that use chopped illumination.
The decrease in current resembles the discharge of a capacitor over time, where the
charge of the capacitor corresponds to the number of accumulated holes. This can be

expressed as the recombination current:

t
Lrecomb. = Ip €Xp (_ ;) (3.3)

In this equation, I, is the initial current (A), t is time (s) and zis the time constant of the

decay (s).

Since the area of the pinholes is small and the decay of the photocurrent due to
recombination is fast, the contribution of photocorrosion is most likely negligible for the
first transient peak at t < 50 s in Fig. 4. Assuming that the corrosion reaction only takes
place at the edges of the small pin holes, the corrosion rate will gradually increase with
the size of the holes as the CdS at the edges dissolves. Larger circumferences of the holes
lead to larger reactive surfaces (Figure 3-5C — D). The availability of more reactive surface
will increase the photocurrent, which marks the start of the second current peak at t >

50s.

This increase in photocurrent will continue until one corrosion pit converges with a
second, and perhaps third pit (Figure 3-5E). When two pits meet, the point where they
merge will contain no more CdS and, hence, their amount of reactive surface area will
decrease. This will slow down the growth of the reactive surface until at some point it will
start to decrease. This corresponds to the sharp decrease in photocurrent after the peak.
As shown in Figure 4, the current decreases quickly to values below 0.05 mA/cmZ, after

which the photocurrent levels off more gradually towards the end of the experiment.

This photocorrosion model strongly resembles the Avrami model for crystal growth in

metals. This model predicts the fraction @ of material converted into a new phase (in this

case: the material etched away) as a function of time t with the equation:132
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@ =1 —exp(—kt™) (3.4)

Here, the constant k is the product of a shape factor, the effective number of nuclei, and
the direction-averaged growth rate. The exponent n is the sum of the dimension of the
crystal growth process (1 for needle-like, 2 for plate-like, and 3 for 3-D growth) and an
integer value describing the nucleation rate (1 for constant nucleation rate, 0 for the
absence of nucleation). In this model we assume that the corrosion rate in the lateral
direction is constant. Furthermore, since the size of the pin holes is several orders of
magnitude larger than the film thickness (micrometers vs. tens of nanometers, see Figure
3-6), etching will mostly take place in the lateral direction and the process will most likely

be 2-dimensional.

If we assume that O, production at the photo-anode is negligible, the fraction of material

that has been corroded can be described by integrating the corrosion current /.,

1 t1
 dApuNaq fo Elcorrdt (3.5)

In this equation, d is the thickness of the film (in m), A the total surface area of the
electrode (2.82 x 10” mz), Py the molar density (mol/ma), N, Avogadro’s number, g the
elementary charge (C) and n the number of electrons consumed per reaction(-).

Combining equation (4) and (5) and integration yields

Leorr = anktn_l(exp(_ktn)) (3.6)
With
a = dApyqn (3.7)

The total current can be expressed as the sum of the recombination current, /,ccoms.,, the
corrosion current, /.., and a linear equation (at + b) that is used the fit the sloping part of

the curve that is visible at the second half of the curve:
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I = ankt™ *(exp(—kt™)) + I, exp (— f) +at+b (3.8)

The fit parameters are a, n, kT, a, and b.

The equation was used to fit the experimental data given in Figure 3-4, which shows the
photocurrent transient of a CdS sample coated with 200 cycles ALD in 0.1 M KOH. Figure

3-7 shows the best possible fit to the data.
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Figure 3-7: Photocurrent transient after turning on the light at t=0 (grey triangles) and a fit of the data with
the equation (8) (black line).

The fit results in a value of 3.6 x10° s™ for k and, more importantly, an exponent n equal
to 2.5. Assuming that no additional pinholes or other corrosion nuclei are formed during
the corrosion process (which means that all nuclei are imperfections in the TiO, coating
and that no other nuclei are formed), the part of the exponent that is related to the
nucleation rate can be assumed to be 0. The corrosion is then partly plate-like (2-
dimensional) and partly in three dimensions, which means that the layer dissolves in the

lateral direction starting from the initially present pinholes.

The value for a is equal to 17.5 mC. From this, the film thickness d can be calculated with

Eqg. 5. With a CdS molar density of 33.4 kmol/m3, a surface area of 2.82 x 10° m” and the
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standard values of N, and g (6.02 x 10 mol™ and 1.6 x 10 C respectively), the
calculated value for the thickness d is equal to 96.6 nm, which indeed matches well with
the measured film thickness of approximately 100 nm. This confirms our initial
assumption that the photocurrent can be entirely attributed to photocorrosion, with

negligible contribution from water oxidation.

In contrast to what the model predicts, the photocurrent does not go entirely to zero
after the main current peak (t > 500 s), but instead shows a linear decrease. This suggests
that part of the photoactive layer remains on the FTO substrate and corrodes much
slower than the rest of the CdS layer. Alternatively, part of the linearly-decreasing

photocurrent may be due to water oxidation at the exposed FTO surface.

To investigate this, the composition of the surface of a corroded sample has been
analyzed with XPS and compared to that of the as-deposited samples (with 60 and 200
cycles ALD, Figure 3-8). The as-deposited samples reveal a small but clear Ti signal. In
contrast, no Ti signal can be observed for the fully etched sample (Fig. 6, bottom curve).
This confirms that the TiO, coating is completely removed during etching. Surprisingly,
however, the fully corroded sample shows no Sn signal that would indicate the presence
of the underlying FTO film. This indicates that at least a few nm of CdS remain on the
surface, and that little or no FTO is exposed to the electrolyte. The thin CdS layer
apparently is able to generate a persistent photocurrent after 500 s. This suggests that the
CdS layers initially grown on the FTO are more resilient to etching. The reason for this is

unknown and calls for further investigation.

Interestingly, the spectra of the as-deposited samples with both 60 and 200 ALD-TiO,
cycles still show strong Cd and S peaks. The penetration depth of XPS is typically < 5 nm,
which means that both Cd and S are present within the uppermost 5 nm of the sample.
Because the deposited film is much thicker than 5 nm (7 and 24 nm for 60 and 200 cycles
respectively) this means that either Cd has diffused through the TiO, during the thermal

anneal or that the TiO, coating is not homogeneous.
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Figure 3-8: XPS spectra of a fully corroded sample that was originally coated with 200 cycles ALD (1) and as-
deposited samples with 60 (2) and 200 (3) cycles ALD. The vertical lines indicate the most prominent element

peaks. The spectra are offset for clarity.

Extensive diffusion of Cd through TiO, is unlikely. No data on diffusion rate is available in
literature, but based on the much larger ionic radius of cd* compared to that of Ti* (95
vs. 61 pm, respectivelym), it is reasonable to assume that Cd diffusion through solid TiO,
is very slow. The fact that we nevertheless observe a Cd signal suggests that the TiO, layer
does not fully cover the CdS. The presence of uncovered CdS, possibly in the form of pin
holes, is indeed consistent with the photocorrosion that we observed and described

above.

The molar fractions calculated from the XPS data (given in Table 3-1) indicate that the
concentration of O atoms at the surface is more than 2 times higher than the
concentration of Ti, whereas the concentration of S is lower than that of Cd. This strongly
suggests that other components, such as CdSO,, CdS,0;, CdO or Cd(OH), are present at
the surface due to partial oxidation or hydroxylation of the CdS. Furthermore, the
broadness of the Cls peak, with contributions at above 287 eV, indicates that carbon

impurities are present in the form of carbonates.
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Table 3-1: The table gives the atomic composition of the samples. The numbers between brackets indicate

surface area of the corresponding peaks.

As-deposited As-deposited Corroded
60 c. ALD 200 c. ALD 200c. ALD
C 43.4 41.2 36.8
(35561) (401013) (7670)
Cd 20.7 15.5 16.9
(316291) (282556) (65913)
0 22.1 31.8 42.1
(44489) (76043) (21520)
S 11.8 6.7 4.2
(17316) (11669) (1556)
Ti 2.1 4.8 0.0
(11962) (32798) (0)
Sn 0.0 0.0 0.0

()

(0)

(0)

An alternative protection strategy is to use an electrolyte that reacts with the holes on a

time scale that is much faster than the CdS oxidation reaction. This would kinetically

stabilize the photoanode. Na,SO; was used as such a ‘hole scavenger’ because the

oxidation of sulfite to sulfate is a two-electron redox reaction which is known to be much

faster than the four-electron water oxidation reaction. *

34

The effect of using Na,SO; electrolyte rather than KOH becomes clear when comparing

the IV curves in Figure 3-9 with the IV curves of a sample in KOH given in Figure 3-3. The

sample in KOH shows instability of the photocurrent upon cycling, whereas the sample in

Na,SO; shows little or no decay after cycling.
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Figure 3-9: IV curves of uncoated CdS in Na,SO; in dark conditions and under solar radiation, measured at scan

rates of 100 mV/s.

Even though the Na,SO; stabilizes the sample during the IV measurements, long term
experiments (>40 minutes) show that even with a hole-scavenger present the
photocurrent decreases over time. This is clearly visible in Figure 3-10, where the current
under chopped illumination over time is given of a CdS sample in Na,SO; electrolyte (The

insert shows the photocurrent over a 1 minute time span).
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Figure 3-10: Current in time for an uncoated CdS sample in Na,SO; electrolyte at 0.5 V vs. Ag/AgCl.
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Assuming that the absorption of incident light by the CdS is linearly dependent on the
layer thickness, the corrosion rate can be estimated from the time-dependent decrease of
photocurrent and the dependence of the photocurrent on the amount of absorbed light.
The decay in photocurrent is approximately 0.12 (uA/cmz)/s. Assuming that an initial film
thickness of ~100 nm gives a photocurrent of 3.2 mA/cm’ (Figure 3-9), the decay in
photocurrent corresponds to a dissolution rate of approximately 12.5 pmol/cmz/s, or4
pm/s. The sulfite oxidation rate at t = 0, assuming that all photocurrent is used for sulfite
oxidation, is 36 nmol/cmz/s. Two assumptions have to be made for the estimated rates to
be valid: a) the change in Na,SO; concentration at the sample surface is negligible and b)
the efficiency of light absorption, charge separation, and charge transfer to the electrolyte
remains constant. The reduction of sulfite concentration, calculated by integrating the
photocurrent over time and subtracting this from the initial concentration is <1%, which is
indeed negligible. As the anode material does not change but merely dissolves slowly over
time, the second assumption is also likely to hold. Hence, we conclude that the sulfite
oxidation rate is ~3 orders of magnitude faster than the photocorrosion rate. This is

clearly insufficient to guarantee long-term stability of the CdS photoanode.

3.4 Conclusions

Although films deposited with ALD are supposed to be highly conformal, we find that thin
ALD-TiO, films are not able to protect CdS films against photocorrosion in aqueous KOH
solutions. The corrosion starts from pinholes in the TiO, protection layer where the CdS is
in direct contact with the electrolyte. The observed photocurrents are mainly due to
corrosion, as opposed to water oxidation. The photocurrent shows a well-defined and
reproducible oscillation peak that can be fitted with an Avrami-type model that suggests a

partly lateral (2-D), partly 3-D photocorrosion mechanism of the CdS film.

XPS analysis of the samples confirms that the samples are indeed not completely coated
with TiO,, and that a mixture of CdS and partially oxidized or hydroxylated phases (e.g.

Cd(OH),) are present at the surface. The XPS analysis also revealed that a thin layer of CdS
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remains present at the surface, even after prolonged exposure to light. The reason for the

high photochemical stability of the bottom part of the CdS layer is not fully understood.

Using Na,SO; as a hole scavenger greatly improves the stability of the CdS films. It does
not, however, completely solve the photocorrosion problems of CdS. In the end, having a
protective layer that a) can conduct holes, b) is stable in aqueous solutions, and c) is

completely free of pinholes will provide a more lasting protection.
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4 FLUIDIZED-BED ATOMIC LAYER DEPOSITION REACTOR
FOR THE SYNTHESIS OF CORE-SHELL NANOPARTICLES*

The design of a fluidized bed atomic layer deposition reactor is described in detail. The
reactor consists of three parts that have all been placed in one protective cabinet:
precursor dosing, reactor and residual gas treatment section. In the precursor dosing
section, the chemicals needed for the ALD reaction are injected into the carrier gas using
different methods for different precursors. The reactor section is designed in such a way
that a homogeneous fluidized bed can be obtained with a constant, actively controlled,
reactor pressure. Furthermore, no filters are required inside the reactor chamber,
minimizing the risk of pressure increase due to fouling. The residual gas treatment section
consists of a decomposition furnace to remove residual precursor and a particle filter and
is installed to protect the pump. In order to demonstrate the performance of the reactor,
SiO, particles have been coated with TiO, using TDMAT and H,0 as precursors.
Experiments with varying pulse times show that saturated growth can be obtained with
TDMAT pulse times larger than 600 s. Analysis of the powder with HAADF-STEM and EDX
confirmed that after 50 cycles, all SiO, particles were coated with a 1.6 nm homogenous

shell of TiO,.

" This chapter has been published as: Arjen P. Didden, Joost Middelkoop, Diana E. Nanu,
Wim F.A. Besling, and Roel van de Krol: Fluidized-Bed Atomic Layer Deposition Reactor for
the Synthesis of Core-Shell Nanoparticles, Review of Scientific Instruments 85 (2014)
013905
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4.1 Introduction

In this chapter the design of the Fluidized Bed Atomic Layer Deposition reactor (FB-ALD
reactor) is described in detail. In a FB-ALD reactor, first developed by Wank et aI.,30
nanoparticles are coated in a fluidized bed reactor with the thickness control of Atomic
Layer Deposition (ALD). Because ALD can be used for the deposition of a wide range of
materials, various types of nanoparticles have been coated with a range of oxide and

ey s . 30, 135-143
nitride coatings.

One of the limitations of previously reported FB-ALD designs is the use of a metal tube as
the reactor vessel. Visual inspection of the reactor bed, which provides valuable
information on the behavior of the particles (e.g. to see the occurrence of bubbling or
slugging in the fluidized bed), is not possible with these designs. Furthermore, the
placement of particle filters inside the reactor itself makes them susceptible to fouling,
which can lead to increased reactor pressure and, hence, a reduced superficial gas

velocity that can cause a collapse of the fluidized bed.

In this chapter, we describe a reactor design that solves the aforementioned issues. The
reactor section consists of a glass tube that is heated with lamp heating (as was also used
by Beetstra et al."*") or, if needed, with heating tape, providing the possibility of visual
inspection as well as more flexibility in reactor chamber design. The reactor chamber
design also includes an expansion section that is used to reduce loss of particles due to
entrainment without having to use filters. To reduce particle losses even more, the
reactor chamber is evacuated via a soft-start valve. The reactor also has an active
pressure control loop that makes sure the pressure in the reactor is constant throughout
the process and enables a more stable fluidization and deposition process. The gas supply
system, vacuum pumps, exhaust treatment and the reactor itself are all integrated in a
closed cabinet that isolates the reactor from its environment, making it suitable to be

placed safely in any laboratory.
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The capabilities of the reactor are demonstrated by coating SiO, nanopowder with thin
TiO, layers. This has been achieved with a low-temperature ALD process using tetrakis-

1% \which is a new deposition chemistry for FB-

titanium (TDMAT) and H,0 as precursors,
ALD. The self-limiting nature of the film growth has been verified using chemical analysis
of the powder. The core-shell structure of the particles as well as the growth per ALD

cycle has been recorded using Transmission Electron Microscopy (TEM).

4.2  Apparatus description

The FB-ALD process can be divided into three different sections. In the first part, the
carrier gas is mixed with the ALD precursors. The second part is the reactor in which the
actual coating process takes place. The third part is the downstream section in which the
leftover chemicals are thermally decomposed and entrained particles are removed from
the stream. The process flow diagram of the FB-ALD, depicting the three sections of the
process, is given in Figure 4-1. All three process sections as well as the process control and

safety aspects will be described separately.

Reactor I Residual gas
treatment

Gas-dosing

Soft-start valve

[ 1
I

MFC 1: 0-4 sccm Ar

I
|
|
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—{ |
|
I
I
|
|
I

Main valve

|MFC 2: 0-600 sccm Ar

Ar —— MFC 3:0-4 sccm Ar

Lamp heating
Lamp heating

TDMAT

MFC 4: 0-4 sccm Ar
Needle valve

NH; ] H:0

MFC 5: 0-3 sccm NH3

Figure 4-1: Process flow diagram of the fluidized-bed ALD reactor.
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4.2.1 Precursor dosing

The precursor dosing section is made of 1/8” stainless steel tubes that follow the process
flow diagram presented in Figure 1. In order to prevent precursor condensation, all tubes
are heated to 90 2C by trace heating. All automatic valves are Swagelok high temperature
ALD valves. Three MFCs (Brooks SLA 5850S mass flow controller) with a range of 0-4 sccm
(standard cubic centimeter per minute, 7.45 x 10”7 mol/s) supply the Ar (argon 5.0, Linde
gas) that is used as fluidization gas, carrier gas, and purge gas. Typical linear gas flow
velocities needed to fluidize nanoparticle agglomerates at low pressures are 0.2 — 8

73,148,147 \yhich corresponds to 0.1- 2 sccm for an operating pressure of 1 mbar and a

cm/s,
reactor diameter of 2 cm. A MFC with a larger flow rate (600 sccm) is installed to allow

removal of the nanoparticles from the reactor by purging with inert gas.

The ALD precursor vapors are added to the Ar flow using three different methods. For
liquid precursors with a low vapor pressure (such as TDMAT, which has a vapor pressure
of 3.4 mbar at 75 2C), argon is bubbled through the liquid phase to become saturated with
precursor. For more volatile liquids, (such as water, with a vapor pressure of 30 mbar at
25 9C), the vapor pressure is sufficiently high to extract the vapor from the liquid
container without inert gas bubbling. Gaseous precursors (e.g. ammonia) are

administered via a separate MFC with special NH3;-compatible seals.

To maintain a stable fluidized bed, the gas flow should remain within a certain range. Too
low gas flows make the bed collapse; too high flows cause entrainment of the particles
and subsequent loss of particles via the exhaust. During the precursor pulse, the MFCs
are kept at their steady setpoint. This means that the total gas flow that goes through the
reactor increases during the pulses. For precursors with a low vapor pressure (TDMAT),
the increase in flow is too small to have any effect on the bed. For precursors with a high
vapor pressure (H,0), the vapor flow easily becomes too high to maintain a fluidized bed
and particles will be entrained. To quench the flow and thus minimize particle loss from
the reactor, a needle valve has been installed at the exit of the water precursor vessel (cf.

Figure 4-1).
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4.2.2 Reactor

The core of the reactor system is a 30 cm long glass tube with an inner diameter of 2 cm
and a wall thickness of 2 mm. To prevent the particles from getting entrained by the gas
flow, the upper part of the tube expands to a diameter of 10 cm (Figure 4-2). The
expansion has an angle of 252 with respect to the axis of the tube. The gas velocity
decreases 25 times in this part of the reactor, which is an efficient method to prevent
most of the particles and particle agglomerates from being carried away to the exhaust.

The total length of the reactor tube is approximately 50 cm.

Because nanoparticles usually show strong adhesive Van der Waals forces, they are often
difficult to fluidize. These forces can be overcome by vibration of the particle bed, which

. . g . . 69, 146, 148-150
strongly improves the fluidization behavior.

A pneumatic piston vibrator (L6Pre
Vibrator Type VP 2) is installed to agitate the entire reactor system. The frequency of
vibration is 90 Hz, and the total vibration force that can be generated is 150 N. The benefit
of using this pneumatic, linear vibrator is that is more compact than the vibrating table
used in previous works making it easier to build it into the reactor cabinet. To isolate the
vibrating part from the rest of the setup, the reactor is mounted in a pivoting rack that
rests on two rubber feet Figure 4-2, part 9). Flexible, stainless steel bellows tubes are used

to connect the reactor to the gas dosing system, pressure gauges, and the residual gas

treatment section.

In order to obtain a homogeneous fluidized bed, the fluidization gas needs to be
distributed homogeneously. To achieve this, the gas stream is injected into a small
chamber, a so-called “wind box”, via a nozzle with six radial distributed holes. By
distributing the gas in a radial direction, a homogenous upward gas flow is obtained. The
gas then travels through the distribution plate. This sintered metal plate (Bekaert Bekipor
ST type 5 AL3 S), is placed in the reactor to prevent the particles from falling into the
windbox and to further homogenize the gas flow. This is essential in order to obtain high-

quality homogeneous coatings. An O-ring made from nitrile butadiene rubber (NBR) is
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used to ensure a gas-tight seal between the distribution plate and the reactor tube. An

exploded view of the distribution plate assembly is shown in Figure 4-2.

Figure 4-2: Assembly drawing the reactor section and an exploded three quarter section view of the windbox
assembly with the vibrator (1), the gas inlet (2), the pressure gauge connection (3), the windbox (4), the
reactor tube (5), the gas exit (6), pressure gauge connection (7), soft start gas exit (8), support with rubber feet
(9), pivoting rack (10), wall mounting of pivoting rack (11), gas injection nozzle with 6 holes (12), O-ring seal

(13), distributer plate (14), washer ring (15), and KF25 seal (16).
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The reactor is operated at absolute pressures between 0.5 and 1 mbar. The low pressure
is obtained by a lubricant- and particulate-free dry roughing pump (ADIXEN ACP 15G) with
a variable rotation speed that can be used to obtain pressures ranging from several
millibars down to 10 mbar. The reactor and vacuum pump are connected via a 1”
stainless steel flexible bellows tube with KF25 flanges and a KF25 gate valve. The gate
valve is bypassed with a small all-metal manual valve connected via 1/8” stainless steel
tubing. This bypass is used to soft-start the initial evacuation of the system in order to

prevent the particles from being blown out of the reactor.

The reactor section can be heated by trace heating or by four halogen heater lamps
(Phillips halogen lamps, 30 cm long, 1000 W each). The lamps are vertically suspended in
such a way that the reactor tube remains visible from the outside, thus allowing for visual

inspection or in-situ measurements.
4.2.3 Residual gas treatment

The gas coming out of the reactor can contain relatively large quantities of particles and
corrosive chemicals. To avoid pollution and damage to the vacuum pump, the gas needs
to be cleaned first. Towards this end, the gas is led through a tube furnace operated at a
temperature well above the decomposition temperature of the precursor (200 C in the

case of TDMAT*® *% 152)

. After the gas has gone through the furnace, the particles are
removed by a custom-made filter that has been specifically designed to have both a small
pressure drop and good filtration efficiency. We found that without such a filter the
lifetime of the pump was limited to a few months instead of years. The filter, shown in
Figure 4-3, consists of a cylindrical vessel with a diameter of 30 cm and a height of 50 cm.
The gas is fed tangentially into the bottom of the vessel. Because of the large diameter,
the gas velocity is more than 200 times lower than in the reactor. A substantial fraction of
the particle agglomerates that were entrained in the gas flow at the exit of the reactor will
settle at the bottom of the vessel. Any remaining (smaller) agglomerates are captured by

the filter cartridge, which is filled with steel wool and placed at the exit at the top of the

vessel.
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Figure 4-3: Three quarter section view of the particle filter, with gas inlet (1), settling zone (2), filter material,

e.g. steel wool (3), sieve plates (4), filter cartridge (5) and gas outlet (6).

4.2.4 Process control

The pressure in the reactor is coarsely regulated by the pump’s rotational speed. However,
because the pump speed can only be controlled in discrete steps, and the pressure
obtained in the reactor also depends on parameters such as temperature and gas flow,
further control of pressure is needed. This is done by first setting the rotation speed of the
pump to obtain a pressure that is slightly below the desired pressure. The pressure is then
regulated to the desired value by admitting N, gas into the gas purge of the pump via a
PID-controlled MFC (Bronkhorst). A higher purge gas flow results in a higher pressure. The
pressure at the top-end of the reactor (P1 in Figure 1) is used as the process value since it
is less sensitive to gas flow variations during the precursor pulses than the pressure below

the distribution plate (P2). A scheme of the process control loop is given in Figure 4-4.

The heating of the reactor tubes, precursor vessels and reactor itself is controlled by a
Eurotherm Mini-8 system. To prevent condensation, the tubing is always kept at a

temperature that is at least 10 °C higher than the bubbler temperature.
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Figure 4-4: Pressure control scheme. Solid lines are gas flows, dashed lines are (electrical) control signals.

4.2.,5 Safety

Processing nanoparticles and highly reactive precursors in a glass reactor tube does pose
certain safety issues. To minimize the risks and consequences of failure, several safety
precautions have been taken. The complete system has been built in a closed cabinet,
with separate compartments for the three reactor sections depicted in Figure 1. A fourth
(separate) compartment houses all the electronics. The reactor and residual gas
treatment compartments both have openings at the top above which fume extraction
arms are positioned. This greatly reduces the chances of particles becoming airborne and
released into the lab should the glass reactor tube fail. Another advantage of the
enclosures is that they greatly reduce the noise levels due to the vacuum pump and the

pneumatic vibrator.

One possible failure mechanism is the clogging of the distribution plate or the particle
filter by nanoparticles or condensed precursor liquid. This can lead to pressure build-up
and eventually reactor failure. Since clogging by nanoparticles is difficult to prevent
entirely, the software automatically shuts down the complete reactor system if the

pressure exceeds a predetermined set-point.

To minimize the chance of leakage, Swagelok VCR connections have been used for all gas
connections between the precursor bubblers and the reactor. Amine-resistant Buna-N O-

ring seals have been used for the reactor and the gas treatment sections. Two exceptions
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are the O-ring seals of the decomposition furnace. At these positions, Kalrez O-rings have

been used since they have the required temperature tolerance.
4.2.6  Precursor selection

The selection of appropriate precursors for the FB-ALD is based on different criteria than
conventional ALD. The reasons for this are found in the large surface area of the powder
and the relatively high reactor pressure required for the fluidization of particles. Because
the surface area of nanopowders can be in the order hundreds of square meters, the
amount of precursor that is needed for monolayer coverage is relatively large compared
to conventional ALD process. This imposes more strict requirements on the amount of
precursor that can be introduced in the reactor, and requires careful consideration of the

much larger amounts of undesired by-products that may be formed.

The TDMAT process was chosen for this work instead of the more commonly used TiCl,-
and TTIP-processes. In the TiCls-process, corrosive HCl is formed as a by-product and,
because of the large amounts produced in the FB-ALD reactor, this precursor could not be
used. The decision between TDMAT and TTIP was based on the vapor pressure of the two
precursors. TTIP has a much lower vapor pressure and, hence, evaporation rate than
TDMAT (in the maximum allowable temperature window of the precursor dosing system).

A lower evaporation rate causes a longer required pulse time.

4.3  Experimental Verification

To demonstrate the performance of the FB-ALD reactor, SiO, nanoparticles were coated
with thin TiO, shells using tetrakis-dimethylamino titanium (TDMAT, SAFC Hightech®,
electronic grade) and H,O (ultrapure, Milli-Q). The SiO, nanoparticles (Aerosil 90, ~90
mz/g, Evonik) were first sieved through a 500 pum mesh to remove the largest
agglomerates. Approximately 0.5 gram of the sieved powder was fed into the reactor.
Before deposition, the particles were dried under vacuum (1 mbar, 100 °C) under a small

Ar gas flow (0.2 sccm) for at least 6 hours.
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After drying, the particles were brought into the fluidized state by increasing the flow of
Ar. The minimum fluidization velocity, at a pressure of 1 mbar and with the aid of
vibration, is approximately 1.5 sccm (determined from Figure 4-5). This corresponds to an

average gas velocity of 8 cm/s in the reactor.
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Figure 4-5 Pressure drop as a function of the Ar flow. The crossing point of the lines indicates the minimum

fluidization velocity

The total surface area of the nanopowder (~50 m? for 0.5 g) is 2 — 3 orders of magnitude
larger than the typical surface areas that need to be covered in conventional ALD reactors
(e.g.~0.07 m?’ for a 300 mm Si wafer). Assuming a surface coverage of ~2 x 10" molecules
of TDMAT per m’ (based on a kinetic molecule diameter of 7 ,&),49 approximately 0.15
mmol of TDMAT is needed per ALD cycle. This large amount of precursor already suggests
that long pulse times are required to coat nanopowders. To estimate the required pulse
times, the flow of TDMAT needs to be known. The amount of vapor that is extracted from
a bubble vessel can be estimated by assuming the bubbles are fully saturated with the

153
precursor vapor:

_ Pvap
E =F —— 4.1
p €9 Ptotal ( )

Here, F, is the flow of precursor (mol/s), F, is the flow of carrier gas (mol/s), and piora the
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total pressure in the bubbler (mbar). The vapour pressure p,,, (mbar) of TDMAT can be

estimated with the expression154

2850 )

Pyap = 1.33 X 10(8_—T+273 (4.2)

where T is the bubbler temperature (75 2C).

The total pressure in the bubbler strongly depends on the Ar flow passing through. The
dependence of the bubbler pressure on the flow has been measured using a pressure
gauge mounted at the exit of the bubbler. The results are shown in Figure 4-6. The
relation between the flow and the pressure drop can be fitted with a second order
polynomial, consistent with the Hagen-Poiseuille equation for compressible flow through

a tube.®®

4 L O Fowatp_, =0.05mbar
O Flowatp,_, =4 mbar
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Figure 4-6: Relation between pressure and gas flow at bubbler exit, for two different reactor pressures. The

lines are second order polynomial fits.

It should be noted that the pressure at the bubbler exit is only weakly dependent on the
pressure in the reactor. This is caused by the inlet assembly and by the relatively long
length of narrow tubing between the bubbler exit and the reactor, which both lead to

significant pressure drops.
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When p,,, is calculated from eq. 4.2 and assuming that p in €q. 4.1 is equal to the
bubbler pressure, the flow of TDMAT can be estimated by iteration of eq. 4.1 and the
polynomials obtained from fitting the data in Figure 4-6. With a bubbler temperature of
75 °C and a carrier gas flow of 0.5 sccm, the TDMAT flow is 0.34 sccm which is equal to
0.25 umol/s. This means that a minimum time of 600 s is needed to coat 0.5 g of powder
with a TDMAT monolayer.

30, 142, 143, 155, 156
but

The pulse time is much longer than experiments reported in literature,
can be decreased by increasing the precursor flow rate. This can be achieved by either
increasing the precursor vapor pressure by increasing the bubbler temperature, or by
reducing the total pressure in the bubbler by reducing the pressure drop over the tubes.
The first solution is limited by the maximum temperature achievable in the reactor
hardware and seals (100 °C). The second solution can be achieved by replacing the 1/8”
tubes in the reactor section by 1/4". This will reduce the gas velocity in the tube by a
factor of 4, resulting in a large decrease in pressure drop. Doing this will, however,

increase the precursor residence time and the chances of undesired reactions in the tubes.

We did not investigate the effects of these alterations.

A key requirement for true ALD growth is that the TDMAT adsorbs on the surface in a self-
limiting fashion. If this is the case, the growth rate of the TiO, film per cycle saturates at
high TDMAT doses. To investigate the saturation, a series of experiments were performed
using the ALD scheme depicted in Figure 4-7. The TDMAT pulse time varied between 200
and 1000 s, while keeping the number of ALD cycles constant at 50. The reactor
temperature was kept at 100 °C by tape heating and the air pressure on the vibrator was
6 bar. The total Ar flow during purges was 1.7 sccm, which was delivered through three
lines in the following way: 0.2 sccm through MFC 1, 0.5 sccm through MFC 3 and 1.0 sccm
through MFC 4 (cf. Figure 1). The flow of precursor then is added to this amount. The H,0
cycle time and flow rate are chosen to ensure full surface coverage. After each run, the

particles were removed from the reactor and analyzed.
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Figure 4-7: Pulse scheme of the ALD process.

Instead of measuring the layer thickness, which is common practice in ALD research on Si
wafers but not trivial for powders, the total mass fraction of TiO, was measured. This is
achieved by dissolving the TiO, shell in hot sulfuric acid and measuring the Ti
concentration with a UV-vis spectrometer, with the method described by Diebold et al.™’
The concentrations were measured in 1 cm Perspex cuvettes with an Ocean Optics Maya

Pro photospectrometer using a halogen light source.

The results are shown in Figure 4-8, in which the mass fraction of TiO, is plotted against
the precursor dose. Instead of using the unit of Langmuir for the exposure, as is
commonly done in the literature, the horizontal axis shows the experimentally more
relevant metric of moles of TDMAT per moles needed for monolayer coverage. The latter
value is estimated by multiplying the mass of the powder with the specific surface area
and the estimated amount of TDMAT molecules per m? for a monolayer (2 x 10" m?).
Figure 4-8 reveals that the growth saturates at doses higher than ~1 mol TDMAT/mol
surface sites/cycle, as one would indeed expect. Under saturated growth conditions, the

powder contains approximately 20 wt% of TiO, after deposition.
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Figure 4-8: Saturation curve of TDMAT

The thickness and homogeneity for TiO, shells grown under saturated growth conditions
are investigated with TEM (HAADF-STEM, TECNAI F30ST). Figure 4-9 shows images of
uncoated particles and particles coated using 50 and 100 ALD cycles. The coated particles
show a distinct white outer shell that is not present on the uncoated particles and hence
must be the TiO, coating. Analysis of TEM images of other particles confirmed that the

TiO, layer is present on all particles, irrespective of their size and shape.

Energy Dispersive X-ray spectroscopy (EDX) of large particle agglomerates indicate that
the particles do not contain Ti before deposition, but that there is Ti present after 50 and
100 cycles of ALD. To confirm the composition of the shell, EDX line scans were preformed
across the edge of several particles. Typical example of line scans are given in Figure 4-9 (e)
and (f) for 50 and 100 cycles respectively. The EDX spectra of the particles contain signals
of oxygen, silicon, and titanium. At the point where the arrow crosses the white edge of
the particle, clear peaks in the Ti signal and steep decreases in Si signal are observed. This
indicates that the edges of the particle contain Ti, but do not contain Si. From this we

conclude that SiO,-TiO, core-shell particles have been synthesized.
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Figure 4-9: TEM images of the particles before (a) and after 50 (b and c), and 100 cycles (d) of ALD. The results
of the EDX line scans along the arrows in figures (c) and (d) are shown in figures (e) and (f) respectively.

Images were made using a high angle annular dark field (HAADF) detector.
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The thickness of the shell, determined at 11 points on 9 particles by measuring the
HAADF-STEM signal intensity across the edge of the particle, is 1.6 = 0.2 nm for particles
treated with 50 cycles ALD. This corresponds to a growth rate of 0.32 A/cycle. This value is

39, 40, 44
The exact

lower than the values between 0.6 and 0.8 A/cycle reported in literature.
reason is not known, but can possibly be attributed to an incubation of growth. The
nature of the surface can inhibit the growth initiation, causing the layer to be thinner than

49, 158
expected.

At first sight, a film thickness of 1.6 nm does not seem enough to make up 20 wt% of TiO,
in the particle batch. This is true if only the bigger particles are considered. However, the
particle size distribution is quite broad. For example, a SiO, particle with a diameter of 25
nm and a TiO, coating layer of 1.6 nm contains approximately 40 wt% of TiO, whereas a
80 nm particle with an 1.6 nm shell has less than 20 wt% TiO,. The exact particle size
distribution could not be determined due to heavy agglomeration of the particles.
However, the TEM images suggest that there are a significant number of particles with a
diameter larger than the average value of 25 nm for a 90 mz/g powder. Based on this, the

20 wt% of TiO, is not inconsistent with the 1.6 nm shell thickness.

To determine the growth rate per cycle, the powder was coated with 100 ALD cycles. The
mass percentage of TiO, increased to 48 % and the TEM image in Figure 4-9 (e) shows that
the shells on the particles indeed are thicker. The shell thickness varied between 1.2 and
3.3 nm, the higher value being in good agreement with the growth rate of 0.32 A/cycle

measured after 50 ALD cycles.

The spread in shell thickness is considerably larger for 100 cycles than for 50 cycles. The
origin of this large spread is unknown but is probably caused by inhomogeneous
fluidization. Due to deposition of large quantities of TiO, on the SiO, nanoparticles the
particle agglomerate density and total powder mass increase. This can have an effect on
the fluidization of the particles. Gradually increasing the gas flow during the deposition
process will most likely improve fluidization and, hence, homogeneity. We did, however,

not investigate this any further.
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X-ray diffraction (Bruker D8 Advance) showed that the SiO, particles and the as-deposited
TiO, coatings were amorphous. Upon annealing at 450 °C for 6 hours in air, the TiO,

coatings transform into the anatase phase.

4.4 Conclusion

In this paper we have described the design and operation of a complete, stand-alone
fluidized bed atomic layer deposition reactor. The active pressure control helps to
stabilize the bed, which can be visually inspected by using a glass reactor vessel. The use
of a particle filter inside the reactor was avoided by expansion of the reactor diameter at
the top, which decreases the risk of clogging and pressure build-up. All parts of the
apparatus have been designed in such a way that the reactor fits into a closed cabinet.
The cabinet layout protects the environment and user in case of failure. We have also
shown that SiO,-TiO, core-shell nanoparticles can be synthesized with our FB-ALD reactor.
TEM images show that the particles have homogenous shells with a controllable TiO,
mass fraction and, therefore, shell thickness. The thickness after 50 cycles is 1.6 nm and
the mass fraction TiO, at saturation is approximately 20 wt%. Saturated growth conditions
are achieved with TDMAT pulses that are longer than 600 s and H,0 pulses of 60 s. The
deposition process can be adapted to deposit other materials, following the example of
TiO, deposition given here. Key operating conditions determining the cycle time are gas

flow, reactor pressure, and precursor vapor pressure.
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5 DEPOSITION OF CONDUCTIVE TIN SHELLS ON S10,
NANOPARTICLES WITH A FLUIDIZED BED ALD REACTOR*

Conductive TiN shells have been deposited on SiO, nanoparticles (10-20 nm primary
particle size) with fluidized bed atomic layer deposition using TDMAT and NH; as
precursors. Analysis of the powders confirms that shell growth saturates at approximately
0.4 nm/ cycle at TDMAT doses of >1.2 mmol/g of powder. TEM and XPS analysis showed
that all particles were coated with homogeneous shells containing titanium. Due to the
large specific surface area of the nanoparticles, the TiN shells rapidly oxidize upon
exposure to air. Electrical measurements show that the partially-oxidized shells are
conducting, with apparent resistivity of approximately ~11 kQ cm. The resistivity of the
powders is strongly influenced by the NH; dose, with a smaller dose giving an orders-of-

magnitude higher resistivity.

" This chapter has been accepted for publication in the Journal of Nanoparticle Research
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5.1 Introduction

Nanoparticles and nanoparticle assemblies are the cornerstones of current material
science and engineering. The nanometer size and structure provide properties and
functionalities that make the particles interesting for a wide variety of potential
applications such as microelectronics, solar energy conversion, sensors, catalysis, and
batteries. Much research is being done on the synthesis of core-shell materials, in which
the core and the shell are made of different materials and have different functionalities.

. . 9,23-25
For example, the shells can be used for corrosion protection

or improved catalytic
28, 29 . . 24
performance, whereas the bulk can be used as optical absorption center,

. . . 159 . .
intercalation material for charge storage, "~ or inert support material.

When used in microelectronic devices, a low-resistivity of the nanoparticle assemblies and
the ability to fabricate good electrical contacts to the nanoparticles are crucial for proper
functioning. This can be very challenging to achieve. One solution is to coat the
nanoparticles with a thin, electrically conducting layer using fluidized bed atomic layer
deposition (FB-ALD). This technique, developed by Weimer et al. % combines the wide
range of materials that can be deposited with ALD with the ability to coat large amounts
of nanoparticles without having the diffusional limitations of ALD coatings in fixed beds,'®

and the scalability provided by fluidized bed reactors 161

ALD offers the possibility to grow
ultra-thin coatings of a wide variety of materials in a controlled, atomic layer-by-atomic
layer fashion. Earlier research by Hakim et al. shows that with this technique, through the
process of dynamic aggregation of nanoparticle agglomerates, it is possible to coat

C g . . . 69, 162, 163
individual nanoparticles with homogeneous layers.

In this paper, we report on the ALD of conductive TiN shells on non-conducting SiO,
nanoparticles with a fluidized bed reactor. TiN is a low-cost material that is e.g. used as
diffusion barrier for Cu or Al in silicon-based microelectronics and can be deposited at the
relatively low temperatures required for nanoparticle processing by metal-organic ALD.

164

Due to its conductivity, TiN also shows enhanced surface plasmon effects = that can be

useful in applications such as sensors and photocatalysis. 16> Furthermore, TiN coatings,
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deposited with conventional ALD have been reported to improve the performance of

batteries made with lithium titanate spinel nanoparticles.166

We have deposited the material with a low temperature process using tetrakis
(dimethylamino-) titanium (TDMAT) and NH; as precursors. This chemistry was chosen
over the more common TiCl, deposition process because of the large amounts of by-
products that are formed due to the large specific surface area of the powder. When TiCl,
is used, large amounts of highly corrosive HCI are formed that can damage downstream
equipment. Furthermore, the use of TDMAT also avoids contamination of the powder
with NH,4CI, which is known to form in TiCl,-based processes. > Thermal ALD was used
rather than plasma-enhanced ALD, even though PE-ALD should give superior coating
quality on nanoparticles,167 because it allows for a less complicated reactor design that is

more easily scaled up.

We will show that the chosen chemistry and reactor design results in self-limiting growth
of the TiN shells. Although the TiN layers almost completely oxidize after prolonged
exposure to air, we find that the SiO,-TiN particle network is electrically conducting. These
results represent a step forward in highly controlled gas-phase deposition of electrically

conducting shells on powder-based nanoparticles.

5.2  Experimental

TiN coatings were deposited on SiO, nanoparticles with a specific surface area of 90 mz/g
and an average diameter of ~25 nm (Aerosil 90, Evonik) using the fluidized bed ALD
reactor described in chapter Error! Reference source not found.. Before deposition, the
minimum fluidization velocity was determined by measuring the pressure drop at
different Ar flow rates. TDMAT (SAFC hitech, electronic grade) and dried, gaseous NH;
(Linde gas, grade 3.8) were used as precursors. NH; is dried by leading it through a CaO
absorption bed to prevent oxidation of the TiN films by water present in the gas. TDMAT
was admitted to the reactor by bubbling 1 sccm (standard cubic centimeter per minute) of

Ar through the bubbler. The bubbler temperature was 80 2C to ensure sufficient vapor
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pressure, and the precursor supply lines were kept at 90 2C to prevent condensation. A
constant additional flow of Ar (1.5 sccm) was fed into the reactor to assist in the
fluidization of the particles. The ammonia was delivered by a mass flow controller with a
flow range of 0-3 sccm that was equipped with NH;-resistant Buna-N seals. The reactor
was operated at 150 2C and 0.5 mbar. The temperature was selected in such a way that,

> 576584 hish growth rates could be

according to literature on TDMAT-NH; processes,
obtained without running the risk of TDMAT decomposition in the gas phase and

concomitant unsaturated film growth.

The ALD reaction scheme of the TDMAT pulse = purge = NHj pulse = Purge cycles is
given in Table 5-1. The number of cycles determines the layer thickness. After the last
cycle (ending with a NH; pulse), a prolonged purge step was used to ensure that the
reactor was completely free of TDMAT and NH; before being opened to recover the

particles.

Table 5-1: Process scheme of FB-ALD reaction.

Reaction step TDMAT pulse Purge NH; pulse Purge
Time 600-1800 s 300s 300s 300s
Ar Flow 2.5 sccm 2.5 sccm 2.5 scem 2.5 sccm
TDMAT flow ~0.45 sccm’ 0 0 0
NH; flow 0 sccm 0 sccm 1-3sccm 0 sccm

“estimated value, calculated by the method described in section4.3

The Ti content of the powder was determined by first completely oxidizing the TiN to TiO,
by annealing it at 250 °C in air for 6 hours, and then dissolving the TiO, in hot sulfuric acid
before measuring the concentration of dissolved Ti with the UV/Vis method described in
section 4.3. The core-shell structure was investigated in a transmission electron
microscope (TEM, Zeiss Libra 200FE) equipped with an Omega-type energy filter. Zero-loss
filtered images as well as elemental maps were acquired 108 using the Ti-L,3, N-K and O-K

edge respectively.

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Specs

XR50 X-ray source (Mg Ka radiation) and a Phoibos 100 analyzer.
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The conductivity of the powder was assessed by pressing a small amount of powder
between two plates of conductive glass (F-doped SnO,, TEC-15, 15 Ohm/square, Hartford
Glass Co.) after which the resistance was measured with a digital multimeter (Keithley
2001). The electrode area was 45 mm’ and the distance between the plates 50 pum.
Control experiments were done with uncoated Aerosil 90, pure TiN powder (Sigma Aldrich,

<3 um particle size) and pure TiO, (Aeroxide P25, Evonik).

53 Results and Discussion
5.3.1 Oxidation of TiN Shell

After the deposition process the powders have a very dark green-brown color that is
similar to that of fine TiN powder. When opening the reactor after the deposition, the
powder rapidly changed to a light brown color upon contact with air. As thin porous TiN
films are known to oxidize at the grain boundaries when brought into contact with air, >”
64, 169

this is most likely due to oxidation of the TiN to TiOyN,. The latter phase indeed has a

light-brown to yellow color.

The fast oxidation of ALD-TIN in air means that special care has to be taken when
removing the TiN-coated SiO, particles from the reactor. During the first test-experiments,
the nanoparticles burn red-hot when opening the reactor too quickly. The result was a
sintered piece of nanoparticle material. The temperature increase is attributed to the
large amount of heat produced during the oxidation reaction: TiN + O, = TiO, +% N, (AG°
=-581 kJ/mol, AH = -607 kJ/mol). To illustrate how oxidation of a relatively thin shell of a
nanopowder can indeed cause significant heating, consider a batch of 0.5 gram SiO,
powder. With a heat capacity of 0.75 J/(g K) for SiO,, ® the total energy required to heat
this batch of powder from room temperature (25°C) to 700°C is 253 J. This energy can be
provided by oxidizing 26 mg of TiN to TiO,, which corresponds to 5.2% of the total mass of
the powder. This translates to a ~¥0.4 nm TiN shell around a 90 nm diameter SiO, particle,
assuming both materials are fully dense. This surprisingly small number clearly shows that

even incomplete oxidation of a thin TiN shell can generate enough heat to let the powder
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become red-hot upon exposure to air (especially when the reaction accelerates itself due

to thermal runaway).

To slow down the oxidation reaction, we filled the reactor very slowly with air. Opening
the reactor slowly does not completely prevent the oxidation, but it slows down the

reaction rate and thus prevents the powder from burning and sintering.
5.3.2  Film growth rate

If film growth occurs in the self-limiting growth regime that is characteristic for ALD, the
TiN layer thickness should be independent from the TDMAT dose. To verify this, batches
of 0.5 g powder were coated with 50 ALD cycles using different TDMAT dosages while
keeping the NH; dose constant. The TDMAT flow is calculated from the Ar flow, the
pressure in the precursor bubbler, and the saturated vapor pressure of TDMAT, with the
method described in section 4.3. The base gas flow rate used for fluidization was 2.5 sccm,
and this did not include the additional gas flow due to the precursor doses. The gas flow
rate was thus well above the measured minimum fluidization flow rate of 1.5 sccm
determined by measuring the gas flow at which the pressure drop remains constant (see

Figure 4-5).

TDMAT dose (mmol)

0.0 0.4 0.8 1.2 1.6
0.5 T T T

0.4} o———0

0.1r

Mass fraction TiN (-)
a

0.0

0 600 1200 1800 2400
TDMAT pulsetime (s)

Figure 5-1: concentration of TiN on particles in relation to the TDMAT dose. The mass fractions were measured
after 50 ALD cycles for all datapoints. The NH; pulse time was 300 s at a flow rate of 1 sccm. The reactor was

operated at 150 °C and 0.5 mbar.
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The concentration of TiN is calculated from the total amount Ti in the powder as
measured by UV-vis. The data presented in Figure 5-1 show that the growth of TiN
saturates at TDMAT doses > 1.2 mmol/g/cycle, indicating that we indeed operate in the

self-limiting growth regime.

The growth per cycle (GPC) can be estimated from the mass fraction x by using the

equation
. (5.1)
Gre = To| | X Pso. g 4
2N (N1-x p,y

In this equation, d, is the primary particle diameter (nm), N the number of cycles, and psjo,
and prythe density of SiO, and TiN, respectively. The derivation of this equation can be

[3

found in the appendix. The density of amorphous SiO, is 2.65 g/cm3, * whereas for the

density of ALD-TiN an estimated value of 3.0 g/cm3 (as reported in literature for thermal

TDMAT-NH; deposition processes)ss’ 8

was used. The estimated primary particle size,
based on a specific surface area of 90 mz/g and a density of 2.65 g/cm3, is 25 nm. With
this particle diameter, the GPC is equal to approximately 0.4A/cycle. This value is in the
lower range of the 0.4 - 1.2 A/cycle growth rates reported in literature for thermal

TDMAT/NH; ALD processes.” > #*

The efficiency of precursor use is calculated by comparing the precursor dose per gram to
the mass fraction of TiN. The mass fraction is 0.4, which means that the total amount of
TiN deposited is 5 mmol and the deposition efficiency of TDMAT is approximately 16.7%.
For NH; the efficiency is much higher, roughly 50% of the nitrogen atoms admitted into
the reactor as NH; ends up in the film. This is much lower than the near 100 % efficiency

that one would normally expect for fluidized bed ALD processes 12

Possible explanation for the lower GPC and efficiency is growth inhibition in the first
deposition cycles, or incomplete coverage of the particles due to clustering of the
nanoparticles (agglomeration). Growth inhibition may occur, but since the GPC actually
decreases after 20 cycles (vide infra) it seems unlikely that this can explain the low

deposition efficiencies. Agglomeration would lead to some particles being blocked from
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contact with the gas. While we cannot rule this out completely, we found no indication
whatsoever of partially coated particles in our TEM analysis (vide infra). This is consistent
with the process of dynamic aggregation as described by Hakim et al., suggestion that our
SiO, powders only form so-called ‘soft aggregates’ that can be broken up by the

. ys . 69, 162, 163
fluidization process.

Another possible cause for the low efficiency is the presence of inhomogeneities in the
fluidized bed, which would reduce the mass transfer rate between the gas-phase and the
particle surface. In a homogenously fluidized bed, mass transfer is usually not rate-limiting
because the residence time of the gas is orders of magnitude longer than the time-scale at
which mass transfer takes place. The presence of large gas bubbles and channeling effects
can, however, lead to poor mass transfer between gas-phase and particle surface and,

170

hence, poor precursor efficiency. ~"~ Although we cannot rule this out, visual inspection of

the bed and the data in Fig. 1 did not give any indication of inhomogeneous fluidization.

Besides agglomeration and bed inhomogeneities, there is a growth limitation that is
inherent to the TDMAT process. Dimethylamine — a by-product of the deposition
reaction — is known to adsorb strongly on TiN surfaces and in such a way block TDMAT
absorption sites.”" Due to the intimate contact between the gas phase and the particles,
this effect is more strongly present in fluidized bed ALD reactors than in conventional ALD
reactors. The difference between the processes is depicted in Figure 5-2. In conventional
ALD (on fixed substrates), re-adsorption of dimethylamine is usually not a major issue
because, as soon as the DMA molecules are released from the surface, they are quickly
transported to the reactor exit by the feed gas and do not get a chance to re-adsorb to
the substrate. However, in a fluidized bed reactor, a dimethylamine molecule will have to
pass many particles on its way to the exit, dramatically increasing the chance to re-adsorb
on a particle surface. Whereas the increased chance of (re-)adsorption of precursor
molecules is the reason that precursor efficiency is usually extremely high in fluidized bed
reactors, we believe that the re-adsorption of reaction by-products which block the
adsorption sites is the reason that the GPC and the precursor efficiency are rather low for

the TDMAT-NH; FB-ALD process.
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Figure 5-2: Removal of a DMA molecule by sweep gas in a “conventional” ALD reactor with a single substrate
and a fluidized bed ALD reactor filled with particles. Once a TDMAT molecule has attached to the substrate

surface, the released DMA molecule has to travel through the reactor to the exit.

Knowing the saturated growth rate to be 0.4 A/cycle, the next step is to determine
whether this growth rate remains constant with increasing number of cycles. To
investigate this, batches with identical TDMAT and NH; doses (1200 s and 300 s pulses,
respectively) but with different number of ALD cycles have been prepared. The data
presented in Figure 5-3 (red squares) show that the TiN mass fraction increases with
increasing amount of cycles. The growth rate, however, strongly decreases after

depositing 50 cycles, as indicated by the black circles in Figure 5-3.

The decreasing average growth rates could indicate that growth enhancement rather than
growth inhibition is occurring during the first cycles. This phenomenon has been reported

before for TiN-ALD ALD on Si wafers with TDMAT and NH; as precursors.>
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Figure 5-3: TiN mass fraction (squares) and growth per cycle (circles) with constant 1200 s TDMAT and 300 s
NH; dose. (The lines serve as a guide to the eye). The maximum achievable growth rate per cycle as calculated

from the TDMAT and NH; doses is indicated by the dashed line.

Another explanation could be under-exposure to either TDMAT or NH;. To illustrate this,
assume that the respective exposures of TDMAT and NH; are x and y mol per cycle, and
that x<y. Then, a maximum TiN deposition rate of x mol per cycle can be achieved. During
cycle n, the total amount of TiN per cycle x has to be deposited on a surface area A, ;,
causing an increase in particle diameter and, concomitantly, surface area. Assuming that
the increase in particle diameter is much smaller than the particle size, the surface area of

the particles after cycle n can be estimated with the equation

2
2x
d +——=
[ 0+pm’4n71] (52)
A=A,—F0
dO

in which A, is the total specific surface area for the current batch of powder (mz), dyis the
average diameter (m) of the uncoated particles, and p,, is the molar density (mol/ms). A
NH; dose of 300 s at a rate of 1 sccm equals 1.3 mmol of NH3, which means that, if all NH;
is used, a maximum TiN growth rate of 1.3 mmol per cycle can be achieved (x in equation
(2)). The resulting maximum growth per cycle in Angstroms is given in Figure 5-3 (dotted

line). The calculated GPC shows a similar decay with increasing number of cycles as the
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experimentally determined GPC, which confirms that under-dosing is indeed a possible
explanation for the decrease in GPC. However, since only 16% and 50% of the admitted
TMDAT and NH; shows up in the deposited shells, respectively, it seems unlikely that the

observed decrease in GPC is caused by under-dosing.

A third reason the reduced growth rate can be found in improper fluidization of the
particles. When the particle bed is not properly fluidized, gas can by-pass the particle beds,
limiting the chances of contact between precursor molecules and particles. The
fluidization of particles is influenced by their density, diameter, and the Van der Waals
forces between the particle agglomerates. The presence of a conducting TiN shell will
influence the density and attractive forces of the particles. Because TiN has a higher
density than SiO,, the density of coated particles and agglomerates is also higher, making
them more difficult to fluidize. Furthermore, attractive van der Waals forces (F,qw)
between particles are material-dependent. This dependency is characterized by the
Hamaker constant Ay in the equation

Fpy = 01
vdw _12a2 (53)

in which R is the sphere radius and a the separation between the particles. The theoretical
Hamaker constant of TiN is approximately 2-3 times higher than that of SiOz.172 This
means that the attractive forces will increase during TiN deposition, which will negatively
influence the ability of the powders to be properly fluidized."” This will reduce the

exposure of the particles to TDMAT.

It should be noted here that the exact specific surface area of the batch is unknown and
that such measurements would be unreliable due to the rapid oxidation of the particles
and the concomitant increase in shell thickness, particle diameter and specific area.
Analysis of reactor effluent composition by e.g. mass spectrometry should provide more
clear insight in the causes of the low efficiency and decline in GPC. "2 This technique was,

however, not available to us during this study.
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5.3.3  Shell composition and structure

Three TiN-coated powders, prepared with varying number of ALD cycles and precursor
pulse lengths, were removed from the reactor and analyzed with XPS. The results of the
XPS analyis, presented in Figure 5-4, shows that all powders contain Ti and N. This
provides compelling evidence that some form of titanium nitride has been deposited. At
the same time, the strong O signal indicates that, at least part of, the TiN shells were
oxidized. This probably occurred when opening the reactor and during transport from the

reactor to the XPS system.

A:100 cycles 1200 s TDMAT pulse
B: 50 cycles 600 s TDMAT pulse
C: 50 cycles 1200 s TDMAT pulse

Intensity (a.u.)

Si
0 100 200 300 400 500 600
Binding energy (eV)

Figure 5-4: XPS analysis of three different core-shell powders produced under different circumstances. The

letters A, B, and C in the graph correspond to that in Table 5-2. The curves are offset for clarity.

The unavoidable oxidation of the TiN shell makes it impossible to confirm whether the
deposited phase is TiN, TisN4, or TiON,. However, oxide formation during the deposition
reaction is highly unlikely because the lack of oxygen-containing compounds during

reaction.

Integration of the XPS peaks with dedicated software shows that the surface of the
particles in certain cases contain traces of Si (<8.8 atom% for sample B, green curve) This

is tentatively attributed to the fact that the penetration depth of the XPS signal (~3 nm)
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may slightly exceed the film thickness. However, we cannot rule out the possibility that

the shells are not completely closed, so that some of the underlying SiO, is still exposed.

Table 5-2: Overview of sample preparation conditions and atomic fractions according to the analysis of the

XPS results. The numbers in brackets give the peak area in the XPS measurements.

Powder A B C
Cycles 100 50 50
NH; flow 1 1 1
TDMAT pulse time (s) 1200 600 1200
Weight fraction TiN" 0.32 0.24 0.29

Atomic comp. (%)
(peak area)

Cls 46.9 45.7 47.2
(24592) (15730) (27676)

N1s TiN 8 3.6 6.9
(7043)  (2091)  (6766)

01s SiO, 35.8 38.8 38
(46112) (32820) (54744)

Si2s Si0, 3.2 8.8 3.2
(1744)  (3106)  (1907)

Ti2p TiO, 6.1 3.1 43
(22274) (7462)  (19855)

Ratio Si/Ti 0.5 2.8 0.7

Ratio N/Ti 1.3 1.2 1.4

*Estimated TiN of the particles before contact with air.

The homogeneity of the shells was investigated with TEM. The bright-field TEM image of
particles treated with 100 ALD cycles given in Figure 5-5a shows a well-defined core-shell
structure for all particles. The shell thickness is highly homogeneous and has a value of
approximately 4-5 nm, which is higher than the value estimated from the TiN mass
fraction of the powder. This difference is most likely due to the (partial) oxidation of the

TiN film, or to the fact that the TiN films are not fully dense.
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(b)

(d)

Figure 5-5: (a) zero-loss filtered TEM bright-field images of SiO,-TiO, nanoparticles after 100 cycles ALD clearly
showing the core-shell structure. Images (b), (c), and (d) respectively show the O, Ti, and N distribution as

obtained by elemental mapping. The light (yellow) dots indicate presence of O, Ti, and N.

Figure 5-5b, Figure 5-5c, and Figure 5-5d depict the elemental distribution of O, Ti, and N,
respectively, for the particles. The higher Ti signal at the edges of the particle silhouettes
in figure (c) proves that Ti abundance is indeed higher in the surface layer of the particles.
The N distribution shows that the concentration of N atoms is not homogeneously
distributed over the different particles. Furthermore, the overall concentration of N-
atoms seems much lower than the Ti concentration. The O distribution (Figure 5-5b) is

quite homogeneous over the particle and the shells are not clearly visible. This confirms
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that the indeed the Ti on the shell was oxidized. This is in agreement with the XPS analysis,

and is attributed to (partial) oxidation of the TiN upon exposure to air.
5.3.4  Shell conductivity

To verify that the TiN coating is conductive, the electrical resistance of small amounts
(approximately 10 mg) of powder pressed between two 45 mm’ conducting glass (FTO)
electrodes was measured and compared to control samples. The results given in Figure
5-6 show that a resistance of 10 MQ was measured for particles produced with a NH;
dose of 300 s per cycle at 1 sccm, whereas 300 s flow at 3 sccm resulted in a resistance of

1 kQ.

For comparison, the resistances of commercial TiN, SiO, and TiO, powders were measured
as well. The commercial TiN powder has a negligible resistance; the measured value of 40
Q is due to the resistance of the FTO glass. This is consistent with small bulk resistivity of
TiN (typically less than 100 pQ cm) from which a powder resistance of <1 Q is expected.
The resistance of the Aerosil powder is beyond the measuring range of the multimeter
(200 MQ), whereas P-25 TiO, has a resistance of 2 MQ. These results clearly show that the
TiN shell, even after being partially oxidized, greatly improves the overall conductivity of

the SiO, powder.

>200 MQ

Resistance (Q)
=
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Figure 5-6: Resistance of core-shell powder synthesized with a small and a high NH3 dose and control samples

of pure TiN, uncoated Aerosil powder and P25 TiO,.
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Assuming a powder fill fraction of ~ 30% and a TiN volume fraction in the particles of
approximately 45% (assuming a 2.6 nm shell of pure TiN on a 25 nm particle) an apparent
TiN resistivity of 11 kQ cm is calculated using the equation p=RAeVy,/L, in which € is the
volume fraction of powder (-), Vyy is the assumed volume fraction TiN in the powder (-), A
is the area of the measurement electrodes (0.45 cmz), and L is the length between the
two measurement electrodes (0.005 cm). The measured resistivity of the layer of core-
shell particles is thus several orders of magnitude higher than that of bulk TiN, for which
the resistivity typically is less than 100 uQ cm, and ALD-TiN, for which the resistivity is

typically in the order of mQ cm to Q cm. Y>> 2738 60

The much larger resistance can be
caused by different factors. First of all, the resistivity of ALD-TiN depends strongly on the
deposition conditions: deposition temperature, NH; exposure, and use of plasma-
enhanced ALD influence the film structure and impurity concentration in the film.>” >8, 60
Earlier work on thermal and plasma-enhanced TiN deposition on nanoparticles even
showed that the resistivity of TiN coatings deposited with thermal ALD was so large, it

167
could not be measured.

The influence of deposition conditions is also demonstrated in
this work by the difference in resistance between the sample with a small and large NH;
dose. Furthermore, the resistivity of thin TiN films varies strongly with film thickness and
is seen to increase sharply at thicknesses smaller than 10 nm (as measured with in-situ
ellipsometry during ALD)® or even below 50 nm (measured ex-situ with four-point probe
measurements).””* But the most important factor that increases the resistivity of the films
is likely to be the oxidized layer on top of the partially oxidized TiN shell (depicted in
Figure 5-7). The insulating oxide layer forms a large potential barrier between two
particles that will have a large effect on the total resistance of the powder. Furthermore,
the presence of uncoated particles could also affect the apparent resistivity of the

material, although it is not expected to have the order-of-magnitude influence that is

measured here. We did not, however, investigate this in more detail.
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Figure 5-7: lllustration of an electron path through a layer of core-shell particles

5.4 Conclusions

We have successfully deposited conductive TiN shells on SiO, nanoparticles with fluidized
bed atomic layer deposition. The growth saturated at approximately 0.4 A/cycle after 50
cycles with high TDMAT dosage. The growth rate decreased when the number of cycles
increased. The particles have the desired core-shell structure and XPS measurements
confirm that we indeed have deposited a coating containing Ti and N. However, exposure
of the TiN-SiO, core-shell nanoparticles to air rapidly oxidizes the TiN to TiOxN,, which
prevented unequivocal identification of the deposited TiN phase. The (partially oxidized)
TiN shells are electrically conducting with an apparent resistivity of > 10 kQ cm. This
resistivity is much higher than expected for pure TiN shells, which is attributed to the

(partial) oxidation of TiN.
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5.5 Appendix

The dimensions of the core-shell particle are given in Figure 5-8.

dshell

Figure 5-8: Definition of dcore and dshell

The mass fraction x is defined as the ratio of the shell mass and the total mass of the core-

shell particle.

Xy = ——nell__ (5.4)

MshelltMcore

The mass of the core is equal to

s
Meore = P pSiOngore (5.5)

The mass of the shell is equal to

Mshen = PTIN g ((dcore + 2dshell)3 - dgore) (5.6)

Using equations 5.5 and 5.6 in 5.4 and rewriting yields

Ashen = Geore (3 Z_Psio2 4 q 1) (5.7)

2 1-x prin

Assuming a constant growth rate (GPC) one can relate the shell thickness to the amount

of cycles N.
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dshell = N X GPC
This results in

GPC = deore [ 3[_X_Psioz +1-1
2N 1-x prin

) (5.9)

(5.8)

94



6 SUMMARY AND OUTLOOK

Reducing particle size or material structure size to nanometer scale (10'9 m), can make the
material properties, such as light absorption and electronic structure, change compared
to the same materials at normal scale. This gives them properties that can make them
suitable for the development of highly efficient and improved micro-electronics, sensor,

medicine, batteries, catalysts and third generation solar cells.

There are, however some challenges that need to be overcome in the development of
nanoparticle-based devices. The first is protection of nanoparticles against corrosion and
oxidation. This phenomenon is increased by the large surface area available for corrosion.
Furthermore, when nanoparticles or nanostructures are used in electronic devices, low-
resistive electrical contacts should be made between electrodes and nanoparticles. The
second challenge is, thus how to make electrical contacts without compromising the

material’s nanostructure.

This thesis deals with the development of a synthesis process for core-shell nanoparticles,
existing of a core that is coated with a thin layer of material that is able to provide

protection, or electrical contacts.

The first chapter describes the electrical contact between titanium nitride (TiN), which is a
metallically conductive material that is used as contact material in electronic devices, and
cadmium sulfide (CdS), a II-IV semiconductor that is used in (second generation) thin film
solar cells and to increase light absorption in Gratzel-type solar cells. The experiments
show that indeed we can make a Ohmic contact between TiN and CdS, meaning that the
contact resistance between the two materials is low and that current is not blocked by the

contact.

The use of thin coatings as protective layers is investigated by coating thin CdS films,
which can be used as photo-catalyst in solar hydrogen production cells, with thin, inert

titanium dioxide (TiO,) to protect the CdS from corrosion under influence of solar
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radiation. The goal of this research was to deposit a TiO, layer that was thick enough to
provide full protection against corrosion, yet thin enough to enable electrons to be

transferred between the CdS electrode and the electrolyte.

The TiO, coating was deposited with Atomic Layer Deposition (ALD), a technique used to
deposit extremely thin layers of material by letting two precursors (A and B) react on the
surface of a substrate to form product C. The first step in this process is chemisorption of
precursor A. This chemisorption reaction is self-limiting and stops whenever the complete
substrate is covered with a monolayer of component A. After completion of pulse A,
precursor B is fed to the reactor and reacts with component A to form component C and
prepare the surface of the substrate for a new pulse of component A. By repeating this

cycle coatings can be made atomic layer by atomic layer.

The experiments with TiO,-coated CdS films in photoelectrochemical hydrogen
production cells show that, even though the samples are coated with protective TiO,
layers, the CdS remains sensitive to photocorrosion. The photocorrosion mechanism is
investigated with electrochemical measurements in which the photocurrent over time can
be described with a model that strongly resembles the Johnson-Mehl-Avrami model for
phase transitions in solids. Analysis of the experimental results with the model shows that
the corrosion starts in small defects in the TiO, coating and that the corrosion spreads

mostly in lateral directions.

The next step in the research was to deposit coatings on individual nanoparticles with a
fluidized bed ALD reactor (FB-ALD) that was specially developed for this purpose. In this
reactor, the nanoparticles are agitated by a constant flow of inert carrier gas. The ALD
precursors, tetrakis-dimethylaminotitanium (TDMAT) and water, are added to the carrier
gas and hence brought into contact with the nanoparticles and layer-by-layer form a TiO,
shell on the particles. In the design of the reactor that, is used for loose nanoparticles,
care has been taken to make the reactor both safe and versatile in operation.

Furthermore, the possibility of extensive monitoring of the reactor is provided.
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With this reactor, silica (SiO,) nanoparticles are coated with 1.6 nm TiO, layers. The
growth rate is 0.32 A per ALD cycle and independent of precursor pulse time and
exposure. Electron microscope analysis (TEM) tells us that particles have a core-shell

structure in which the SiO2 core is coated by a homogenous TiO, layer.

To show that this deposition technique can also be used to deposit conductive coatings on
nanoparticles, SiO, nanoparticles have been coated with conductive TiN layers. In this
case TDMAT and ammonia (NH;) were used as precursors. The growth rate of TiN showed
the saturation plateau that is typical for ALD growth but depended on the amount of ALD
cycles: more cycles led to a lower growth rate. This decline in growth rate can be
attributed to the formation of reaction by-products that can adsorb on the particle
surface and hence block the adsorption of precursor molecules. The TiN-coated
nanoparticles did show good electrical conductivity, with a resistance that depended

strongly on the deposition conditions.

The results of this research are a step towards the use of FB-ALD in the synthesis of core-
shell nanoparticles, with batteries and nanostructured third generation solar cells as the
most promising applications. Future research should focus on technological challenges of
the FB-ALD technique itself and, on a fundamental level, on optimization of the core-shell

structure.

The fundamental questions relate to the electronic structure of the nanoparticles: the
behavior of nanostructured materials can be fundamentally different from behavior of
“normal materials”. Fundamental studies, based on calculations and simulations of
electronic structure, can determine the ideal core-shell material combination for each

application. The particles can be synthesized in a fluidized bed ALD reactor.

In the further development of the FB-ALD technique, safety, with respect to the
processing of loose nanoparticles, will be the most important aspect to be looked at,
especially when dealing with (nano-) toxic materials and materials that are easily oxidized
in air. This is mostly important for loading fresh particles and unloading of processed

particles. The importance of a proper loading and unloading procedure has been
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demonstrated with the TiN-coated particles that spontaneously ignited when they came

in contact with air.

Another, more practical challenge is controlling nanoparticle agglomeration and
maintaining a stable, homogeneously fluidized particle bed at large scale. Several
techniques are available, besides the vibrating fluidized bed described in this thesis, to
break agglomeraties and create an homogeneous fluidized bed at lab scale. Scale-up of
these techniques should be investigated. Furthermore, the static head (pressure drop) of
large scale fluidized beds is often higher than the desired absolute operating pressure of
the ALD reaction. The influence of the relatively large pressure drop over the bed on

fluidization homogeneity should be thoroughly investigated.

Despite the technological challenges that come with scaling up of the technique, FB-ALD is
a promising technique for the production of core-shell nanoparticles. The flexibility in
materials selection, both for the core and the shell, and the homogeneity and quality of

the coatings will provide a large advantage over other techniques.
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"/ SAMENVATTING EN VOORUITBLIK

Door het verkleinen van deeltjes of materiaalstructuren tot de nanometer schaal (10'9 m)
kunnen de materiaaleigenschappen, zoals lichtabsorptie, elektronenstructuur, wezenlijk
veranderen ten opzichte dezelfde materialen op normale schaal. Dit geeft ze interessante
eigenschappen die ze geschikt kunnen maken voor het efficienter maken en verbeteren
van micro-elektronica, sensors, medicijnen, batterijen, katalysatoren en derde generatie

zonnecellen.

Er zijn echter nog een aantal uitdagingen die de ontwikkeling van praktische toepassingen
op basis van nanodeeltjes in de weg staan. De eerste is het beschermen van de
nanodeeltjes tegen corrosie enoxidatie. Dit fenomeen wordt versterkt door er een groot

oppervlak beschikbaar is voor de oxidatiereactie, waardoor dit extra snel gaat.

Verder moet op nanodeeltjes, wanneer ze gebruikt worden in elektronische toepassingen,
een elektrisch contact met een lage weerstand aangebracht kunnen worden. De tweede
uitdaging is dus het aanbrengen van goed geleidende elektrische contacten op

nanodeeltjes zonder daarbij de nanostructurering teniet te doen.

In dit proefschrift wordt het onderzoek naar de synthese van core-shell nanodeeltjes, een
nanodeeltje bestaande uit een kern met daaromheen een dunne coating die zowel

bescherming biedt tegen oxidatie alswel elektrisch geleidend is, beschreven.

In het eerste hoofdstuk beschrijven we het elektrische contact tussen titaannitride (TiN),
een metallisch geleidende verbinding die veel wordt gebruikt in de elektronica-industrie
als contactmateriaal, en cadmium sulfide (CdS), een 1I-VI halfgeleider die wordt toegepast
wordt in (tweede generatie) dunnelaag zonnecellen en om lichtabsorptie te vergroten in
zogenaamde Gratzel-zonnecellen. Uit de experimenten met TiN contacten op dunne
polykristallijne CdS films blijkt dat het elektrisch contact tussen TiN en CdS Ohms is. Dit
betekent dat het contact een lage weerstand heeft en overdracht van elektronen niet

blokkeert.
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Het gebruik van dunne coatings als beschermlaag voor is onderzocht door dunne CdS
films die bijvoorbeeld kunnen worden gebruikt als fotokatalysator in
waterstofproductiecellen, te coaten met een inerte titaandioxidelaag (TiO,) om zo
corrosie onder invloed van licht tegen te gaan. Het doel van dit onderzoek was om de
laagdikte van TiO, te bepalen waarbij de laag enerzijds voldoende dik is om CdS te
beschermen tegen corrosie, en anderzijds dun genoeg is om het elektrisch contact tussen

CdS en het elektroliet niet in de weg te staan.

De TiO, laag is aangebracht met behulp van AtoomLaagDepositie (ALD), een techniek
waarbij extreem dunne lagen van een materiaal worden gedeponeerd door pulsgewijs
kleine hoeveelheden van precursor A en B op een oppervlak te laten neerslaan en te laten
reageren tot product C. De eerste stap is chemisorptie van precursor A. Doordat deze
neerslagreactie zelf-limiterend is, stopt de reactie nadat het hele oppervlak bedekt is met
een monolaag van precursor A. Nadat de verzadiging bereikt is, wordt de het substraat in
aanraking gebracht met precursor B die reageert tot stof C en het opperviak weer
klaarmaakt voor een volgende puls van precursor A. Door deze cyclus te herhalen kan,

atoomlaag voor atoomlaag, een coating worden aangebracht.

Uit de experimenten met TiO,-gecoate CdS films die werden gebruikt als fotoanodes blijkt
dat, ondanks de TiO, beschermlaag, de CdS films nog steeds zeer gevoelig zijn voor
fotocorrosie. Het mechanisme van de corrosie is onderzocht met behulp van
elektrochemische metingen waarbij de stroomsterkte over de tijd kan worden gefit met
een model dat sterke wiskundige gelijkenissen vertoont met het Johnson-Mehl-Avrami
model voor fase-overgangen in vaste stoffen. Uit analyse van de metingen is gebleken dat
de corrosie begint in kleine oneffenheden in de TiO, coating van waaruit de corrosie zich

in laterale richting uitspreidt.

De volgende stap in het onderzoek was om coatings aan te brengen op losse nano-
deeltjes. Hiertoe hebben we een fluide bed ALD reactor (FB-ALD) ontwikkeld, waarin de
nanodeeltjes in beweging worden gebracht met behulp van een inert draaggas. Aan dit

draaggas worden pulsgewijs de precursors tetrakis-dimethylaminotitanium (TDMAT) en

100



water voor de ALD-reactie toegevoegd. Deze precursors slaan laag voor laag neer op de
nanodeeltjes. Bij de ontwikkeling van de reactor die, anders dan de meer gangbare ALD
reactoren, niet wordt gebruikt om vaste substraten maar individuele nanodeeltjes te
coaten, is enerzijds zorggedragen voor een veilig ontwerp en anderzijds voor flexibiliteit
en toeganklijkheid voor de mogelijkheid om het proces op verschillende manieren te

monitoren en controleren.

Met behulp deze reactor zijn silica (SiO,) nanodeeltjes gecoat met 1.6 nm dikke TiO, lagen.
De groeisnelheid van de lagen is 0.32 A per ALD cyclus en onafhankelijk van de pulstijd
van de precursors. Analyse met de elektronenmicroscoop (TEM) laat zien dat de deeltjes
een zogenaamde core-shell structuur hebben waarbij de kern van SiO2 omgeven wordt

door een homogene, dichte laag van TiO,.

Om te laten zien dat elektrisch geleidende coatings kunnen worden aangebracht op
nanodeeltjes zijn met dezelfde depositietechniek geleidende TiN lagen aangebracht op
SiO, deeltjes. In dit geval hebben we TDMAT en ammonia (in plaats van water) gebruikt
als precursors. De groeisnelheid van TiN is onafhankelijk van de TDMAT en NH; dosis,
maar neemt af naarmate het aantal depositiecycli toeneemt. Dit verschijnsel kan worden
toegeschreven aan vorming van bijproducten die kunnen adsorberen op het oppervlak
van de nanodeeltjes en daar vervolgens de adsorptie van precursors verhinderen. De TiN-
gecoate deeltjes vertonen goede elektrische geleiding, waarbij de weerstand afhangt van

de depositie-omstandigheden.

De resultaten van dit onderzoek zijn een eerste stap op weg naar het gebruik van FB-ALD
in de synthese van core-shell nanodeeltjes, waarvan de meest veelbelovende
toepassingen batterijen en nanogestructureerde derdegeneratie zonnecellen zijn. In
vervolgstudies zal enerzijds moeten worden gekeken naar technologische vraagstukken
met betrekking tot de productie van de deeltjes en anderzijds, op fundamenteel niveau,

zal de optimale core-shell structuur bepaald moeten worden.

De fundamentele vragen hebben betrekking op de elektronische structuur van

nanomaterialen. Op basis van het normale gedrag van de materialen kan immers niet
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voorspeld worden hoe materialen zich op nanometerschaal gaan gedragen. Uit
fundamentele studies en op basis van berekeningen van de elektronische structuur, kan
per toepassing gekeken worden welke core-shell materiaalcombinaties het meest
veelbelovend zijn om te maken. Synthese van deze core-shell deeltjes kan worden gedaan

met behulp van een kleinschalige fluidized bed ALD reactor.

Op technologisch gebied dient vooral gekeken te worden naar het veiligheidsaspect van
het werken met losse nanodeeltjes, in het bijzonder als de deeltjes gemaakt zijn van
toxische stoffen of van stoffen die spontaan kunnen ontbranden bij contact met lucht. Dit
is vooral van belang bij het inbrengen van de deeltjes en bij het verwijderen van de
gecoate deeltjes na de reactie. Het belang van een goed strategie om contact met lucht te
voorkomen is al gebleken uit de experimenten met TiN op nanodeeltjes waarbij de

deeltjes spontaan ontbrandden nadat ze in aanraking gekomen waren met lucht.

Een andere, meer praktische uitdaging is het beheersbaar maken van agglomeratie van
nanodeeltjes en het creeeren van een stabiel, homogeen fluide bed op grote schaal. Op
labschaal zijn er, naast het vibrerend fluide bed zoals beschreven in dit proefschrift,
verschillende technieken om agglomeraten op te breken en het fluide bed te
homogeniseren waarvan zal moeten worden bekeken hoe deze opgeschaald kunnen
worden. Verder is de statische hoogte (drukval) van fluide bedden op grote schaal groter
dan de druk waarbij ALD reactoren bij voorkeur geopereerd worden. Er zal moeten
worden uitgezocht wat dit relatief grote drukverschil voor invloed heeft op de

homogeniteit van het fluide bed.

Al met al is FB-ALD, ondanks de technologische uitdagingen die de opschaling van de
techniek nog biedt, een veelbelovende techniek waarbij de flexibiliteit in materiaalkeuze

en de grote homogeniteit van de deeltjes een groot voordeel zijn.
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