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ABSTRACT

Though additive manufacturing technology has been developing for 30 years, in
recent years, it gets researchers’ and industries’ attention for new expansion in fabricated
electronics devices, especially on a flexible substrate. This technology allows fabricating
complex design of electronics devices with multi-functionality. Its application has been
significantly expanded to different fields such as sensors and other device prototypes for
nuclear facilities, aerospace manufacturing, bio-medical, solar energy, etc. due to its low-
cost efficiency and sustainable manufacturing. It has a huge advantage over traditional
methods such as lower materials waste during production, avoiding complex etching
system and harmful chemicals, simplified assembly system eliminating lithography,
etching, and packaging process.

This work is focused on developing a fabrication process of GexSe1oo-x (=20, 30,
40) based Chalcogenide glass (ChG) printed space-grade radiation sensing device for
NASA space exploration application using additive manufacturing technology. By
following this fabrication process, astronauts can fabricate a radiation sensor in the
international space station to reduce high transport cost and payload. The function of this
radiation sensing device depends on triggered by irradiation Ag* ions migration into a
Ge-Se based ChG printed films, as a result of which conductivity increases several orders
of magnitude. These studied devices were printed on different substrates, including

lightweight flexible substrates at room temperature.
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The research work presented in this thesis is divided into four major parts; these
are: (i) Ge-Se based ChG ink formation, (ii) printing of the ChG ink on the substrate and
sintering process, (iii) printed films analysis, and (iv) device fabrication & testing.
Although two types of inks were produced, such as dissolution based ChG inks and
nanoparticles based ChG inks, this work mainly focuses on the dissolution based ChG
inks fabricated devices, because of the complexity of ink formation and the important
correlated effects of the interaction of the ChG and solvents.

The inks were characterized by different methods such as tensiometer
measurement of the contact angle of ink with the substrate, the dynamic light scattering
(DLS) to check the particles’ size, and viscometer to measure the viscosity of inks. The
inks can be modified for use in different types of printers by varying their viscosity,
particle size, and solvents. Different kinds of printing methods were used for printing on
the substrates with ChG inks, such as screen printing and inkjet printing. The printer’s
parameters were optimized for obtaining a good printing pattern. The sintering process
also was optimized to evaporate solvents and create a solid film. The effects of different
UV light radiation doses and Xe* irradiation on the ChG printed film devices were
studied and analyzed in order to give proof of concept of the printed radiation sensor
operation. Different kinds of materials and structural characterization methods such as
energy dispersive x-ray spectroscopy (EDS), scanning electron microscopy (SEM),
atomic force microscopy (AFM), x-ray diffraction spectroscopy (XRD) and Raman
spectroscopy have been used to study and analyze the printed ChG compositions, and
verify the occurrence of oxidation, topography, surface roughness and structural changes

at different radiation doses. These studies help to understand the origin of printed

viii



materials characteristics, which is a vital part of establishing a bridge between materials’
parameters and device performance. The last part of this work is fabrication of the
radiation sensing devices and their testing under different irradiation doses. The ChG
printed radiation sensing devices based on all studied compositions and applied solvents
were tested using a semiconductor parameter analyzer and probe station. The
conductivity change results were presented as a function of radiation doses. The
radiation-induced Ag diffusion process was studied to identify the perfect working
device. The Ag diffusion was investigated by EDS and XRD spectroscopy to determine
the Ag diffusion by-products forming, their crystal sizes, and compositional changes of
the hosting ChG after Ag diffusion. Reversible dissolution based screen printed devices
were also fabricated and tested using the same conditions. Along with that, these devices
have also been tested under different energy of Xe™ ions irradiation. All the results of
dissolution based inks and devices, including ink characterizations, printed film analysis,
and device performance were compared with the nanoparticles based inks and devices.

The performance of devices strongly depends on the composition of ChG.
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CHAPTER 1: INTRODUCTION
Research Motivation

In modern technology, amorphous materials like the Chalcogenide Glasses (ChG)
play a vital role in fabricating numerous types of devices such as gas sensors, temperature
sensors, chemical sensors, infrared detectors, radiation sensors, non-volatile memory,
solar cells, etc. [1-9]. These devices are widely used in different fields, including
semiconductor industry, biomedical, military, nuclear facilities, etc. [1-9]. The function
of some of these devices is based on Ag diffusion in ChG, which is one of the most
significant effects that can change the conductivity of ChG films [3-8].

Previous studies reported that ChG thin films could be fabricated by different
deposition methods like sputtering, pulsed laser deposition (PLD), chemical vapor
deposition (CVD), and thermal evaporation for a variety of applications, including the
radiation sensor [1-9]. These processes associated with high energy, high vacuum, high
temperature, include a high cost. They also require heavy equipment, which makes these
processes inapplicable in space missions. Here, the additive manufacturing (AM)
technology would be an alternative film deposition method. AM is a process by which
materials can be deposited on the substrate by printing layer upon layer very precisely by
following the computer-aided design (CAD) file. One option of the AM technology is
screen printing, which requires a screen for transferring the desired printed pattern

instead of the CAD file.



The AM or printing technology allows depositing materials on a lightweight
substrate at room temperature, normal pressure even at zero gravity. Nowadays, the
National Aeronautics and Space Administration (NASA) progresses to AM technology
innovation of nanomaterial-based sensors for future space exploration [10]. This initiative
will open a low-cost path, low waste, as well as large scale manufacturing for the
fabrication of the necessary sensors and other devices in the space. Until now, there is no
literature about the printing of ChG films and the fabrication of radiation sensing devices
with this technology. There is some literature about a solution based ChG film deposition
technique like spin coating for preparation of ChG thin films [11-17]. This method,
however, does not allow the formation of devices with specific dimensions without
application of expensive and robust in shape and weight photolithography systems. To
solve this problem, we developed two types of inks, such as dissolution based inks and
nanoparticles based inks, which made possible the fabrication of different kind of devices
using the AM technology. It is possible to modify the ink parameters so that they can fit
the particular printer requirements and print any types of printed patterns. Our proposed
fabrication method needs a very small area and simple set up. In this thesis, we describe
the formation of dissolution based ChG inks and nanoparticles inks and the fabrication
process of radiation sensing devices with these inks using the AM technology and
compare and analyze both types of ink fabricated device performance. The Ge-Se based
ChGs were used to fabricate the radiation sensing devices because, from previous studies,
it was found out that Ag has high diffusivity in them; they have a very wide glass-

forming region and high-temperature stability [3].



The results presented in this thesis will open a new research area about printed
ChG thin films and their application for different kinds of device fabrication, such as
non-volatile memory devices, temperature sensors, gas sensors, and others. With this
work, we will be able to answer many existing questions about the application of additive
technologies for device fabrication.

Research Objectives

The purpose of this research work is to fabricate space-grade printed radiation
sensing devices. A detailed investigation focuses on various compositions of Ge-Se based
ChG ink formulation, printing with ChG inks & sintering, printed film analysis, and
fabrication of the printed radiation sensors and their testing and analysis under different
doses of radiation. This thesis work aims to:

e Describe the formulation of different compositions of Ge-Se based ChG ink &
the characterization results of the ink.

e Explain the printing process with these ChG inks on a variety of substrates.

e Interpret the effect of various doses of UV light, as well as Xe" ions-
irradiation on the studied compositions of printed ChG films.

e Design the fabrication process of the printed radiation sensing devices.

e Test diverse compositions of the ChG printed radiation sensing devices to
analyze and identify the best composition for the desired radiation sensing
devices.

e Define how the reversible printed ChG radiation sensing devices work.

e Analyze and compare the performance of the dissolution based printed film

devices with nanoparticles based printed film devices.



In the next chapter, the basic properties of ChG, the applications of ChG, the Ag
diffusion mechanism in ChG, and the dissolution mechanism of the Ge-Se based ChG in
Amine will be discussed. The ink formulation process, the characterization results,
printing on a substrate, and the sintering process are described in chapter 3. In chapter 4,
the effect of different radiation doses on a variety of compositions of the ChG printed
films is presented. These results are used as a reference to correlate the efficacy of the
printed devices. The test results of the dissolution based printed devices under different
radiation doses are presented in chapter 5. The comparison of both types of printed
devices and the performance of the reversible printed devices are also shown at the end of

chapter 5. Finally, a summary and some remarks about future works are presented.



CHAPTER 2: CHALCOGENIDE GLASSES
Chalcogenide Glasses
The word "Chalcogen™ comes from the Greek word "“khalkos genés” where
"khalkos" stands for Copper and "genés" stands for born or produced. In 1932 Wilhelm
Blitz, a German chemist from the University of Hannover and his colleague Werner

Fisher named the group 16 of the Periodic Table as the ‘chalcogen’ [18].

THE PERIODIC TABLE . i o
OF THE ELEMENTS  [ajci il ot

2 R R W —R— 3
v e Ma Fe Co Ni Cu
e pillds sille e siRir Tt  ARE TRE
Zr No Mo Tc Ru Rh Pd Ag
M Ta W Re Os I Pt A
"_Rf_'ee 3."& '& '.M.t.ﬁfil}g"

R R R

Figure 2.1  Group 16 in the Periodic Table [19].

The chalcogen elements of group 16 of the Periodic Table are Oxygen (O), Sulfur
(S), Selenium (Se), and Tellurium (Te) and the radioactive element Polonium (Po). An
increase in the atomic number of the elements of this group leads to a metallic character
in their chemical interaction.

Thereby, Oxygen (atomic number 8) and Sulfur (atomic number 16) are

considered as non-metals. Here, Oxygen is gas, and it has a wider bandgap, which



contributes to very dissimilar optical and electrical properties compared to the other
elements of this group. Selenium and Tellurium (both are semiconductors) are known as
metalloids, a mixture of metals and non-metals. Their physical and chemical properties
are intermediate in nature; they have a metallic appearance and conduct electricity [20].
But chemically, they behave like non-metals. These elements are perfect for forming
glass. Polonium is a metal with high radioactive properties. It cannot form glass.

All Chalcogens have similar patterns in electron configuration, especially in the
outermost shells, where they all have the same number of valence electrons, resulting in
similar trends in chemical behavior:

Table 2.1 Electron Configuration of the Chalcogens [3]

ﬁtorilnt:gr Element Number of electrons

8 Oxygen (0) 1s2, 282, 2p*

16 Sulfur (S) 1s2, 2s2, 2pb, 3s?, 3p*

34 Selenium (Se)  1s?, 2s?, 2p®, 3s?, 3p®, 3d*°, 4s? 4p*

52 (‘_II:(‘aaI)Iurlum 1s2, 22, 2p5, 3s2, 3p®, 3d'0, 4s?, 4p® 4d™°, 552, 5p*

a4 Polonium (Po) 1s2, 2s2, 2pb, 3s2, 3pb, 3d17, 4s?, 4p°®, 4d1°, 55, 5p°, 5d°,

6s2,6p*

From this electron configuration, it is clear that the Tellurium atom is bigger in
size than Selenium and Sulfur. In terms of bond strength, Sulfur has a greater bond
strength than Selenium and Tellurium.

Bond strength: Sulfur > Selenium > Tellurium

Atom size : Tellurium > Selenium > Sulfur


https://en.wikipedia.org/wiki/Electron_configuration
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The electron configuration of the Chalcogen atoms shows that their
outermost shells contain two electrons in the s shell and four in the p shell. The s shells
are usually distributed in the depth of the electron cloud of the elements, and they do not
participate in a chemical bonding. Regarding the p shell electrons, two of them
participate in a covalent bonding of the Chalcogen elements with other elements, and the
other two form a pair among themselves, the so-called lone pair. The outer shell electrons
of the p shell of the Chalcogen atoms are significant for their electrical and optical
performance.

Chalcogenide glasses contain one or more Chalcogens-S, Se, or Te. In addition,
these glasses can contain elements from group IVA and VA, especially Germanium (Ge),
Tin (Sn), Antimony (Sb), and Arsenic (As)[21]. These glasses can be binary, or poly-
component and form covalently bonded continuous random networks (CRN). It is
possible to create a variety of ChG compositions, in which the valence requirements of
the elements are obeyed, but their long-range order is not satisfied. Each composition has
some specific applications which depend on their electron structure and bonding between
the elements.

In comparison with crystalline material, the ChGs have unique electrical and
optical properties due to their disordered structure. In crystalline materials, there are two
energy states or bands known as the conduction band (CB) and the valence band (VB).
Electrons can move from one state to another state by acquiring or releasing sufficient
energy. For example, electrons from the VB need higher energy to overcome the bandgap

and occupy the CB energy state.
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The Chalcogenide glasses have extra energy states called the band tail states,
which are localized between the VB and CB. The localized states exist in the ChG
because of the presence of the lone pair electrons [22-24]. Electrons from VB can occupy
these energy states on their path towards the CB [25]. The electrons in such state can
interact with photons during the photo-diffusion.

Materials change their state with changes of entropy, as well as with structural
order. According to the structural order, solid materials are divided into three groups -
single crystalline, polycrystalline, and amorphous. A single crystalline solid has a regular
long-range order of two- or three-dimensional organization of their atoms or molecules,
which are held together and repeated periodically throughout the entire solid area, such as
a single crystalline Si lattice. Following this, polycrystalline solids consist of multiple
different types of single-crystalline areas. The structure of amorphous materials is
characterized by short-range order, in which the valence requirements of all participating
elements are satisfied, but there is not a long-range order among them. The three
chalcogen elements forming the ChG (S, Se, and Te) have quite similar structural

organization. Examples of these structural organizations are shown in Figure 2.2.

SO
Single crystal Polycrystal Amorphous solid

Figure 2.2  Different structural order of solid [26].

If the ChG contains S, each S atom is sharing two of its p electrons with other

Sulfur atoms, and so a chain is created. In many cases, instead of an open chain, the S



atoms form rings with two configurations in terms of the S atoms location, which are
eclipsed (cis) and staggered (trans) [27]. Crystalline Sulfur forms orthorhombic chain-
rings with eight elements in it. This orthorhombic chain forms the trans configuration,
and the angle between the bonded S atoms is 105°, as shown in figure 2.3. The

Ss molecule is stable and exists in all three physical states. Sulfur-containing glass is
different from Se and Te containing glass because Sulfur has significantly higher partial
pressure, and Sulfur can phase-separate from the main glass composition due to the
formation of the ring structures.

Similar to S, the Se atoms, building the ChG is sharing two of their p electrons
with the other Se atoms and create a hexagonal chain in which the atoms are connected
by covalent bonding. The bond angle of these chains is approximately103.1°. The
hexagonal chains are held together by VVan der Waals forces [28-29]. An example of such

chain is shown in figure 2.4.

(a) (b)

Figure 2.3  Sulfur atoms within a Sulfur ring a) cis and b) trans [28]
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(b)

Figure 2.4 Hexagonal Selenium chains a) configuration of the chains and b) top
view of the chains [29].

Te also forms long spiraling hexagonal chains connected by Van der Waals forces
as Se does. Te has a narrow bandgap, a high conductivity like a metal, and for this
reason, it is known as a semi-metal [29].

Structure of the Chalcogenide Glasses

Arsenic and Germanium containing ChG have unique properties. When they are
irradiated with the UV light or gamma radiation, electron-hole pairs form, which usually
recombines rapidly due to the proximity of a high number of charged defects in the glass,
and the material keeps its properties. Because of this, the ChG is considered radiation-
hard [30].

When Ge is participating in the formation of a ChG, due to the sp® hybridization,
it is four-fold coordinated with four equally long covalent bonds formed by its outer shell
electrons of the s and p shell, which are distributed under an angle of 105°.

In a tetrahedral structure, Ge is situated at the center of the unit structure and

surrounded by four Chalcogen atoms, as presented in Figure 2.5.
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Gormanium atom

I @
. Chalcogen atom |
(@) (b)

Figure 2.5  Basic structural unit, a) bonding between Ge and Chalcogenide atom,
and b) single tetrahedral unit [3].

The tetrahedral shape structures connect with each other in three ways. They can connect

with their corners, forming the corner-sharing (CS) structure shown in Figure 2.6.

p(';.{.

(@) (b)

Figure 2.6 a) Bonding between Ge and Chalcogenide atom in the corner-sharing,
b) corner-shared tetrahedrals [3].

Another way of connection between the tetrahedral structures is by sharing a
common edge. This structure is known as an edge-shared (ES) structure [3,30]. If there is
a lack of chalcogenide atoms in the current vicinity to form four heteropolar bonds, then
the edge-shared structure will be formed. Since this structural unit requires only six

chalcogenide atoms, i.e., one atom less than the corner-sharing structure — Figure 2.7.
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(a) (b)

Figure 2.7  a) Bonding between Ge and Chalcogenide atom in edge-sharing
structure, b) edge-shared tetrahedrals [3].

In very Ge rich glasses, when the concentration of Ge atoms is more than 30 at.%
formation of the so-called ethane-like structure is possible in which a bond between two

Ge atoms, belonging to two neighboring tetrahedral structure occurs — Figure 2.8 [3].

Figure 2.8  Bonding between Ge and Chalcogenide atom in the Ethane-like
bonding [3].

Silver Diffusion Mechanism in the Chalcogenide Glass
More than 70 years ago, Kostyshin et al. revealed a new effect of Ag
photodiffusion into the ChG field of amorphous semiconductor properties [31]. In
essence, the photodiffusion process follows the laws governing each diffusion process,
i.e., it occurs when there is a concentration gradient and develops as long as this gradient

exists, and the material in which the diffused atoms are introduced is saturated with them.
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Due to the interaction of light with the ChG, the amount of introduced Ag atoms in the
ChG is higher, and the rate of this reaction is higher compared to the common diffusion
process. This changes the optical, electrical, and mechanical properties of the ChG, which
leads to various applications like sensors, batteries, optical recordings, and memory
devices [31-35]. In general, the diffusion occurs in steps, saturating the host material with
Ag. From figure 2.9, it can be seen that for 80 min and 100 min of exposure, there is a
sudden change in the Ag diffusion profile. There are three significant stages of Silver
diffusion into ChG [36]. It starts with an induction period, followed by effective photo-

dissolution, and finishing with an exhaustion process.

1 g
: Photo- induced DD
09 F
d Ag-As30579
0.8 [llumination 100 W tugsten lamp
0.7 E|! T=120°C
X Ag 3 | 3min
molar ratio ~ F 2 15min
05 F 3 60 min
: 4 80 min
04 F S 100 min
03 E A\ ﬁ 4
02 F
0.1 F
0 s
0 1200 1500

lhlckness [nm]

Figure 2.9  Step-like diffusion profile of Ag in As30S70[37].

There is a low Ag diffusion rate in the induction period, and the highest diffusion

rate is found in the effective region, whereas in the exhaustion stage, the rate of diffusion
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decreases due to the exhaustion of the Ag source. In the exhaustion stage, the Ag
diffusion rate decreases until the concentration is uniform throughout the ChG.

There are reports that the induction period can be absent [38-39]. Ishikawa [38]
found the reason for this and related it to the sequence of deposition of the layers. If the
Ag layer is evaporated first, then there is an induction period. If the Ag film is deposited
on top of the Chalcogenide film, later, the formation of a thin diffused film on the
interface of the ChG /Silver forms, which accelerates the Ag diffusion and eliminates the
induction period. So, the presence or absence of the induction period is determined by the
preparation procedure.

Three main factors affect Ag diffusion. These are temperature, electromagnetic
energy or light intensity, and an electric field.

Ag diffusion could occur without any influence of external energy sources,
mainly due to the concentration gradient and the high affinity of the chalcogen elements
towards Ag. However, this process is very slow and usually does not affect the
performance of the devices based on Ag diffusion in ChG. When Ag is exposed to light
illumination, then the diffusion rate increases significantly [36,38, 40].

Figure 2.10 shows the interplay of the influence of temperature and light intensity
over the diffusion process. With increasing the temperature and light intensity, the time
required for saturation of the Ag diffused film decreases. So, an increased temperature
and light intensity can give rise to the Ag diffusion rate in the ChG.

However, The temperature influence is minor among the two, as has been

established in [41] - Figure 2.11.



Figure 2.10

The reason for this is that the photon incident on the ChG creates electron-hole

pairs. It also interacts with the Ag and generates Ag* ions, which are mobile and diffuse
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a) Temperature and b) light intensity effect on Ag diffusionin AszS7o
glass [40].

into the glass. The diffused silver ions usually recombine to silver atoms with some of the

negatively charged defects [3,30] or react with the chalcogen atoms.
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Figure 2.11 Comparison of thermally and photo-induced Ag diffusion on Gez0Seso

Another factor influencing the Ag diffusion is the availability of an external

electrical field. For better effectivity, the electrical field should be greater than 10 Vm™,

[41].
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because there is a minimum threshold value for the applied voltage to affect the
movement of Ag*. If the electric field is greater than 10Vm™, then it creates Ag*, and
these ions diffuse into the ChG [42]. For the radiation sensing device, which is the focus
of this investigation, the Ag photo-diffusion in the ChGs, caused by electromagnetic or
ion irradiation, is the main mechanism on which the device’s performance is based.

When Ag* ions are created during the Ag diffusion ionization process, then they
move randomly throughout the structure. However, their movement depends mainly on
the free volume of the amorphous film and its structure. The free volume of the ChG
creates a localized network [43]. There are two types of regions in the ChG within
exclusive densities. One region has a highly dense ChG network separated by Van der
Waals force [44]. The other region is outside of highly dense clusters. This region is the
preferred region for ion conduction [44]. This type of model is known as Cluster Bypass
Model. This model is important because it describes the visualization of the free volume
in the ChG. It also explores the possible region of the Ag diffusion. Other models
describing the Ag diffusion in the ChG are the Anderson-Stuart Model and the
Percolation Model [45-47].

According to the Cluster Bypass Model, there are pathways for the Ag diffusion,
and when there is enough large force for attracting the ionized Ag particle, then Ag* ions
can completely diffuse from one end of the pathway to the other. In figure 2.12, the areas
with the diagonal lines represent the ChG network. The region named “doped salt”

defines the pathways of diffusing Ag in the ChG.
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doped salt

Regions where the bond fluctuation
can occur easily

Figure 2.12 The Cluster Bypass Model [47].

When light or gamma electromagnetic waves irradiated the dual structure of ChG
and Ag, then the Ag" ions diffuse through the available pathways in the ChG and
combine with negatively charge defects and eventually form a new molecule. This is a
reason for a newly formed medium to have significantly different conductivity [48], since
the electron-hole pairs and Ag" generated by the illumination create localized states
within the bandgap. These localized states behave like donor levels in it. As a result, the
bandgap of glass effectively decreases, which raises the conductivity of the Ag-diffused
material. This effect develops well up to a specific for each material illumination dose,
after which the influence of the illumination dose diminishes due to the creation of a high
number of electron-hole pairs. These charged defects are then in very close proximity and
recombine very fast, so limiting the driving force for Ag diffusion. As a result, the
conductivity of the Ag photo diffused material decreases, compared with the material

illuminated with lower doses [49].



18

If the concentration of the Ag is incrementally increased, then the conductivity of
the glass also increases [50]. M. Ribes et al. found that by adding 5% of Ag concentration
in the glass matrix at room temperature, this contributes to 6 orders of magnitude increase
of the conductivity of the Ge-S based ChG [51] as presented in Figure 2.13. Urefia et al.
reported higher conductivity increase — up to seven orders of magnitude by adding 10%

of silver in the Ge-Se system [52].
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Figure 2.13 Change of conductivity as a function of Ag Concentration in Ag-Ge-S
glasses [51].

The interaction of Ag with the chalcogenide matrix can also result in the
formation of binary chalcogenides. They contain two Ag atoms and a chalcogenide atom
- Ag2X (X=S, Se, or Te). The binary chalcogenides usually exist in two polymorphic
forms. For the Se containing binary, the two polymorph forms are 8 phase with
orthorhombic structure, which is stable at room temperature and a phase with body-

centered cubic structure, which is stable at a temperature above 133°C [44].
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When Ag diffuses in ChG containing Ge, there is a possibility of formation of
ternary compounds contain in all three elements- Ag.GeSes and AgsGeSes. They usually
form at the terminal defects in the GessSes7 matrix or within the volume of a Ge richer

host, for example, GesoSeso [50].
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Table 2.2 Conductivity of Binary Ag2X (X=S, Se or Te)

Binary Ag- Chalcogenide  The conductivity of The conductivity of 8
phase (A" 1cm™1) phase (A 1cm™1)

Ag2S 4.1 [44] 6x1072 [32]

AgzSe 3.1 [44] 9.8x10° [51]

Ag.Te 1.0 [44] 4.3x10° [34]

The reaction between Ag and Se is easily occurring because the energy for the
formation of an Ag-Se bond (48.4 kcal/mol) is about three times lower than the energy of
the Ge-Se bond (113 kcal/mol) [53]. It consumes Se from the Se chains, or Ag is attached
at the edges of the Ge-Se clusters, which leads to a very interesting effect — a serious
change in the structure of the chalcogenide matrix. Even if before the beginning of the
diffusion process, it has been chalcogenide rich, after the process finishes, the Raman
spectra is the proof formation of Ge-rich matrix [38, 50]. It is expected this matrix will be
quite stressed since the atom volume of Ag is much bigger than the atom volumes for the
ChG matrix participants, which inevitably creates pressure on the surrounding atoms
since Ag diffuses in the already formed network structure. Because of the lack of free
volume for the formation of the diffusion products, at typical phases form — as reported in
[50], the high-temperature polymorph form of Ag.Se has been manifested by XRD
studies even though the process has been conducted at room temperature. The reason is
that the high-temperature polymorph form of Ag.Se has a cubic structure which has a
closer packaging than the low-temperature orthorhombic polymorph form. This space
restriction and kind of application of pressure over the diffusion products are also due to
the fact that the stiffness of the network increases drastically and becomes very rigid after

reaction of Se with Ag.
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The devices based on the Ag diffusion can have two types of structure — lateral
and vertical. The mechanism for both types of diffusion is the same. In earlier researches,
vertically stacked films were used. In these structures, it is hard to identify an induction
period of diffusion. On the other hand, in lateral devices, the Ag layer is deposited as a
strip on the top of the ChG, and Ag first dissolves due to the direct contact, and the lateral
diffusion begins. It can be followed with analytical methods, which makes documenting
the Ag motion monitoring easy. The rate of lateral diffusion depends on the composition
of the glass [36].

There are a lot of applications based on Ag photodiffusion in ChG, such as
batteries, sensors, photo-resists, memory, etc. [3,5,7,8,40,54,55]. One example is the
radiation sensor fabricated by P. Dandamundi et al. [5]. They demonstrated increased
conductivity in the ChG by irradiation with up to 5.13 Mrad gamma rays. The
conductivity depends on the Ag interaction with the negative defects of the ChG during
the irradiation and the particular compositions of the ChG [3,4-8,54-56].

The ChG host films where Ag diffusion can be achieved can be deposited by
different methods. For the needs of the research on which this thesis is based, the films
are deposited from ChG dissolved in basic solutions, data for which are given in the next
chapter.

Dissolution of the ChalcogenideGlasses

In 1981, Chern et al. suggested a solution-based deposition technique for the ChG
[11-13]. Since that time, solution-based deposition techniques such as spin coating, dip-
coating, and spiral bar coating have gained popularity to achieve good quality

Chalcogenide thin films. These films have been produced by dissolving the ChG in basic
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solvents. Chern et al. observed that organic Alkaline Aliphatic Amines were able to
dissolve the ChG [11-13] and used this process to fabricate thin films of ChG for photo-
sensitive applications. Examples of their experiments include the dissolution of Arsenic
Sulfide in different Amine solvents like Ethylenediamine (EDA), n-Butylamine (BA),
and n-Propylamine (PA). The solutions were mixed by using magnetic stirrers applied for
a few days. The authors reported that 0.4 g Arsenic- Sulfide was dissolved in 1ml n-
Propylamine [14]. The dissolution mechanism of the Arsenic- Sulfide Chalcogenide glass
in PA is given below:

Arsenic Sulfide has a layer like structure, and an organic solvent like PA attacks
mainly the defect site of layer ChG and breaks it into small flat clusters [14].

The Alkylammonium group (RNH2) from the solvent has a Nitrogen atom,
including lone-pair electrons. The presence of these lone pair electrons makes it a
nucleophilic. A nucleophile tends to donate electrons and reacts with other atoms. When
this Alkylammonium group reacts with As,Sz atom, it substitutes one of its S atoms.
Consequently, it produces an Alkylammonium group. The terminated Sulfur then reacts
with excess Hydrogen, which had split off from the Arsenic Alkylammonium group and
created Hydrogen Sulfide groups. This terminated Hydrogen Sulfide then reacts with
another Alkylammonium group (RNH>) and forms RNH3*. This RNH?" then connects
with the dangling Sulfur bond (S°). As a result, the Arsenic atom from the
Alkylammonium group exhibits a lower electron density and the negative electron
Nitrogen pulling away electron from Arsenic, which reduces its electron density and

makes it much more reactive [11-14].
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By repeating this substitution two times, finally, they got the Alkylamino-
Arsenicand Hydrogen-terminated Sulfide group. In this stage, the solvent molecules,
Alkylammonium Salt with the Sulfide groups, are in chemical equilibrium. The smaller
Arsenic-Sulfide fragments precipitate, terminated by the excess Sulfide dangling bonds
and charge compensating Alkylammonium ions, along with an insoluble Alkyl-Amino
Arsenic compound.

Kohoutek et al. reported the dissolution mechanism of the Arsenic-Sulfide and n-
Butylamine (BA), which follows the same kinetics of previously discussed mechanisms
[15]. They found the smaller Arsenic-Sulfide fragments were surrounded by the polar
Alkylammonium-Sulfide shell, which is more soluble in the solvent because of its
polarity nature. The Alkylamino-Arsenic compounds were found as a precipitated
compound. A schematic of this process is presented in Figure 2.14, and the chemical

reactions at which it occurs are shown in Figure 2.15.

As-S bulk glass alkyl ammonium polythioarsenite salt

aliphatic amine -

' A 0% oW " ™

Figure 2.14 The dissolution mechanism of the As-S ChGs in Aliphatic Amines
[13,14].
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Figure 2.15 a) Chemical equations and cluster image, b) Electrophilic substitution
reaction proposed for the Arsenic-Sulfide dissolution process [13,57].

The dissolution mechanism of the Arsenic-Sulfide with the EDA was investigated
by Guiton and Pantano in the late 1980s [16-17]. They claimed that they had found
polymers like a chain of AssS4 rings, which were interlinked by the bridging Sulfur atom
instead of the Alkylammonium salts or Hydrogen-Sulfide (claimed by Chern et al.). Thus
the glass broke into a polymer-like chain. They had figured out that the diamine solvent

has a chelating nature.

N/ \
N
M

Figure 2.16 Ethylenediamine ligand chelating to a metal with two bonds [58].

H

Chelating is a chemical process where two or more coordinated bonds are
connected with the metal ion or molecules and form a ring-like center, as shown in figure

2.17. Guiton and Pantano dried the solution and claimed that the materials have loosed
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solvent and condensed like a sol-gel process of silicate glass [17]. In the sol-gel process,
a metal oxide solid layer is formed by evaporating the solvent and condensing of
materials by heating.

In the 1990s, Mamedov and Michailov reported the dissolution of Arsenic-Sulfide
in Alkaline water solutions [59-60]. This dissolution mechanism is similar to the
previously discussed Arsenic-Sulfide dissolution mechanism in n-Butylamine. This
dissolution occurs in two steps. In the first step, the adsorption of nucleophiles (Hydroxyl
Anions or Amine groups) occurs at the surface of the glass. In the second step, the Sulfur
atom is substituted by the nucleophile. The rate of dissolution depends on the homopolar
bonds of solvent. Homopolar bonds decrease the electrophilicity of glass networks. As a
result, the lone pair from the N atom will be reduced, and the dissolution rate will be
slower. However, in the Arsenic Sulfide glass, both homopolar (S-S chains, S rings) and
heteropolar bonds (AsxS100-x) exist [59-60].

In summary, even though the above experiment was done by using Arsenic
Sulfide, other Sulfur or Selenium-based ChG would follow the same mechanism. The
similarity of this mechanism is that the solvents tend to be electron-rich, and as a result,

dissolution starts with nucleophilic attacks.
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Figure 2.17 Proposed As2Ss/EDA solution species and gel-to-glass transition. (1)
Lewis acid-base chelation model, (2) Branched chains (3)(A) Solution species; (B)
Amine loss; (C) Elimination of As-S-S-As; (D) Amorphous network. Reprinted with
permission from Chem. Mater. 1(5),558-563(1989) [16-17,60].

The main difference between the two mechanisms (where solvents were EDA and
n-Propylamine) was that the EDA breaks the glass into a polymer-like chain, while the
Propyl-amine breaks the glass into small fragments in the form of small clusters.

Song et al. dissolved bulk As,S3(99.9% pure) with Butyl-amine. First, they made
a powder of As,Ss. Then, they mixed 2.50 g of As2Sz powder with 10 ml of Butyl-amine.
However, they continued this dissolution process for four days. The authors used this
solution to make As,S3 cladding for the quantum cascade (QC) laser [61].

Another study by Slang et al. examined ternary As20Ge12.5Se7.5 composition for

analyzing photoinduced effects in spin-coated As20Ge125Se7.5 thin films. They dissolved
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0.075g ternary ChG with 1 ml n-Butylamine (BA) solvent for that purpose and prepared
As20Ge125Se7.5 thin films by the spin-coating method using this dissolution [62].

Zha et al. reported that they dissolved amorphous As,;Ses with the
Ethylenediamine (EDA) solvent at a concentration of 0.8mol/L. They fabricated a thick
(>10um) Chalcogenide multilayer structure by the spin-coating method for studying the
photo-induced Ag dissolution [63].

Slang et al. described that they had prepared thin films using a spin coating
technique with the GezsS75 ChG and studied photoluminescence of CdSo.eSeo.1 quantum
dots embedded in the spin-coated Ge2sS7s thin films. Therefore, they had dissolved pure
0.804g Ge25S75 ChG with 1 ml of BA [64].

The dissolution based ink formulation, characterization, and printing process will

be discussed in the next chapter.
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CHAPTER 3: INK FORMATION, PRINTING AND SINTERING PROCESS

Nowadays, additive manufacturing (AM) has become a popular and low-cost
method over conventional methods for fabricating electronic devices. The reason behind
the low production cost of AM technology is that in conventional electronics, circuits
need separate components for function. Printing is additive with an associated low waste
of materials because subtractive processes such as lithography, etching, etc. are not
included in this technology. Different kinds of sensors, antenna, coils, capacitors,
memory components, and their integration can be printed using combinations of different
inks to give the desired properties [65]. AM has attracted manufacturing industries
because of the low fabrication cost of large-area electronic devices such as flexible
display devices, printed sensors, memory devices, and radio frequency identification
(RFID) tags [66-67].

In this project, a nano-ionic radiation sensor was fabricated using the AM process.
Several steps were followed for the fabrication process.

1. Synthesis of GeSe based ChG,

2. Ink formation from the ChG,

3. Creation of device architecture with CAD,

4. Transport of CAD data to the printer,

5. Printing on substrate using of the ChG ink,

6. Sintering process of the films,
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7. Printing additional films necessary for the device, following the technological

steps given above.

One overview of all steps and their interrelation are presented in the flow chart of

this technology in Figure 3.1.

Fabrication of the
ChG printed thin

Ink formation
of the ChG

Nano-particle
ink formation

Printing process using
nano-particle ink
(Inkjet printing)

Dissolution
based ink
formation

Printing process using
Dissolution based ink
(screen printing)

Sintering process

Printed thin film
using the nano-
particle ink

Sintering process

Printed thin film using
the dissolution based
ink

Figure 3.1

Flow chart of fabrication of Chalcogenide Glass printed thin films.

Details of each of the technological steps are given in the following chapters.

Synthesis of Ge-Se Based Chalcogenide Glasses

The ChG ink preparation starts with the synthesis of the ChG. In this project, Ge-

Se based ChG was used for fabricating the printed radiation sensor. Ge-Se based ChG is
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thermally stable and has a tendency to form a wide range of glass compositions; this type
of glass is not as toxic as As based ChG [3].

The melt-quenching technique was followed for preparing Ge — based ChG. First,
the weight of 5N pure Ge and Se elements was measured according to atomic percentage
participation. All the measurements were taken under ambient temperature.

The measured elements were loaded in 10 mm diameter and 10 cm long fused
silica ampoules. After that, the ampoules were sealed at a 10* Tor vacuum. Then, the
fused silica ampoules were placed into a programmable tube furnace programmed at
different temperatures for different durations of time, in accordance with the ChG glass

phase diagram [3].
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Figure 3.2  Phase diagram and glass-forming range in the system GexSei-x,
showing Tq values (O) as functions of mole fraction x [68].



31

The temperature duration highly depends on the melting temperature of the glass

component and its partial vapor pressure [3]. One example is given in Table 3.1.

Table 3.1 Ge-Se based ChalcognideGlassesproduction temperature at a

different phase
Phase

1% phase (the element with
the lowest melting
temperature (Se) is liquid,
and a liquid-solid reaction
occurs in the ampoule)

2" phase (the mixture is in
a liquid phase accordingly
to the phase diagram)

3" phase (the highest
melting temperature, Ge
could be melted at this
temperature if there are not
melted traces of this
element)

Last phase (all elements of
the particular mixture
melted and a good
homogenization can occur)

Temperature

350°C

450°C

950°C

750°C

Duration

5 hours

5 hours

5 hours

96 hours (This long time is
necessary for a good
homogenization of the
melting)

After the period shown in table 3.1, the fused silica ampoule was quenched into

ice-cooled water immediately after it has been taken out from the furnace. For this project

work, GezoSego, GesoSero, GessSes7, and GesoSeso compositions, which represent Se rich,

the stoichiometric, and Ge rich members of the Ge-Se system were prepared by this melt

quenching technique, the process flow of which is shown in figure 3.3 and ChG are

shown in figure 3.4.
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Figure 3.3  The Chalcogenide Glasses synthesis process.

Ink Formulation
Ink formulation is one of the major steps of AM technology. There is no
commercially available ChG ink in the market. The ink was produced in our laboratory
using two different methods. Those were the dissolution of ChG in amines ink and a

nanoparticles based ChG ink.

.

| Figre 3.4 Ge20Seso, GesoSero, GesoSeso Chalcogenide Glasses samples.

The main idea of making these types of ink was to dissolve synthesized bulk ChG
into Amine and make a solution for printing. For the dissolution based ink, two different

types of solvent were used; those were Ethylenediamine (EDA) and Propylamine (PA).
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There are limited literature data available for the particular dissolution process of Ge
containing ChG with Amine [69-71]. However, a similar dissolution mechanism (As
based ChG) was described in many details as outlined in the literature review chapter 2 of
this thesis [11-17].

First, a particular composition of the ChG was crushed into a fine powder using
an agate mortar and pestle. Then, the powder was mixed with one of the Amines
(EDA/PA) for a couple of days into a volumetric flask. The dissolution rate of Ge-Se
based ChG into the solvent was 0.089/20 ml. To speed up this dissolution process, the
solution was stirred by using a magnetic stirrer at the rate of 700 rpm for 72 hours.
During the whole process, the lid of the volumetric flask was kept closed by para-film to
prevent evaporation. Finally, the solution was filtered through a 0.025 pum nylon filter
using the vacuum filtration technique for removing the big particles. The prepared ink
can be applied for printing on a substrate using a screen printer or nScrypt printer.
Terpineol has been added to the solution to increase its viscosity and improve in this way
the resolution of the printed films. It had been optimized that 5-10% of Terpineol is
enough for achieving a good resolution of screen-printed patterns. The process flow of
the formation of dissolution based ink is shown in figure 3.5, and ink examples are

prested in figure 3.6.

zﬂj

Figure 3.5  Formulation of dissolution based Chalcogenide Glass inks.
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(b)

Figure 3.6  The dissolution based Chalcogenide Glass inks, a) solvent EDA, b)
solvent PA.

Dissolution Based Chalcogenide Glass Inks Characterization

Before the printing process, the dissolution based ink was characterized using the
tensiometer. It was used to measure the contact angle of the ink with the substrate. This is
the angle between the droplet outline and the substrate. The contact angle provides
information about how well an ink will spread over a substrate. It is a vital indicator
during the ink formulation process. The contact angle mainly depends on the physical
properties of the materials (the ink and substate)[72]. Figure 3.7 shows various types of
contact angle. The left-most droplet has a large contact angle with the substrate. The

larger contact angle represents a lowest in the wettability because of which the liquid
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does not spread over the substrate. The right most droplet has a small contact angle with
the substrate, and it spreads well over the substrate. For the best printed thin film, a low
contact angle is the desired outcome, since it assures high resolution at printing.

The tensiometer measured the contact angle by following two steps: recording
and analysis. First, the stage was flattened to make sure that the droplet of ink does not
move during deposition. After droplet depositing on the stage, an image was recorded by
a camera. Then, the image is analyzed using software to determine the contact angle-

figure 3.8.

Hydrophobic Hydrophillic

Figure 3.7  Various contact angles [72]
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Figure 3.8 Contact angle measurement process [72].

The baseline represents the substrate on which the droplet was deposited. The
software traced the droplet edge and determined the gradient of the tangent of the droplet
edge with respect to the baseline. Finally, the angle was calculated by using this equation:

tanf=opposite/adjacent.

The Printing Procedure of Chalcogenide Glass Inks (Dissolution Based Inks)

Printing Process:

The screen-printed method was used to print the ChG thin-film using dissolution
based ink. This method was preferred because the amines are alkaline in character, and
there are concerns that they could dissolve the plastic cartridge nozzles or other plastic

parts of the printers in use at IML.
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Figure 3.9  Contact angle on a) Si substrate, b) SiO2 substrate.

Substrate preparation:

A Si wafer was used as a substrate. The thickness of the substrate was 550 nm,
and the diameter was 10 cm. The substrate was initially covered with an insulating film
obtained by a dry oxidation process — Figure 3.10. Without an oxide film, the device
fabricated out of the ChG film would have been shorted by conducting the electrical field
throughout the Si substrate. The thickness of the insulation layer (SiO2) was 275.78 nm.
One other option for the substrate used for printing of the films was the application of a
Kapton film (5 mils). The Kapton substrate was preheated at the same temperature of the
sintering process for 15-20 minutes to avoid shrinking during the sintering process. The
oxide film thickness was measured using the ellipsometer — Figure 3.11. The data show

that the oxide film thickness differs over the substrate. However, since its role is only for
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insulation from the substrate, which can be satisfied at all shown thickness values, we
assume that the oxide film is a good base for active film deposition on it.

After the oxidation process, the substrate was treated with Oxygen plasma at
100W for 5 min to remove the unwanted particles and obtain good adhesion of the

printed layer on the substrate - Figure 3.12.

Figure 3.10 Dry Oxidized Si Wafer.
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Figure 3.11 Ellipsometer data for calculating the average thickness of the silicon
oxide layer.

(@) (b)

Figure 3.12 a) Oxygen plasma system, b) recipe followed for cleaning the
substrate.

Screen preparation:

The screen preparation for printing is shown in figure 3.13. First, a monofilament
Polyester fabric was stretched extremely tightly on a metal frame. Then, a photosensitive
emulsion was coated over the fabric, which is known as the stencil. The combination of
the stencil and the metal frame form the screen. After drying the photosensitive emulsion,
the desired printing design was transferred to the screen. In this process, a desired

printing designed transparent sheet was laid onto the emulsion coated screen.



Create
desired
pattern

After that, this setup was exposed to UV light. As a result, UV light went through

Printed screen
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emulsion
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Figure 3.13  Screen preparation process.

the transparent design, and the exposed area became hardened, and cannot be washed

away. On the other hand, the unexposed area was easily washed away using water. At the

end, the desired printing pattern has been transferred to the screen. Finally, the screen

was completely prepared for the screen printing process.

Screen printing process:

The screen printer was used for printing the ChG thin-film — Figure 3.14. First,

the screen was placed on the printing press. The substrate was placed on the flat printing

board, underneath the screen. Then, the screen was placed onto the printing board. The

ink was added to the top end of the screen. A squeegee was used to pull the ink along the

full length of the screen.
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Figure 3.14  Screen printing process and screen-printer.

This squeegee press transferred the ink through the open areas of the stencil
design. As a result, the desired design was imprinted on the substrate. By following these
steps, a square-shaped design was printed on top of the substrate using dissolution based
ink. The thickness of the printed film can be varied by changing the emulsion thickness
of the screen.

Sintering Process

After the printing process, the sintering process is the next essential part of the
AM process. The printed and dried film patterns are usually highly resistive due to the
high inconsistency of the films, which is improper for practical applications. Sintering is
a process by which the printed particles are combined to create a solid film. This helps to
form a conductive printed pattern. The sintering process depends on some factors such as
the composition, the particle size, the heat rate, the sintering temperature, the sintering
time, the liquid phase formation, and so on [70]. The sintering process also helps the

printed pattern or film to have better adhesion to the substrate. The basic sintering
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process is exposing the printed film to heat, intense light, microwave radiation, plasma,
or an electric field, which triggers the formation of continuous films [71]. The main
challenge is to remove the solvents from the surface of the printed pattern and break
down the polymer backbones. Since the ChG is a photosensitive material, the thermal

sintering process has been followed in this project — Figures 3.15 - 3.17.
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Figure 3.15 Printed film before sintering.

As mentioned before, EDA/PA was used as a solvent. The boiling point of EDA
is 116°C, and of PA it is 51°C, respectively. The printed film was placed into a vacuum
furnace at 100°C for 24 hours. In this phase, the solvent of the dissolution based ink was

evaporated from the surface of the printed film.

Figure 3.16  Solvent evaporation of printed film.



The second sintering phase was carried out at 130°C for 24 hours. In this phase,

the particles of the printed film agglomerate close together and create a solid film.
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Figure 3.17  Sintered printed film.

The vacuum furnace window was covered with Aluminum foil to avoid light to
avoid the occurrence of photoinduced processes in the sintering films, due to the
photosensitivity properties of the ChG. The temperature was increased in increments of
20°C with a hold of 15 minutes between them starting at room temperature and reaching

100°C slowly during the first phase of the sintering process to avoid cracks formation on

the printed films.

Figure 3.18 Vacuum furnace.

Images of the films before and after sintering are shown in Figures 3.19 and 3.20,

along with a microscopic image of the center and the edge of the sintered film.

43
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(@) (b)

Figure 3.19 The Chalcogenide Glass printed films with a) EDA solvent before
sintering, b) after sintering.

(@) (b)

Figure 3.20 The Chalcogenide Glass printed films with PA solvent, a) before
sintering, b) after sintering.

The screen-printed films had high surface roughness—Fig. 3.22. It can be managed
to some extent by increasing the ink’s viscosity, which can allow the spreading of the
material under the screen. However, the variation of the ink’s viscosity requires strict
control because, on the other hand, lower viscosity contains the shape and specifically the
edges of the films. After sintering, the films changed their color, which is an indication

for the occurrence of the processes, shown in Figures 3.15-3.17.
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Figure 3.21  Microscopic picture of the Ge30Se70 printed film after sintering, a)
center view, b) edge view.

Figure 3.22 Chalcogenide Glass printed films roughness.

Nanoparticles Based Chalcogenide Glass Inks Formulation

Besides the dissolution based ChG ink, nanoparticles based ChG ink was also
formulated in our laboratory— (Figure 3.23) in order to have a comparative base about the
performance of devices obtained by the deposition of different types of films. The main
focus of this thesis is on the dissolution based ChG ink printed film and the fabricated
radiation sensor. A summary of the nanoparticles glass ink formulation, the printing
process, and the sintering process are given below:

The production of nanoparticles ink started with the ChG synthesis. After the bulk

glasses were synthesized, mortar and pestle were used to make a fine powder of ChG.
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First, the high energy ball milling technique was used to get the nanostructure ChG
powder materials. The wet milling method was followed because of less power
consumption, increasing the capacity of grinding, and no dust formation. The
Cyclohexanone and Ethylcellulose (EC) were mixed with the ChG powder during the wet
milling process as a solvent and a stabilizing agent, respectively. Ethylcellulose was used
to prevent the agglomeration of the nanoparticles. During the ball milling process, the
ChG powder was squeegeed by collisions between the milling balls, as well as by
collisions between the milling container and milling balls. The balls were rotated with
high energy inside a container as a result of centrifugal forces and then fell on the
powder. Therefore, the ChG was crushed into nanoparticles. Coolant has been used to
keep the temperature in the ball mill close to room temperature in order to avoid
crystalline of the milled material. After that, the stock solution was placed into an ultra-
sonicator for 16 hours with high frequency (1000 Hz). The ultrasonicator transfers
vibrational energy to the mixture. Then, the stock solution was centrifuged at 4500 rpm to
get a uniform particle size. The 250-270 nm particle size resulting after these processes
were satisfactory for printing an inkjet printer. The process flow of nanoparticles ink

formation is presented in figure 3.23.

1 = o=y s = -

Figure 3.23 Formulation of Chalcogenide Glass nanoparticles based inks.
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Nanoparticles Inks Characterization
The Dimatix printer (DMP 2800) has some parametric limitations for printing
with nanoparticles ink, examples of which are presented in figure 3.24. For example, the
particle size should be less than 300 nm, and the viscosity range of the ink is required to
be between 2-12 cP. The particle size of the nanoparticles ink was measured by using the

dynamic light scattering (DLS) system figure 3.25(a).

Figure 3.24 Diﬁerentoposition of anarticles inks.

When using the Dimatix printer (DMP 2800), viscosity is another characteristic
that has to be closely controlled. It is a measurement of the resistance of a fluid to deform
under shear stress or to flow. The viscosity of nanoparticles ink was measured by the
viscometer—Figure 3.25(b). The nanoparticles based ChG ink has 5-12 cP viscosity at
room temperature. This is within the requirements of the printer, and so the ink was
compatible with it. The tensiometer measured characteristics of the nanoparticles based

ink was the contact angle with the applied substrate.
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Figure 3.26  Contact angle of the nanoparticles ink.

Both the viscosity and the contact angle are of high importance for the ink

performance because they form its resolution. Since the additive technologies have

limited achievement on the fabrication of small devices, increasing the resolution is vital

in order to produce as small as possible devices, which usually have much more stable

performance.
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Printing Process

The DMP 2800 model that was used for the printing of the ChG thin film on the
substrate with nanoparticles based ink is shown in figure 3.26. The ChG nanoparticles ink
was injected into the cartridge using a syringe. The droplets of ChG nanoparticles based
ink were jetted from the print head of cartridge to the substrate. This printer follows the
drop-on-demand (DOD) method. The flow of ink drops was controlled by tuning the
jetting voltage of each of the individual nozzles. Generally, two or three consecutive
nozzles were used, and the other nozzles were turned off. Before beginning printing, the
ink cartridge, the cleaning pad, and the substrate were placed inside the printer. The print
origin was set by using the camera. The drop watcher helped to monitor the performance
of each nozzle individually. Finally, by using the printer operating software, the
AutoCAD file of the desired printing pattern was loaded, and the number of layers for

printing was selected. Then, the print option was chosen to start printing.

. .Fi.éure 3.27 Inkjet printer (DMP 2800).
Sintering Process
The printed film was sintered in two steps. The first step was required to

evaporate the solvent very slowly to prevent cracking in the thin film. The films were
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annealed at 80°C for two days in a vacuum furnace. Then, the thin films were heated in
an argon-filled chamber at 350-400°C for 3hours. During this step, the surfactant
decomposes, and sintering starts. Examples of nanoparticles printed films are shown in

figure 3.28.

(@) (b)
Figure 3.28 The a) Ge20Seso, b) GesoSero, ¢) GeoSeso printed film (nanoparticles
based ink).

As shown in figure 3.29, the quality of the films was quite satisfactory since the
SEM picture displaces homogeneity, and the edges shown on the microscopic photos
promise good resolution since they are well defined. These printed films were
characterized by different methods & analyzed to prove their structure and composition,
as well as to understand irradiation effects in them.

The three compositions (Ge2oSeso, GezoSero, GeaoSeso) of nanoparticles inks were
printed and sintered by following the same method described in this chapter. The printed
ChG layers were used to fabricate the radiation sensor. In the next chapter, the printed

film analysis will be discussed.
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Figure 3.29 a) SEM picture after sintering (GesoSero printed film), b) sintering
process in the Ar filled the chamber.
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CHAPTER 4: PRINTED FILMS ANALYSIS

The printed thin films of GezoSeso, GesoSero, and GesoSeso Were characterized
using Energy Dispersive X-ray Spectroscopy (EDS), Atomic Force Microscopy (AFM),
and Raman Spectroscopy. The objective of this film characterization was to get an idea
about the structure and composition of the film, as well as the UV light irradiation effect
on them and understand the relationships between composition structure and performance
of the studied films.

Energy Dispersive X-ray SpectroscopyResults

Energy Dispersive X-ray Spectroscopy (EDS) was performed using the FEI
TENEO field emission scanning electron microscope (FESEM). The electron accelerated
voltage was 20 kV, and the working distance was 10 mm during the measurement. The
same parameters were used to maintain consistency. In this method, an electron beam
was generated by applying a voltage bias across a filament. This electron beam was
directed to the sample printed film through apertures and the beam aligner [73]. When the
electron beam hits the sample, it knocks out the inner shell electrons from the sample.
Occurred in this way, electrons are called secondary electrons [74]. At that moment, the
outer shell electrons move to the inner shell. When they move, they emit energy. This
energy has a specific wavelength of X-ray photon for each atom. An X-ray detector was
used to detect the emitted X-ray photons. With the help of the X-ray detector, the existing
elements of the film were identified. Before starting the measurement, the accelerated

voltage was adjusted. The Ge-Se based Chalcogenide glass needs more than 10kV
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accelerating voltage to knock out the outer shell electrons, which generates the specific
X-ray wavelength for Ge and Se. In our experiments, 20 kV voltage was used to make
sure that the mainstream of the generated electron beam had interacted with the sample.
As a result, the accuracy of the experiment was increased. Likewise, a 10 mm distance

was maintained to get the same strength of X-ray signal from each sample.

The primary purpose of performing the EDS study was to confirm the presence of
the desired elements in the printed films. In the ChG ink making process, different
solvents were used for two different methods. For the dissolution based ink making
process, Amine was used to dissolve the ChG. On the other hand, Ethylene glycol and

Cyclohexanone were used for the nanoparticles based ink formulation process.
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Figure 4.1  EDS for dissolution ink prepared Ge20Seso/Si printed film, a) EDA
solvent,b) PA solvent.

After the sintering process, the solvent was evaporated, and only ChG remained in
the film. With the help of the EDS study, the sintered printed film of ChG composition
was compared with the bulk ChG composition. Several spots of the film were studied in
order to get reliable compositional data, which were averaged overall measurements.
Figure 4.1 presents examples of data for Ge2oSeso printed films obtained from solutions

with different solvents.



(b)

Figure 4.2  EDS for dissolution ink prepared GesoSero/Si printed film, a) EDA
solvent, b) PA solvent.

Here, the other related elements like Si, O2 were ignored during the EDS study in
order to get an idea about the presence of the two most important elements of the films —
Ge and Se. The data shows that for both dissolutions based printed films, the quantity of
the elemental Ge was reduced compared to the bulk source materials. During the
dissolution of the ChG in EDA and PA, a complex reaction occurs at which ionic
bonding occurs between the Amine molecules and the chalcogenide glass clusters which
leads for the formation of Germanium Alkile Ammonium Salts [11-15], which
subsequently evaporates, but during the entire handling process of the films, it is possible
to lose part of these salts, which contributes to the formation of films with reduced Ge

concentration.
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Figure 4.3  EDS for dissolution ink prepared Ge40Se60/Si printed film, a) EDA
solvent, b)PA solvent.

The compositional results for the film based on GespSe7o films are shown in Fig
4.2. In this case, the EDA based GesoSe7o printed film composition has ~1% variance
from its bulk materials. On the other hand, the PA-based GesoSezo printed film distincts
with 5-6% compared to the bulk material, which makes the film’s compositional most
close to the stoichiometric composition. Apart from this, the GesoSeso printed film also
shows approximately 5-6% variance from the bulk source material, as presented in figure
4.3.

Table 4.1. summarizes the comparison between the bulk glass compositions and
the printed film average composition. The multiple locations spectra provide sufficient

data to get an average idea about the entire film composition.



57

Table 4.1 EDS data comparison between bulk and dissolution based printed
films

Average composition in

Average composition in the the PA solvent prepared

Bulk composition EDA solvent prepared film

film
Ge20Seso Ge13.9Sess.1 Ge17Sess
GesoSero Ge30.75€69.30 Gess.85€63.2
Ge4oSeso Gess.45€es4.6 Geas.85€s5.2

Table 4.2 EDS data comparison between the bulk and nanoparticles based
printed films

Average composition in the

Bulk composition nanoparticles prepared film

Ge20Seso Gezs55€e755
GezoSerno Ges155€es8.5
GesoSeso Ges0.9Ses9.1

EDS was also used to check the composition of the nanoparticles based ChG
printed thin film, an example of which are shown in Figure. 4.4.

Figure 4.4 and the summarized data on Table 2. point out that the nanoparticles

based GezoSezo and GesoSeso printed films composition have only ~1% variance
with its bulk counterpart, while the GezoSeso printed film demonstrates 8-9% different
composition compared to the initial bulk material. This result is to some extend, random
and needs a more detailed study, which, however, is not in the focus of this work, since it

is mainly related to the study of inks formed by dissolution.
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Figure 4.4  EDS for nanoparticles ink prepared a) Gez20Seso/Si, b) GesoSero/Si, and
c) GeaoSeso/Si printed film.

EDS was also used to analyze the compositional changes in the materials of the

printed film with different UV light radiation doses. The EDS data was collected from the
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different areas of the same printed film, but it was not possible to take the data each time
from the same spots. That’s why the average compositional data was used for
comparison. These results are summarized in Table 4.3.

Table 4.3 EDS data comparison between the average composition of the
nanoparticles prepared films after sintering and average composition with different
radiation doses.

Average composition  Radiation doses
in the nanoparticles

prepared film 40Wmincm™ 80 Wmincm™ 120 Wmincm
Gea55€755 Ge237S€76.3 Ge23.95€76.1 Ge243S€757
Ges155€685 Ge30.95€69.1 Ges0.75€69.3 Ge30.45€e69.6
Ge0.95€59.1 Ge0.95€s8.71 - -

Table 4.3 shows that, with different UV light radiation doses, the nanoparticles
based ChG has very negligible changes in comparison compared to the non-irradiated
printed film’s composition.

During the irradiation condition, the printed film can be oxidized, as shown in
Figure 4.5. The film oxidation measurement was performed to investigate this oxidation
effect with different radiation doses. The main reason for the oxidation process is that
during the UV light radiation, electron/hole pairs are created, which leads to the
formation of dangling bonds in the printed film. They are highly reactive and can easily
react with atmospheric Oxygen. Usually, the element which oxidizes is Ge [3,75-76].

There is one more detail that we can extract from the data shown in figure 4.5.
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Oxidation in bare printed film
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Figure4.5  EDS study to quantifies the amount of oxidation in bare dissolution
based printed films.

The less oxidizing films are those with Gez0Seso composition. In essence, due to
the high concentration of Se in them, one could expect that all Ge-Se bonds are
chemically bonded, and because of this, after low initial oxidation saturation occurs and
the process stops. With increasing Ge concentration formation of some wrong Ge-Ge
bonds is possible, which has low bond energy and easily dissociate, due to which the
oxidation process is more active but also saturate. In the Ge4oSeso composition formation
of Ge-Ge bonding is naturally existing due to the formation of Ethane-like structural
units, and this leads to a much more active oxidation process that does not saturate at
high UV light irradiation. As reported in the Ge-S system, this oxidation process
introduces serious composition transformation in the films and does not stop at their

surface [77].
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Atomic Force MicroscopyAnalysis

The Atomic Force Microscopy (AFM) technique is used for studying the
roughness of the sample. A tip or probe is mainly interacting with the sample by
following the raster scanning motion. During the scanning, the up/down and side motion
of the tip is monitored by the laser beam, which is reflected from the tip. This reflected
laser beam is captured by the position-sensitive photodetector (PSPD). The photodetector
converts the scanning motion in terms of voltage. This work was performed in tapping
mode condition to avoid the application of constant pressure, which can change the
roughness of the printed sample. In the tapping mode, the tip is mounted on the shaker
piezo, which provides the tip with the ability to oscillate between 100 Hz to 2MHz
frequency.

All measurements were performed at the 0.5um/sec rate with the oscillation
frequency of 324 kHz using the Bruker Dimensions 3100 system with a Nanoscope IV
controller. The ChG is a photo-sensitive material; that is why the AFM study was done
in the dark at ambient temperature. With the help of the SPM software, the recorded
AFM data is analyzed.

The AFM study of both printed films has been done to check the roughness with
different UV light radiation doses. The overall trend of the roughness is an initial
decrease for irradiation up to the 40 Wmin/Cm-?radiation dose, after which it increases —
Figure 4.6. We suggest that the reason for this effect is the fact that the printed films are
quite rough, and the initial irradiation supplies the atoms with enough energy for them to
adjust better in a more dense structure. Increasing the radiation dose further contributes to

the processes discussed above — dangling bonds formation and oxidation, which
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contributes to further increase of the surface roughness. There is an interesting effect if
we compare the roughness of nanoparticles based films to dissolution based films. The
first is much stronger affected by the irradiation, which we contribute to the less dens
organization of the film's structure and the structural specifics of the nanoparticles films,

which are formed by a combination of relatively big agglomerated structural units.

AFM data_inkjet_printed _chaleogenide glass A data_Screen_printed _Chalcogenide glass
= 55
30k / | —u— G fe
._\-\_\_\_‘_‘—‘——_—ia—'—"’ﬂf —m— Ge_Se,, a0 GE“SE’“
E 25 ——Ge  Sa, = L B2 2
= 7 Ge, e, £ —v— G, Se,
n w 45 »
H] T E u _'_'_'_'_'_,_,_:—'—'_'_'-'_,
= = -\_\_"‘—‘—\—\_._\_\_.
£ 20} £
2 2 40}
3 i
2, x|
s 0 £ a5l I
& g “ﬁ::t‘._'_'fﬁ_j’;
[} [ ]
1.0F 30k
0 20 40 =] =1 <10 0 10 20 30 40 50 60 7O 380 20
Radiation dose Amindem™) Radiation Dose (WmindCm™)
(@) (b)

Figure 4.6  AFM surface roughness analysis, a) dissolution based ink prepared
printed film, b) nanoparticles based printed film.

Raman Spectroscopy Analysis
Raman spectroscopy was used to analyze the initial structure and the structural
changes occurring in the printed material after irradiation with different doses, such as the
bonding type, the physical structure, etc.
In this technique, the scattered light is used to measure the vibrational energy
mode of the sample. When photon incidents onto the sample molecule, it may be
reflected, absorbed, or scattered. Raman spectroscopy techniques mainly consider

scattering events. During the interaction, the molecules may be elevated from the ground
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vibration levels to a higher state called the virtual state. The energy of molecules does not
change after interaction with the photon in most of the scattering events. In this case, the
scattering photon and the incident photon have the same energy and wavelength. This is
known as Rayleigh scattering [78-79]. When the energy of the molecules changes after
the interaction, this type of scattering is called Raman scattering [78-79]. In the Raman
scattering condition, the molecules gain the energy from the photon after the interaction;
eventually, the photon loses its energy. This type of scattering is known as Stokes Raman
scattering [78-79].

On the other hand, if the molecules lose the energy after the interaction with the
photon, then the photon gains some energy, and its wavelength decreases. This type of
scattering is known as Anti-stokes Raman scattering. Most of the molecules will be in the
ground vibration state, and the Stokes scatter is the statistically more probable process.
That is why Stokes Raman scatters are always more intense than Anti-Stokes. The
resultant Raman spectra consist of a Gaussian peak, which corresponds to the scattering
intensity of the specific structures. The intensity of each peak considers the number of

each structure. The origin of the Raman scattering types is presented in Figure 4.7.
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Figure 4.7  Jablonski Diagram showing the origin of Rayleigh, Stokes, and Anti-
Stokes Raman Scatter [80].

Raman studies were performed using a Horiba Scientific Lab RAM HRE
volution Raman Spectroscopic System in backscattering mode, using a parallel-polarized
442 nm He:Cd laser-focused to a spot of 6 um using a 100x magnification, with a power
of 120 mW. The samples were placed in an open atmosphere at the standard pressure and
room temperature. To analyze the overall spectra, the baseline noise is removed by
normalizing the spectra data. Three different compositions of Ge-Se based ChG
nanoparticles based printed film were studied at different radiation doses using Raman

spectroscopy.
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Figure 4.8  Fitted Raman spectra of virgin, and UV light irradiated Ge-Se based
printed films, a)Ge20Seso,b) GesoSero, and ¢) GesoSesofilms.

The Raman spectra are presented in Figure 4.8. Raman spectra of the films of
virgin and UV light irradiated with three different doses for Ge2oSego, GesoSero, and two
different doses for GesoSeso films are displayed for all composition in Figure 4.8 (a)-(c).

The Raman spectra demonstrate the availability of the standard tetrahedral structural
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units for the chalcogenide glasses —the corner-sharing tetrahedral structures at 209 cm?,
the Edge-sharing tetrahedral structures 218 cm™ and the asymmetric Se-Se chain and
rings are 268 cm™ [74]. In Ge rich compositions (GezoSe7o, GeaoSeso) spectra, the Ethane
like structure (ETH) raises with avibrational mode at 198 cm™*. After calculation of the
areal intensity under the specific vibrational mode, the dependence of the vibrational
intensity of the most common structural units as a function of the irradiation dose has
been presented in Figure. 4.9.
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Figure 4.9  Analysis of Raman Spectra: CS/ES area ratio comparison.
Figure 4.9 shows the corner-sharing and edge-sharing ratio before and after
irradiation, where the Se rich compositions did not show significant change due to
different radiation doses. This is a film indication for the stability of these films towards

electromagnetic irradiation and their suitability for application as a material for radiation
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sensing. The only material which reacted with a relevant structural change on the
irradiation was the Ge rich composition GesoSeso.
The Raman spectra of the films obtained by the printing of films with inks based

on ChG dissolution with amines are presented in figure 4.10 and figure 4.11.
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Figure 4.10 a) Fitted Raman spectra of EDA solvent[78] and b) Ge-Se based
dissolution based printed films, Ge2oSeso, GesoSezo, and GesoSeso films.



The Raman spectra of the printed Ge2oSesgo, GesoSero, GesoSeso films are shown
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for all compositions and compared with their solvents in both figure 4.10 and 4.11. Four

bands are easily distinguished by the wave number location in theses Raman spectra.

Tetrahedral structural units for the ChG show corner-sharing at 200 cm™, Edge-sharing

tetrahedral structures at 218 cm™ and asymmetric Se-Se chain and rings are at 263 cm™

[78]. Ethane like structure (ETH) shows only GezoSezo and GesoSeso composition at 190

cm
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Figure 4.11 a) Fitted Raman spectra of PA solvent [92] and b) Ge-Se based
dissolution based printed films, Ge20Seso, GesoSero, andGesoSeso films.
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It is obvious that at the condition of the Raman study, the solvent is not
completely evaporated, and its presence influences the film’s structure, especially the
EDA solvent. This effect is mostly expressed for the Ge rich GesoSeso.

Discussion

The dissolution based printed films shows the compositional change in
comparison with the bulk glass composition. There is a complex chemical reaction that
occurs between the Chalcogenide glass composition and the Amine solvent during the
dissolution process. The EDA solvent dissolved Ge2oSego by the chelating process. In this
process, two coordinate bonds are connected to the Ge molecules and form a ring-like
center. As a result, the glass structure breaks and forms small structural units similar to a
monomer. During the sintering process, they can be evaporated, and this is the main
reason for the compositional difference between the source material and the chalcogenide
film. However, the GezoSero dissolution based printed film does not show any significant
composition change. This composition is close to the stoichiometric composition and
more stable due to the low number of wrong bonds in it.

More specifically, the PA solvent reacts with the ChG and forms the Germanium
Alkylammonium group (RNHz). The N atom from the Alkylammonium group has a
nucleophile tendency because of its lone pair electrons. This group substitutes the Se
atoms, and thus the dissolution process is in fact, the formation of a complex molecule
with the Ge and the Se atoms residing in the solution [52,59]. At this dissolution process,
some Ge atoms can be washed out by the solvent. It is for this reason that the films have a
lower concentration of the Ge compared to the source material. Since the major chemical

reaction at dissolution affects the Ge atoms in the films, naturally, the structure of the
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Ge4oSeeo films is mostly influenced by the presence of the solvent, which is clearly
demonstrated on the Raman spectra, especially by dissolution with the EDA. In essence,
because of the lower evaporation temperature of the PA, its concentration in the films is
lower compared to the case when the EDA is used as a solvent.

For the nanoparticles based printed film, the GezoSezo and the GesoSeso do not
show significant compositional differences compared to the bulk material. In the Ge2oSeso
printed films, extra Se atoms create-Se chains. These Se-Se chains can evaporate during
the sintering process. Because of this reason, the concentration of Se atoms in the
nanoparticles printed films was reduced. The GezoSezo composition does not show
significant changes due to the number of wrong bonds in this material.

The overall trend of the roughness increases with the radiation dose. However, in
the initial radiation dose range, there is a decrease in the roughness for printed films.
When UV light radiation is introduced to the nanoparticles printed film, the dangling
bonds in the printed films are affected, and they break. Among these dangling bonds, Ge-
Ge bonds are weaker and more reactive than the others. These Ge-Ge dangling bonds
react with atmospheric Oxygen and form the Ge-O bonds [3]. These bonds are
significantly shorter than the others, and the resultant film constriction will cause a
decrease in roughness. After a certain point, Ge-O formation becomes saturated.
However, the introduction of oxygen in the structure influence to a high extent the
surface roughness due to the smaller size of the Oxygen atom, compared to the Se atom.
Figure 4.6 shows that after 4 Wmincm™ radiation doses, the surface roughness increases.
The saturation of the oxidation process during the irradiation is also indicated in Figure

4.5.
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The ES/CS ratio of nanoparticles printed films shows that there are no significant
changes that occur during the irradiation condition for the Se rich composition (Figure
4.9). Table 4.3 data also proved that the composition of Se rich Chalcogenide glass
printed film does not change the composition with different radiation doses. Among the
studied films, the Ge4oSeso composition shows the lowest stability towards
electromagnetic irradiation, and we suggest that the major reason for this is the existence
of Ge-Ge bonding in it. This bond is very weak, it can be easily dissociated, which results
in the formation of very active Ge atoms ready to react with the surrounding
chalcogenide matrix and changing the structure of the materials of forming Oxide by
reaction with environmental Oxygen.

It is possible to get better quality dissolution based printed film by improving
sintering conditions to evaporated solvent completely. The experiments reported in this
thesis were limited by the fact that we could not use Ar purged atmosphere for
conducting the sintering at a higher temperature and carried out the sintering up to the

temperature available in the vacuum furnace.
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CHAPTER 5: DEVICES PERFORMANCE TEST
Devices Fabrication
The ChG printed films were used to fabricate the radiation sensing device using
AM technology. Ag has high diffusivity in the Ge-Se based ChG. That’s why Ag
electrodes were fabricated on the ChG printed film. Figure 5.1 shows the cross-sectional
view of the radiation sensor. The diameter of each Ag electrode was 2mm, and the space
between the two electrodes was 1 mm. The device conductivity was measured in real-

time between the two electrodes on the ChG surface at the irradiation condition.

2000 2000

6um for nano-particle printed film
4-5 um for dissolution based printed film

Silicon Oxide Layer 0.25 ym

550 pm

Figure 5.1  The cross-sectional view of the radiation sensor.

For device fabrication, the ChG layer was printed by ChG ink using different
kinds of printers. The printing process with both types of ink was described in Chapter 4.
The devices were fabricated by printing two electrodes on top of the ChG printed film.
The DuPont 5000, a commercially available Ag conductive ink was used for this
fabrication process. The viscosity range of the ink is 3500-16000cP. The nScrypt micro-

dispense printer was used to fabricate the Ag electrodes. First, the Ag paste was filled
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into the dispensing syringe under the fume hood by minimizing the amount of trapped
air. It was confirmed that there was no air in the dispensing syringe. Two O-rings, a valve
rod, and a tip (125 pum) were installed inside the valve body. Then, the valve body was
installed into the dry pump assembly using a threaded adapter. In the end, the dispensing
syringe was connected to the valve body to ensure the ink flow. Before starting printing,
the printing speed, air pressure, and valve opening were optimized. The substrate was
placed on the printing stage, and it was taped on before printing to keep the flatness of the
surface and no movement during printing. The speed varied from 4-10 mm/sec with a
0.09 mm valve opening at 5 PSI pressure. After experimenting with different deposition
speeds, a continuous line and excellent resolution were obtained at 8 mm/sec speed. The
upped monitor observed the flow of the Ag paste. Then, the electrode printing pattern
CAD file was loaded using the printer software. The printing pattern was verified by a
dry run. After verification of the printing pattern, the status of the dry run was changed

from true to false. Then, the print was initiated.

Figure 5.2 a) The parameter optimization of the nScrypt printer, b) printer in
operation.
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According to the vendor recommendation, the sintering of the Ag printed film had
to be conducted at 100°C for about 8-10 min. Although the sintering time is quite short,
because of concerns that the high temperature should initiate Ag diffusion in the ChG
film, this procedure was not followed, and experiments with the sintering of the films
were carried out in order to optimize this process. The other option which could be
utilized was to apply photonic sintering. It has been avoided as well since the wavelength
at which it occurs would cause Ag photodiffusion within the ChG films. The printed
electrodes on the ChG layer were self-sintered at room temperature within 48 hours in a
vacuum furnace. After the sintering process finished, the conductivity of electrodes was
measured using a probe station. Two probes were placed on the same electrode and were

swept between 0V to 1V, where the compliance current was 50nA.

Ag electrode sintering
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Figure 5.3  Ag electrode sintering test output.

Figure 5.3 shows that the output current was the same as the compliance current.

That means that the resistance was zero for that specific electrode, and it became fully



conductive, which is a sign that the sintering process has been successful. A general

view of different types of devices is shown in Figure 5.4.

Ag elactroda

Figure 5.4  The printed radiation sensor, a) dissolution based ink fabricated
device, b) nanoparticles based ink fabricated device.

Devices Performance Testing
Since the studied devices are supposed to perform under electromagnetic
irradiation, the proof of concept for their performance was achieved by irradiation with
UV light. The devices were tested using a 4 Wem™ UV light irradiation source. The
conductivity at different UV light radiation doses was measured using an HP 4146
semiconductor parameter analyzer applying a DC voltage sweep and the probes
contacting two adjacent Ag electrodes. The entire measuring station was isolated from

any external noise or light source using a Faraday cage — Figure 5.5.

Figure 5.5  Devices test setup.

75
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The device test parameters are shown in Figure 5.6.
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Figure 5.6 Devices test parameters. '

Figure 5.7 shows examples of two real-time GesoSero screen printed device
performances, observed at 40Wmincm2-120Wmincm™ radiation doses. The current of
the devices increased with the rise of the radiation doses up to four orders of magnitude
compared to the control device current. The control or virgin devices were not exposed to
UV light radiation. Irradiation with UV light causes several processes to occur in the
studied systems. On the one hand, it causes the formation of electron-hole pairs in the
ChG films, which form a kind of electrical field within these films. On the other hand, the
light irradiation ionizes the Ag in the electrodes, and this causes massive diffusion of the
Ag*driven by the internal field within the ChG films. This effect is well studied and
documented [4-8]. The presence of Ag* creates donor levels in the bandgap of the ChG
films, which effectively decrease its bandgap [3,81]. Therefore the conductivity

increases. As a secondary effect, because of the high affinity between Ag and Se
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chemical interaction between them occurs, by which binary Ag.Se or ternary AgsGeSes
compounds can form [5,8,81]. As much as this is the basic effect occurring at the
radiation of Ge-Se films, there are fluctuations in it related to specific events occurring at
particular irradiation and partial oxidation of the films. So, for example, at further
increasing of the irradiation dose to 160Wmincmthe measured conductivity decreases,
as shown in figure 5.7. We suggest that the reason for this is an enormous increase of the
electron-hole pairs, which due to their close proximity recombine immediately, their
number substantially decreases, and so the effect described above is suppressed.
Simultaneously with this partial oxidation of the films occurs, which reduces their
conductivity as well. Based on these two effects, both types of studied devices could be

detected 0-120 Wmincm™ range radiation.

EDA solvent_screen print vice (dissolved ink
Ges,Se;, EDA solvent screen printed device (dissolved ink) Ge,,Se,, PA solvent_screen printed device (dissolved ink)

8.00E-011 4.00E-012
——virgin
7.00E-011 | 40 Wmin/em? 3.50E-012 |
—— 80 Wmin/Cm”
6.00E-011 |- 120 WminCm? 3.00E-012 |
—— 160 Wmin/Cm™
~ 5.00E-011 . 2508012
< <
= £ 2.00E-012 |
$ 4.00E-011 18
5 NG 1508012 | / I
{| . -]
3.00E-011 Iy ——— 40Wmincm?
i 1.00E-012 f J —— 80Wmincm?
2.00E-011 [yl s ooe.003 | —— 120Wmincm™
: ! 160Wmincm™
1.00E-011
0.00E+000 |-
1 1 1 1 1 1 1 1 1
0.00E+000 T ! 00 01 02 03 04 05 06 07 08 09 10
00 01 02 03 04 05 06 07 08 09 10
Voltage (V) Voltage (V)
(@) (b)

Figure 5.7  GesoSero screen printed device performance, a) EDA solvent device, b)
PA solvent.
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Figure 5.8 shows the performance of two GezoSego screen printed devices. There
is a principle difference in the performance of the devices dissolved in PA and those
dissolved in EDA. For the PA solvent fabricated devices, the current increases after the
initial dose of UV light exposure. At the further increase of the UV light illumination
time, the current remains constant. In essence, this effect is pretty close to the one
described for the GesoSero base devices with the difference that the saturation occurs
much faster due to the availability of excess of Se wrong bonds in the Ge2oSego
composition. Because of this, the generation of the electron-hole pairs is fast; their
number is high; they are in close proximity and recombine fast. As a result, the Ag
diffusion into GezoSeso is restricted.

On the other hand, for the EDA fabricated devices, after exposure with UV light,
the current decreases. As it has been already reported in chapter 4, there are solvent
residuals in the EDA dissolved films, which might be the cause of this result. No current

changes occur at further exposure with UV light, and the results overlap.
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Figure 5.8  Ge20Seso screen printed device performance, a) EDA solvent device, b)

PA solvent.

Figure 5.9 shows the performance of two GesoSego printed devices. For the PA
solvent fabricated device, the current remains constant after UV light exposure
independently of the irradiation doses. We suggest that the main reason for this is the lack
of Se wrong bonds in this composition and availability of Ge-Ge bonding in it. The Ge-
Ge bonds have the lowest bonding energy and undergo dissociation at light irradiation by
which immediate reaction with the environmental Oxygen and eventually existing Se
wrong bonds and some regrouping of the Se tetrahedra occurs, which, however, do not

contribute to increase in the devices’ conductivity.
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For EDA fabricated device, the current decreases after exposure of UV light due
to residual materials into the printed films. Further exposures with UV light do not cause

any changes in the devices' performance.
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Figure 5.9  GesoSeso screen printed device performance, a) EDA solvent device, b)
PA solvent.

Figure 5.10 shows the nanoparticles ink fabricated devices’ performances at
different radiation doses. In comparison with the dissolution based ink fabricated
Ge2oSeso and GezpSero devices, the nanoparticles based devices of the same composition
show the same characteristics. However, the nanoparticles devices have a wider range of
sensing capability in comparison with the dissolution based printed devices. Though the
thickness of both types of printed films is almost the same, the amount of the ChG
material in the dissolution based printed devices is much less. As a result, the electron-
hole pair generation due to the UV light exposure and all other supporting effects develop

in a much more limited extent.
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re5.10 a) GexoSesoinkjet printed device performance, b) GesoSero inkjet
printed device.

Figure 5.11 shows the GesoSeso nanoparticles ink fabricated devices' performance

at different radiation doses. Initially, after exposure to the UV light, the current increases.

Then, at further illumination with the 80Wmincm2 to 120Wmincm radiation doses, the

current decreases. Which we suggest is a result of the initial electron-hole formation and

a further rigidity occurring in the material.
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Figure 5.11 GeasoSeso inkjet printed device performance.

The effects exhibited in the electrical performance of the devices are also
confirmed by the surface observation of the devices. Figure 5.12 shows the unirradiated
sample, which consisting of two Ag electrodes on the ChG on a 2 mm distance.
Increasing the exposure dose to 360Wmincmresulted in a small diffusion distance. At
further irradiation to 720Wmincm2 dose, the diffusion distance for each of the electrodes

is 0.5 mm, and the electrodes are almost shortened.

(a)  (b) O ©

Figure 5.12 SEM pictures of Ag diffusion with different radiation doses, a) before
radiation, b) after 360\WWmincm-2 radiation doses, c) after 720 Wmincm radiation
doses.
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Figure 5.13  Ag diffusion, a) dissolution based device, b) nanoparticles based

device.
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Figure 5.14 Line scan EDS data of film composition for a)EDA solvent device, b)
PA solvent device.

The EDS data confirms that the atomic percentage of Ge and Se is lower than in
the bulk ChG composition. In the dissolution process, the Alkylammonium group from
the solvent attracts the lower electron density Ge atoms. The nucleophilic N atom from

the solvent pulled away electrons from Ge atoms, which increases their susceptibility



84

towards reaction with other elements or groups. During this chemical reaction, the Se
atoms are substituted by the Alkylammonium group, and the terminated Se reacts with
the excess Hydrogen to form a terminated Hydrogen Selenium group. After this complex
chemical reaction, some of the Ge and Se atoms are evaporated during the sintering
process. The atomic percentages of the elements were not stable in the printed film. In the
films prepared materials by dissolution, there are clearly presented higher Ag
concentrations around Se electrons after applied irradiation.

Figure 5.15 shows the EDS data for composition development between the two
electrodes in the nanoparticles devices. The atomic percentages of the Ge and Se in the
devices are almost the same as for the bulk ChG. This graph clearly shows some Ag
diffuses between the two electrodes on a 1 mm distance at 160 Wmincm doses of
irradiation. The molecular composition of the Ag diffused devices was studied by the
XRD spectroscopy. Figure 5.16 shows the Ag containing binary and ternary products
forming after Ag diffusion in the nanoparticles printed devices at different UV light

radiation doses at room temperature.
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Figure 5.15 Line scan EDS data of nanoparticles based devices.
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Figure 5.16 XRD spectra measured at different radiation doses for a) Ge2oSeso, b)
GesoSero, and ¢) GesoSeso.
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XRD spectra measured at different radiation doses for a) Ge2oSeso, b)
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There are two specific Ag containing binary and ternary product observed at 20 =
38° for a-Ag2Se (JCPDS cards 27-0619) and 26 = 45° for AgsGeSes (JCPDS cards 71-
190). These Ag containing products highly contributed to the change in conductivity of
the studied devices.

Figure 5.17 shows the XRD data for the three Ag diffused screen printed devices
at different radiation doses. The two specific phases - the a-Ag.Se and AgsGeSes
products are identified in the XRD data. For both devices, there are crystal peaks of
Ag>Se and AgsGeSes in the virgin device as well. In comparison with the inkjet-printed
device XRD data, the intensity of Ag containing molecular composition in the screen-
printed devices is lower. The growth rate of these specific phases depends on the
composition of the film, as well as the exposure to the radiation doses, and as shown, the
XRD results are in close similarity with all previously submitted data regarding the
inclusion of Ag into the films.

Besides the UV light radiation source, the GespSezo nanoparticles printed devices
were exposed to the Xe ion radiation at different doses. Figure 5.18, shows the current
development at irradiation from 200KeV to 600KeV. During this radiation exposure
time, the Ag diffused into the ChG printed film and created binary and ternary products.
The curves presenting the current are pretty noisy since the current is quite low.
However, the tendency is pretty clear, and it follows the current development presented
for the UV irradiated devices with the same origin as presented in Figure 5.10.

The devices regarded so far are non-reversible since once Ag diffusing between
the two Ag electrodes cannot be collected back out of the ChG film. However, if one of

the electrodes is built up by electrochemically inert material, for example, Ni, the



89

electrochemical reaction, and related to its movement of the Ag ions can be directed by
the electrical bias applied between the two electrodes towards the Ag, or the other
electrode. One additional opportunity for widening the application of these devices is to
deposit them on a flexible substrate, which will give a chance the devices to be included
in clothing or adhered to non-flat surfaces. To demonstrate this, the devices were printed

over a Kapton substrate and contained one Ag and one Ni electrodes.
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Figure 5.18 GesoSeroinkjet printed device performance at a different dose of the
Xe ion.

Figure 5.19 shows a cross-sectional view of the reversible radiation sensor on a
flexible substrate. These devices were fabricated by following the same method that was
described at the beginning of this chapter. However, instead of two Ag electrodes, they
were fabricated using an Ag electrode and an electrochemically inert Ni electrode at a 1
mm distance. The pyroduct 598C, commercially available Ni ink was used for printing

the Ni electrode using the nScrypt printer. The pyroduct 598C Ni ink was self-sintered.
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These devices were also tested using the same conditions and the same 4 Wem™2 UV light

radiation source at different radiation doses.

7 4pum

>25.4 um

Figure 5.19 The cross-section view of the reversible radiation sensor.

A closer look at the reversible sensor is presented in Figure 5.20.

Nicke! slectrode

| Silver electrode

Kapton

Figure 5.20 GesoSero printed reversible radiation sensor.

The probes were placed on adjacent Ag and Ni electrodes, whereas the Ag electrode
was positively biased, and the Ni electrode was negatively biased. Then, the current
between two electrodes was measured using a semiconductor parameter analyzer using a
DC voltage sweep 0 to 3 Volt.

Figure 5.21 shows that the current through the device increases after irradiation
with different radiation doses, similar to the devices with two Ag electrodes. This device

can be reversed by changing the polarity of the electrodes. For this again, a 3 Volts DC
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was swept between the electrodes. As a result, the positively charged Ag ions were

attracted by the negatively biased Ag electrode. As the data in figure 5.21 present, a full

reversibility of the current flowing between the two electrodes occurs.
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Figure 5.21  Screen printed GesoSero (PA solvent) reversible device test at different
radiation doses, a) before reset, and b) after reset.

The results presented in this chapter give evidence of the proof of concept for

creating radiation sensors based on the electromagnetic waves initiated by Ag diffusion

and the effects in the hosting ChG. Each of the individually studied compositions has

specifics in their reaction to the irradiation, which was explained, having in mind their

structure studied in the previous chapter. The results also give an idea as to which of the

studied devices could be most suitable for the fabrication of stable and reliable devices.

We recommend for these devices based on Chalcogen rich films and mainly devices

based on GespSero films.
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CHAPTER 6: FINAL REMARKS & FUTURE WORK
The main goal of this research work to formulate ChG ink by dissolution in
Amine, design, fabricate, and test the radiation sensing device on a hard or flexible
substrate using additive manufacturing technology has been successfully achieved. While
there are some literature sources regarding the dissolution of ChG in different solvents to
form a liquid source of Chalcogenide materials, they all were prepared for the spin-
coating of the solutions [11-18]. It means that they did not have the specific properties
required for ink printing, applying the additive technology. For devices, there are existing
data giving proof of the concept of building radiation sensors based on ChG and applying
the Ag diffusion as a driving force of device performance [4-8]. However, these devices
were fabricated by vacuum deposition of the films which technology has very different
specifics, compared to the additive technology, that recently triggered a great interest,
due to the many benefits it offers. In view of the status quo, there is a need of research in-
depth related to the formation of ink-based on the ChG, printed film analysis, fabrication
of the ChG ink printed devices, including the radiation sensing devices and their
characterization and testing which all were so far presented in this thesis. The particular
results of this research work are summarized below:
1. Three different compositions of the Ge-Se based ChG inks were prepared and
successfully printed on both the Si wafers and Kapton substrates, using AM.
a. Ge-Se based ChG inks were prepared in two ways; such as the
dissolution based ink and nanoparticles based ink. For the dissolution

based ink, the ChG powder was dissolved into Amine.
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b. The inks were characterized by using the viscometer to check the
viscosity; the dynamic light scattering (DLS) was used for measuring
the particle size, and the tensiometer was used to observe the contact
angle of the ink with different substrates. At these studies, particular
modifications and combinations of the ink components have been done
in order to obtain a medium, which is suitable for application with the
particular printers.

c. After the vacuum filtration process, the inks based on dissolution in
Amines were deposited on the substrate using the screen printing
method. The printed films were sintered following two steps. In the
first step, the solvent was evaporated, and in the following step, due to
the annealing, the printed particles agglomerated to create solid films.

d. For the nanoparticles based ink, the ChG powder was wet-milled with
the solvent and surfactant using the ball milling process to get the
nanostructure of the ChG. Then, the vibration energy was transferred
to the stock solution using an ultrasonicator to get the desired particle
size. Sometimes, the centrifuge was used to obtain uniform particle
size. The DMP-2800 inkjet printer was used to print on the substrate.
The parameters of the printer were optimized before printing in order
to achieve a printed pattern with a good resolution. After the printing
process, the printed film was sintered in the Ar filled chamber

following two steps similar to the dissolution based ink printed film.
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2. A comprehensive study of the Ge-Se based ChG printed film analysis was
conducted. The main reason for this study was to understand the radiation effect
on the printed films at room temperature. The structural and materials
characterization, surface roughness, oxidation, and UV light radiation-induced
effect on both types of the printed films were analyzed and studied with the aid
of different characterization methods such as energy-dispersive X-ray
spectroscopy (EDS), scanning electron microscopy (SEM), atomic force
microscopy (AFM), and Raman spectroscopy.

a. EDS analysis of the dissolution based printed films revealed ~5-6%
compositional variance after the sintering process due to the complex
chemical reactions with solvent during the dissolution process. On the
other hand, the nanoparticles based printed films showed ~1%
variance for the Ge rich composition. For Se rich composition, the
variation was 8-9% because of the presence of Se wrong bonds, Se-Se
chains, and rings, which were evaporated during the sintering process.
The EDS study also revealed that irradiated printed films have very
negligible compositional differences in comparison with the non-
irradiated printed film. EDS study also revealed that the initial
radiation dose created dangling bonds. These dangling bonds
influenced the oxidation of printed films.

b. An increase in the average surface roughness was observed of the
printed films with a higher UV light radiation dose. The electron-hole

pair generation rate was proportional to the higher UV light radiation
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doses, which were partially responsible for increasing the surface
roughness. However, for dissolution based printed films, the surface
also became rough because of the screen that was used for the screen
printing process.

c. The Raman spectroscopy data illustrated that there were no significant
structural changes observed due to UV light radiation doses in the
structure of the Se rich nanoparticles printed films. Only the Ge rich
composition printed films (GeoSeso) showed structural changes due to
dissociation of the Ge-Ge bonds and following this restructuring and
oxidation. On the other hand, for the dissolution based printed films,
the Raman data showed significant structural changes and proved the
existence of residual materials in the printed films.

3. Printed radiation sensor devices were designed, fabricated, tested under the UV
light radiation using two different types of the ChG inks. All the devices were
tested in the same conditions and room temperature.

a. The screen-printed radiation sensing devices were fabricated with
three different compositions of the ChG. For both solvent fabricated
devices, the performance of the GesoSezo composition device presented
a four order magnitude increase in the conductivity.

b. For the PA solvent screen printed Ge2oSego device, conductivity
increased after an initial radiation dose of the UV light radiation.
Further exposure of the UV light radiation dose did not change the

current flowing through the devices due to the very fast recombination
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of the electron-hole pairs, which were generated during the irradiation
process. The GezoSeso composition has excess Se wrong bonds, which
speeded up the recombination of the electron-hole pairs. This is not the
case for the GesoSezo composition, which is very close to the
stoichiometric composition and does not have excess Se wrong bonds.
Due to the presence of the residual materials in the EDA fabricated
Ge20Sego composition device, the current flowing through the devices
decreased after the UV light exposure.

. The conductivity of both screen-printed GesoSeso devices was constant
due to the lack of the Se-Se wrong bonds in that particular
composition.

In comparison with the GezoSero screen-printed device, the
nanoparticles devices had a wide range of sensing capabilities. They
showed 11 orders of magnitude increase of conductivity due to better
sintering conditions at a similar thickness of the ChG printed layers of
dissolution based devices.

The GesoSeso & GesoSeso screen printed and nanoparticles based device
showed similar characteristics and results.

. The XRD data provedthe Ag diffusion by revealing the formation of
binary (a-Ag2Se) and ternary (AgsGeSes) in both types of printed
devices. The intensity and hence crystals sizes changes of these
byproducts with different radiation doses reflected the conductivity

changes in the devices.
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h. The EDS data also proved the Ag diffusion by showing a line scan
between the two Ag electrodes of the studied devices. For screen-
printed devices, the atomic percentage of the Ge and Se was lower
than its bulk ChG composition due to the complex chemical reactions
with Amine. On the other hand, for the nanoparticles based devices,
the atomic percentage of the Ge and Se did not show any differences
compared to its bulk composition.

i. The GezoSezo nanoparticles-based devices were also tested under the
Xe™ ion radiation source, and their IV characteristics showed
conductivity increment due to the radiation doses increase.

J.  The GesoSero screen-printed reversible radiation sensing device was
fabricated, tested, and reset under the UV light radiation.

In summary, based on our findings, we suggest that the GezoSezo nanoparticles-
based devices and the PA solvent GesoSezo screen printed devices are the best
compositions for radiation sensing devices. One further development of this research
could be related to the fabrication of non-volatile memory devices, temperature sensors,
NO- gas sensors, and others, applying the nanoparticles, and dissolution based ChG inks.
These inks can be modified for use with any other printers to make new devices. The
performance of the dissolution based ink can be improved by suitable sintering
conditions. The overall goal of this research is to fabricate radiation sensor at low cost
without any expensive and heavy equipment has been achieved, and this technology for
devices fabrication can be applied for example in the international space station to

support the space exploration.
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