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ABSTRACT

The use of flash lamp annealing as a low-temperature alternative or supplement to
thermal annealing is investigated. Flash lamp annealing and thermal annealing were conducted
on 100 nm thick indium tin oxide (ITO) films deposited on glass to compare the films' properties
under different annealing methods. The ITO samples had an initial sheet resistance on average of
50 Q/sq. After flash lamp annealing only the sheet resistance was reduced to 33 ()/sq, while by
thermal annealing at 210°C for 30 minutes a sheet resistance of 29 ()/sq was achieved. Using a
combination of flash lamp annealing and thermal annealing at 155°C for 5 minutes a sheet
resistance of 29 ()/sq was achieved. X-ray diffraction (XRD) analysis confirmed that flash lamp
annealing can be used to crystallize ITO. Flash lamp annealing allows for the low-temperature
crystallization of ITO on a time scale of seconds. Through electrical and optical characterization,
it was determined that flash lamp annealing can achieve similar electrical and optical properties
as thermal annealing. Flash lamp offers a method of low-temperature annealing which is

particularly suitable for temperature-sensitive substrates.
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Chapter 1: Introduction
1.1 Background
Thin films are used in a multitude of industries to improve the chemical, physical, electronic,
and optical properties of materials for a variety of applications. Thin films are used as tool coatings
to improve wear resistance, on displays to protect from scratches, on automobile windows to
reduce reflections, to deposit the various layers to make semiconductor devices. One class of
important thin films are transparent conductive oxides (TCO). TCOs have opened the doors for
many critical technologies such as solar cells, displays, anti-reflective coatings and other
optoelectronic applications [1]. Indium tin oxide (ITO) is one such TCO that has been used
extensively for solar cells, opto-electronic devices, flexible electronics, LEDs, displays, etc. [2-5].
The TCO market is expected to grow significantly over the next decade due to their use in
displays for electronic devices and solar cells; the global market for TCOs was USD 475.5 million
in 2022 and is expected to grow to USD 1,211 million by 2028 and USD 1,934 million by 2031
[6,7]. The ever-growing demand for sustainable energy has put significant pressure on the solar
industry to produce more solar cells and those of higher quality [8]. Solar cells are a renewable
energy source which harvest light to generate electricity; as such, light must reach these devices
which make TCO an integral part. TCOs are used as transparent electrodes on solar cells so they
must have high transmittance and good electrical conductivity so they can collect charge carriers;
the topside of the film also plays an important role as an anti-reflective film [8]. Many different
TCOs have been used for production of solar cells such as fluorine doped tin oxide (FTO), gallium
of aluminum doped zinc oxide (GZO and AZO), and tin doped indium oxide (ITO) [8]. These
TCO films have high peak transmittance (>80%) in the visible spectrum range with excellent

electrical conductivity (10* S/cm) [8].



In addition to solar cells there is also a growing desire for TCO for use in various electronics
applications such as for transparent electrodes for organic light emitting diodes (OLEDS), plasma
display panels, heat reflecting windows, ohmic contacts for surface emitting diodes and for a
variety of polymer/flexible electronic applications [9]. Some such polymer/flexible applications
include foldable/rollable displays, RFID tags, solar cells, sensors, smart cards and thin film
transistors (TFT) [10-14]. Polymer substrates are desired for multiple reasons including their
flexibility, lower cost, and reduced weight [13]. Some polymers of interest particularly for
transparent flexible electronics are polyethylene terephthalate (PET) and polyethylene naphtholate
(PEN) [14]. To make devices on polymer substrates, the films must have good transmittance (for
optoelectronic devices) and low resistance; the problem with polymer substrates is that they often
cannot withstand the high temperatures needed to grow high-quality TCO films [12]. For example,
PET has good thermal resistance up to only 150°C [14]. Furthermore, these polymers have large
thermal expansion coefficient. When they are used as substrates for TCO deposition, the large
thermal stress can cause the film delamination and cracking as the sample cools down from the
high deposition temperatures [12].

ITO is one of the most widely used materials for solar cells and flexible electronics for its low
resistivity (1.4 — 5.6 X 10™* Qcm™1) [15,16] and high transmittance (80-85%) [15,17]. There are
various ways in which ITO films are produced including chemical vapor deposition (CVD), direct
current (DC) and radio frequency (RF) magnetron sputtering, evaporation, spray pyrolysis, and
pulsed laser deposition [18, 19]. All the deposition methods for ITO require an elevated
temperature ranging from 300 — 500°C in order to crystallize the material and produce a high-
quality film. An alternative to depositing the material at an elevated temperature is to deposit at

room temperature then thermally anneal the substrate post process in order to crystallize the film



[3, 18-20]. The high temperature needed to produce quality ITO films leads to higher costs and
limits the potential substrates that can be used. Given the desire for flexible electronics that require
ITO deposition on polymer substrates [3, 20, 21], methods to produce high quality ITO thin films
at low temperatures are needed.

Thermal annealing (TA) post deposition has been the most common treatment to achieve the
desired optical and electrical properties for ITO films [20]. Some groups have studied ultra-short
laser annealing as an alternative to crystallize ITO films on flexible polymer substrates [18].
Another possibility for low temperature processing is flash lamp annealing (FLA), also known as
intense pulsed light annealing (IPL), photonic curing, or photonic sintering [2]. FLA has been
around for many years and been used in the semiconductor and solar cell industry as well as for
the processing of printed electronics [2, 22-24]. FLA has been of interest in the solar cell and
printed circuit industry due to its short processing time and ability to be used for thermally sensitive
devices [2, 22]. Schube et al. were able to use IPL to reduce the post-metallization annealing time
of silicon heterojunction solar cells from minutes to seconds [25]. There are several published
works on using flash lamp to anneal/crystallize ITO thin films [26, 27]. Kim et al. focused on how
the FLA parameters affect the ITO film properties in [26] and on the process of FLA and how to
improve absorption in the ITO film in [27].

In FLA an intense microsecond to millisecond pulse of electromagnetic radiation is exposed
to the substrate. Xenon lamps are typically used for FLA which has most of its radiation in the
ultraviolet to near-infrared regions, with the visible spectrum being the most intensive. During
FLA operation, a capacitor bank is charged up to the desired voltage then discharged by the xenon
lamp which delivers the energy to the substrate in the form of photons. The substrate absorbs the

electromagnetic radiation, which is subsequently converted into heat [2]. The voltage of the



capacitor bank largely determines the energy density of the light that is delivered to the sample
[22]. The duration, frequency, voltage, duty cycle and number of pulses can all be controlled to
fine tune the energy transferred to the film. The intense light absorbed by the films causes
significant short-lived temperature increases [22]. The light energy absorbed excites the electrons
which interact with phonons that then disperse the energy throughout the lattice [22]. The pulse
duration of the flash is typically under a millisecond so there is no significant time for the heat
generated in the film to be transferred to the substrate [21]. To ensure the substrate does not get
damaged during the FLA process, the discharge parameters can be adjusted to limit the heating of
the substrate [21].

In [28] Wiinscher et al. investigate different post-deposition sintering processes for production
of flexible electronics. FLA is appealing for flexible electronics since it allows for targeted heating
of the ink while leaving the substrate largely unaffected [28]. To ensure that FLA operates as a
localized heating method and prevents damage to the substrate, it is crucial to have the pulse length
much shorter than the time required for thermal equilibrium to be achieved between the ink layer
and the bulk substrate [28]. In [24] Abbel et al. were able to show that FLA can work in roll-to-
roll (R2R) applications. FLA has shown promise as a fast and low temperature annealing method
which makes it appealing for many applications such as ITO film crystallization. Due to the
foreshadowed market for TCOs and ITO, there is significant interest in producing films on flexible
substrates which could make FLA indispensable thanks to its compatibility with R2R applications.
1.1 Motivation

There is a need for low-temperature means to produce high-quality ITO films for use on

temperature-sensitive substrates for use in solar cells and flexible electronics.



1.3 Objective

The main objective of this research is to determine if FLA is a viable low-temperature
method to promote the crystallization of ITO films. A secondary objective of this research is to
determine if a sequential treatment of TA and FLA could produce films of higher quality than

either method alone.



Chapter 2: Theory
2.1 Semiconductor Fundamentals

There are three main classes of material based on their electrical characteristics: metals or
conductors, insulators or dielectrics, and semiconductors. Insulators are materials in which it is
very hard for electrons to move; the electrons are closely bound to the atoms in the lattice.
Whereas in conductors, electrons are loosely bound and move with relative ease. Semiconductors
lie somewhere between these two classes of materials. All materials have an energy band
structure which consists of a valence band (VB) and a conduction band (CB). The bands are
made up of the combination of all the energy levels of the atoms in the lattice. The VB is
composed of the outermost filled energy level of the atoms. The energy band structure of a
material plays a crucial role in determining the electrical properties of that material. The energy

band diagrams of the three classes of material can be seen in Figure 2.1.
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Figure 2.1: Bandgap Structures of different material at 0K

There are two charge carriers in materials electrons and holes; holes are absences of
electrons in the material. While not a physical particle itself, holes play a crucial role in the
electrical properties of materials. Holes can move throughout the lattice and as such affect the

conductive properties of the medium. Electrons and holes in the VB are bound to the lattice and



are unable to move, while electrons in the CB are free to move. An electron in the VB can be
excited to the CB where it is free to move and aids to the conductivity of the material. The gap
between the two bands is referred to the band gap of the material; there are no energy levels in
the bandgap. The (VB) and (CB) either fully or partially overlap for metals making it easy for
electrons and holes to move. Insulators have a large bandgap (> 6 eV) which makes it very hard
for electrons to go from the VB to the CB by thermal excitation. Semiconductors have a range of
bandgaps which vary from material to material; typical band gaps are 0.6-2 eV for
semiconductors like Si and GaAs while other semiconductors with bandgaps above 2 eV can be
considered wide bandgap semiconductors like GaN. The various bandgap energies allow for the
creation of a wide range of devices with different characteristics.

In Figure 2.1 we can see the band structures for various materials at 0 K; for insulators
and semiconductors at 0 K the VB is completely filled while the CB is empty. At 0 K metals are
free to conduct under the influence of an electric field as their bands overlap; this is not true for
semiconductors. Electrons need energy to move from the VB to the CB; this can come from
thermal energy or from photons. At 0 K the electrons have no thermal energy so there are no
electrons in the CB. For current to flow in a material there must be open states for electrons and
holes to move to. Electrons must be excited to the CB in semiconductors before they are free to
move under the influence of an electric field. As temperature increases above OK more and more
electrons can be found in the CB. The distribution of electrons across the available energy levels
is described by Fermi-Dirac statistics. The probability that an electron will occupy the energy
state E at a given temperature T is given by the Fermi-Dirac distribution function (equation 1)

where kj, is Boltzmann’s constant and is equal to 1.38065 x 10723 J/K.
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In equation (1) we see the symbol Er which refers to the fermi level of the material; the
fermi level is the energy level under thermodynamic equilibrium that has a 50% chance of being
occupied. Equation (1) shows the probability that a certain energy state is occupied; to find the
total number of electrons in the CB we compute an integral over all the states in the conduction
band multiplied by the probability that that state is occupied. Equation (2) given the total number
of charge carriers present in the CD where N(E)dE describes the density of states available to
electrons [29]. The integral is computed over the region E, to oo to account for all energy levels

in the conduction band where E, is the conduction band minima.

no = | f(E)N(E)dE (2)

Ec
Using equation (2) it is possible to get an expression for the equilibrium number of
electrons (n,) in the CB at a given temperature shown by equation (3) given the Fermi level is at
least 4K, T away from the band edge; a similar expression is shown for the equilibrium

concentration of holes (pg) in equation (4) [29].

_(Ec—EF)

ng = Nce kT (3)
_(EF_EV)

po = Nye kT (4)

Where N, and Ny, are the effective density of states of the CB and VB respectively and
E, is the energy of the valance band. The effective density of states for the CB is given by

equation (5); a similar relationship can be shown for N,,.
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Equations (4) and (5) can be rewritten in terms of the intrinsic carrier concentration (n;).

The intrinsic carrier concentration is a defining characteristic of a perfect semiconductor which



contains no impurities or defects so that the number of electrons equals the number of holes

(Mo =po=mn) .
Er—E;
no =ne kT (6)
Ei —Ep
po = nie kT 7

E; is the intrinsic energy level which is where the fermi level is when n = p, this would
be a perfect semiconductor with no impurities. The properties of semiconductors are controlled
through doping. Doping is the process of introducing impurities into the crystal lattice with the
intention to alter the electrical properties of the material. Doping effectively changes the fermi
energy level making it easier for electrons to conduct; impurities add new energy levels in which
electrons or holes can reside. There are two types of semiconductors, n-type, and p-type; n-type
semiconductors have had impurities added which raise their fermi level by adding additional
electrons to the material. P-type semiconductors are doped with materials that collect electrons
effectively lowering the fermi level. Figure 2.2 shows the band structure for intrinsic, n-type, and
p-type semiconductors.

Semiconductors can be either intrinsic or extrinsic; intrinsic are those in which no
impurities have been added such as silicon (Si) and germanium (Ge). For intrinsic

semiconductors there are no charge carriers available at T = 0 K. Intrinsic semiconductor
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Figure 2.2: Band diagram of (a) intrinsic semiconductor (b) n-type semiconductor (c) p-type
semiconductor



carriers can be produced by thermal excitation or by photoexcitation. Extrinsic semiconductors
are those that have had impurities intentionally added to increase the conductivity of the
semiconductor. Impurities that add electrons are called donor and contribute to n-type
conductivity. Impurities that leave behind holes in the lattice are called acceptors and they
contribute to p-type conductivity. To get n-type conductivity an impurity must be added to the
lattice that has more electrons than the base material; most semiconducting materials can be
made into either n or p-type with the correct choice of impurity.

Semiconductors can have a direct or an indirect bandgap seen in Figure 2.3; direct or
indirect refers to the energy band structure of the semiconductor. For direct semiconductors the
minimum of the CB lines up directly with the maximum of the VB, so the smallest amount of
energy needed to go from VB to CB does not require any change in momentum of the electron.
For an indirect semiconductor the bands do not align so an electron must change its momentum
in order to transition between the bands.

Another property of semiconductors is whether they are degenerate. For a nondegenerate
semiconductor the number of impurity atoms is only a small percent of the total atomic density

of the material. As impurities are added the fermi level increases or decreases. For n-type

(@) (b)

K K

Figure 2.3: Band diagram of direct (a) and indirect (b) semiconductors
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semiconductors if the impurity doping n becomes larger than N, then the fermi level will be
inside the conduction band; when this occurs, the semiconductor is said to be degenerate.
Degenerate semiconductors act like metals since their bands overlap [30].

The total number of charge carriers in a semiconductor is crucial to the electrical
properties of the semiconductor. Electrons and holes present in the CB and VB respectively give
rise to the conducting behavior of the material. The conductivity is given by equation (8).

o = eny, + epup, (8)
where pu, and p;, are the electron and hole mobilities respectively and e is the unit of
fundamental charge and is equal to 1.602 x 1071°C. The electron mobility is given in equation
(9). T is the mean scattering time or relaxation time, m, is the effective mass of the electron.
Many parameters go into determining the mean scattering time such as lattice vibrations, crystal
imperfections and impurities [30]. As we can see in equation (8) the mobility and carrier
concertation determine the conductivity of a semiconductor so understanding the mechanisms

that limit » or p, are crucial.
He = — 9

2.2 Properties of ITO

ITO is a semiconductor that has been used in many applications such as contacts for
heterojunction solar cells, anti-reflective coating, transparent anode in OLEDs, flat panel
displays, TFTs and various other applications previously mentioned [1, 31-36]. ITO is used for
many optoelectronic applications due to its ideal electrical and optical properties. ITO is indium
oxide (In03) that has been heavily doped with tin (S,); indium is replaced with tin in the lattice
which makes ITO an n-type semiconductor. When the tin doping becomes very high the ITO

becomes a degenerate semiconductor [9]. ITO has a body center cubic bixbyite structure which
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forms when Sn** displaces In*? in the lattice shown in Figure 2.4 [4,37,38]. The unintended
oxygen vacancies also play a large role in the conductivity of ITO [4,9].

ITO has a high transmittance between 80-90% in the visible region due to its large
bandgap which is generally reported between 3-4.2 eV [4, 9, 33, 36]. In [34, 39] they state that
the crystallization temperature of ITO is around 150-160°C but often annealing or depositing at
temperature above this is necessary to produce a film with the desired qualities [35]. The
mobility of ITO is found in the range of 10-100 cm?/Vs [33]. The carrier concentration of ITO is
typically on the order of 102 [33]. The high carrier concentration and mobility make the

conductivity of ITO high as can be calculated from equation (8).
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Figure 2.4: Representation of crystal structure of ITO to
show main features that affect electrical properties

2.3 Deposition Techniques

There are many different methods to deposit indium tin oxide thin films; each method has
its benefits and its challenges. One thing all deposition methods share is that they either require
deposition at elevated temperatures or require post annealing at high temperatures in order to
produce the desired film properties. Depositing films at high temperatures requires more
specialized and expensive equipment. Post deposition annealing offers a solution to deposition at

room temperature but it requires extensive time, which is expensive for mass production. The
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elevated temperatures required to produce quality ITO films also limit the substrates that can be
used, which then limits potential applications. Here the various deposition techniques used to
produce ITO thin films will be discussed to develop a thorough understanding of the current state
of the technology and to motivate the need for a quicker and lower temperature annealing
method such as FLA. As mentioned previously some such deposition techniques are DC and RF
magnetron sputtering, electron beam evaporation, spray pyrolysis, and pulsed laser deposition;
these methods will be discussed in more depth in the following section. Most of the methods
mentioned above are physical vapor deposition (PVD) methods in which the material that is
deposited is vaporized by an energetic source; this vapor then gets deposited on the surface of the
substrate. It is possible to produce films with a low resistance at room temperature but these
films often suffer from poor optical properties [15].
2.3.1 DC and RF Sputtering

In this research, the ITO thin films used were deposited by DC sputtering so this will be
the focus of the discussion of deposition methods for ITO. DC or RF sputtering are PVD
methods used to deposit thin films for a variety of applications such as in solar cells and
semiconductor integrated circuits. All the deposition techniques to be described in the following
section except spray pyrolysis utilize vacuum systems. In order to understand the various
deposition systems a brief description of a typical vacuum system used for sputtering will be
given.

The main components are the same for all vacuum systems, there is the main chamber
where the deposition occurs. This chamber is held under vacuum to avoid impurities and ensure
the path of ions is uninterrupted; at atmospheric pressure the mean free path of particles would

be very small so they would not be able to travel far which would make it difficult to deposit
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materials. A roughing pump is used to pump the chamber down from atmospheric pressure to the
20-50 mTorr range. A turbo pump is required to achieve the high vacuum needed to allow for
most depositions. The exact pressure required for different deposition methods varies but a base
pressure around 1 X 107® Torr or less is required. Turbo pumps are not capable of operating at
atmospheric pressure which is why a roughing pump is first needed to lower the pressure to the
operating range of the turbo pump.

Sputtering relies on the physical bombardment of ions against the target material to
vaporize atoms of the target material and deposit them on the substrate. To create the energetic
species which cause the sputtering of atoms a plasma is ignited near the target. The plasma is
created by flowing an inert gas like argon into the chamber and igniting it by applying a high
voltage between the target electrode and the substrate. Collisions between the Ar atoms and
energetic electrons cause the Ar atoms to become ionized. The Ar" are accelerated towards the
target by the electric field set up by the applied voltage; these argon ions sputter the target
material onto the substrate. A magnet is often applied on the backside of the target to confine the
plasma near the target which allows for higher sputter rates. A schematic drawing of a sputtering
system can be seen in Figure 2.5.

DC and RF magnetron sputtering are both common ways of depositing ITO films; DC is
typically more common for production as deposition rates are faster than RF magnetron
sputtering. For DC magnetron sputtering films are often deposited at room temperature (RT) but
these films have poor electrical and optical properties. To produce crystalline films during DC
sputter the substrate must be heated to a temperature of 250-350°C [9,40]. Samples deposited at
room temperature (RT) by DC sputtered were found to be amorphous so post deposition

annealing at temperatures of 300°C for 30 minutes [40] or at 400-600°C for 60 seconds using
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rapid thermal annealing (RTA) [37] was required to produce films with the desired electrical and
optical properties. In [9] they reported that films deposited by either DC or RF sputtering below
150°C were amorphous; the substrates had to be heated to 300-350°C to achieve desired film
properties. [36, 41] report depositing films by RF sputtering at temperatures of 150-250°C to
produce quality films, while samples deposited at RT require further annealing at 250°C. [19]
suggest that films produced by RF sputtering at RT required annealing at a temperature of 200-
500°C for 2 hours for optoelectronic applications. [42] found that films deposited by RF
sputtering have their resistance decrease with increasing the deposition temperature, depositing
films up to 300°C. In [43] they deposited their films at room temperature and annealed the
samples at 400°C for 1 hour or 500°C for thicker samples which required higher temperatures to
reduce the resistance. So, for DC sputtering deposition or annealing temperatures of 250-600°C
are needed to produce quality films while for RF sputtered films temperatures of 150-500°C are

reported.

Gas Inlet
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Figure 2.5: Schematic drawing of a DC or RF sputtering System
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2.3.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a PVD technique in which a laser beam is used to
vaporize the target material which is then deposited on the substrate. PLD has been around for
many years and is used to deposit various films including ITO. Various parameters of the laser
can be altered to change the deposition parameters; a typical laser used for PLD uses a pulse rate
of 10-20 Hz with an energy density of 1-3 J/cm?[15-17], the laser is focused onto the target
within the vacuum chamber by a lens. For PLD substrate rotation is necessary to achieve a
uniform deposition [15]. The PLD process can be carried out at (RT) or by heating the substrate.
In [15] samples were deposited at RT and at 200°C, the samples deposited at 200°C had much
lower resistivity 5.35 X 10™* vs 1.75 x 10~* Qcm ™1, further increasing the temperature
decreases the resistance. For both films the transmittance was reported to be 85% in the visible
region. The films deposited at RT were amorphous while those at 200°C started to see some
crystalline structures. [15] reported that to achieve films with high transmittance and low
resistance temperature in excess of 300°C were needed either during or after deposition. [16]
similarly found that films deposited at RT by PLD were amorphous while those deposited at
200°C were crystalline; [17] reported crystalline films starting at 150°C.
2.3.3 Electron Beam Evaporation

Electron beam evaporation (EBE) is another PVD method, similar to PLD but instead of
a laser to vaporize the target material, a beam of energetic electrons is used. In EBE powders are
mixed in a mortar and pestle and sintered at high temperature = 800°C; the mixture is then
pressed into pellets which are used as the source material for evaporation [44]. For ITO
deposition indium oxide powder and tin oxide powder are mixed. A typical accelerating voltage

used for EBE is 6kV [44]. In [44] samples deposited by EBE had poor transmittance until post
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annealing at 200-350°C for 30 minutes. In [42] the substrate was heated to a temperature of
250°C during deposition which was necessary to produce films with low resistance and high
transmittance.
2.3.4 Chemical Vapor Deposition

Chemical vapor deposition is a blanket term for many different processes that involve
reactions between precursor material in the vapor phase with the surface of the substrate. One of
the most common CVD processes for ITO deposition is spray pyrolysis due to its low cost and
simple setup. Unlike the PVD processes described earlier, spray pyrolysis does not require a
vacuum system. The process consists of an atomizer that sprays out a liquid solution which coats
the substrate; the bed the substrate lies on is heated [45]. The concentration of the precursor
solution, the volume of the spray and the distance between the atomizer and the substrates are
control parameters used to control the deposition process. In [46] a solution of InCl3 in water is
used to create the ITO, the substrate stage is heated to 300-550°C while [47] uses a temperature
of 700°C to deposit the ITO film.
2.4 Annealing Methods

The concept of using heat to improve the quality of a material has been around for
centuries, from smelting ore to making the first bronze and copper tools so modern use in
semiconductor manufacturing [48]. Annealing is done for multiple reasons in the semiconductor
industry: to remove defects, activate dopants, and promote crystallization of the film. Traditional
annealing in an oven or furnace takes significant time so fast annealing techniques are of interest
for many engineering and manufacturing applications. By annealing in an oven, the film and the
bulk substrate are exposed to the same temperature, making it difficult to process materials that

have different thermal properties or are temperature-sensitive. Due to time constraints in
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manufacturing and low-temperature substrates various specialized annealing methods have been
developed. Some alternative methods to process thin films and semiconductors include rapid
thermal annealing, laser annealing (LA) and flash lamp annealing [48]. All these methods are
much different than using a convection oven to heat a substrate. FLA is the focus of this research
but we will give a brief description of RTA and LA as they are seeing increased use in the
processing of thin films.
2.4.1 Rapid Thermal Annealing

RTA is used heavily in the semiconductor industry to activate dopants, crystallize
materials, and to oxidize materials. Unlike traditional thermal annealing RTA only takes a few
seconds up to a few minutes [48]; the samples are heated rapidly at a rate of 20-200°C/sec and
are cooled rapidly as well. The temperature during RTA can be in the range of 200-1300°C [49].
The RTA furnace uses tungsten-halogen lamps to heat the substrate by intense infrared radiation
[50]. As shown in Figure 2.6 the lamps are situated above the sample and are separated by a
quartz window; the process can be done in vacuum or at atmospheric pressure with different gas

environments. RTA has been used extensively in the semiconductor and solar cell industries but

Lamp furnace

Figure 2.6: Example of an RTA furnace setup. Reproduced
with permission from Springer Nature [50]
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has also seen use in the oxidation of super alloys [50]. In [51] ITO films were deposited by RF
sputtering and were annealed at 575°C for 10 minutes; the crystal size, film conductivity and
bandgap increased after RTA. In [52] RTA was carried out for 10 minutes at temperatures
ranging from 300-500°C to process thin film transistors; after RTA treatment the film was
crystalized.
2.4.2 Laser Annealing

Laser annealing is another proposed method for rapid annealing of thin films. The laser is
scanned over the substrates in a raster pattern as shown in figure 2.7 to anneal the film. The laser
spot size can be varied depending on the application ranging from 20pm in diameter to 25mm?
[53, 54]. Typical wavelengths used for LA are 355nm and 248nm with pulse lengths of 20-25ns
[53,54]. In [53] the laser was scanned at 750mm/s at a frequency of 50 kHz. The laser has a
shallow absorption depth of around 100nm so the substrate underneath the film can avoid the
higher temperatures seen by the film [53]. In [53] they used LA to anneal a layer of TiO, while

leaving the ITO film underneath untouched which allowed the ITO layer to maintain the desired

355 nm Laser

Scan Direction

Ti(OIiPr),

Figure 2.7: Laser scan pattern for Perovskite solar cell “Reprinted with permission from
George C. Wilkes, Xiaoyu Deng, Joshua J. Choi, and Mool C. Gupta ACS Applied Materials &
Interfaces 2018 10 (48), 41312-41317 DOI: 10.1021/acsami.8b13740. Copyright 2018
American Chemical Society”
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properties showing that LA can provide targeted annealing. In [54] the ITO films were annealed
by LA but were also heated up to 200°C during the process to ensure crystallization; they found
that resistance decreased with increasing laser energy density. LA is beneficial since it heats the
substrate locally while the rest of the substrate stays near room temperature. The downside of LA
is that the laser can cause delamination or ablation of the film, and it is harder to scale up for
large production volumes due to the need for the laser to be scanned over the substrate [48].
2.4.3 Flash Lamp Annealing

Flash Lamp annealing has been around since about the 1950s when it was used by
Lundberg and Nelson [48], since then it has seen use in the manufacturing of microelectronics,
photovoltaics and in conjuncture with some deposition techniques. FLA is most similar to RTA
in that it uses electromagnetic radiation to heat the substrates. High intensity electromagnetic
(EM) radiation is illuminated on the sample which heats the surface up by absorption of photons.
FLA can be done under vacuum, at atmosphere, or with different gases. A system very similar to
the one used in this research is shown in Figure 2.8. The FLA system consists of a chamber to
house the flash bulbs, which typically also has a reflector used to redirect any stray

electromagnetic (EM) radiation to increase absorption in the film, a capacitor bank used to

k. _“- = ' = —
Figure 2.8: PulseForge 3300 Photonic Curing System
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Figure 2.9: Schematic of a flash lamp bulb [48]

“Reproduced with permission from Springer Nature”

provide the large voltages needed to produce the discharge across the xenon lamps, associated
electronic controls and a chiller. A substrate heater may also be used to preheat the sample to
prevent the film from being thermally shocked during the FLA process. Xenon filled lamps are
typically used for FLA but other noble gasses can be used as well; Xe typically has the best
efficiency [48].

The most crucial part of the flash lamp system is the flash lamp bulb, a schematic of
which is shown in Figure 2.9. The physical structure of the lamp and the fill pressure determine
the electrical properties and the power density it can handle. The gas pressure inside the lamps is
typically between 200-400 Torr for Xe lamps as this range provides the highest efficiencies [48].
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Figure 2.10: Spectrum of N24-VX2 xenon lamps
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The lamps can be anywhere from 20 cm long to 3.7m long which makes them easily scalable for
large production lines [48]. The transparent housing of the lamp is made up of fused silica or
quartz (S10>) [48]. Quartz is used because it has high transmittance in the ultraviolet (UV) and
visible range which is where the majority of the EM radiation emitted from the flash lamp is. The
emission spectrum of the Xe lamps used in this research is shown in Figure 2.10; the figure also
shows that the intensity of the pulses is largely controlled by the capacitor voltage. During the
discharge the lamps can see temperatures in excess of 2000K which is why quartz is needed as it
can withstand high temperatures. The electrodes are also subject to these high temperatures so
they are made of tungsten; the cathode is coated with a metal that has a low work function to
encourage the emission of electrons [48]. The geometry of the anode and cathode are chosen as
to keep the arc centered in the lamp.

The flash lamp produces EM radiation when a plasma is ignited in the lamp; typically an
arc forms between the cathode and anode which ionizes the gas.. To ignite the plasma a large
electric field on the order of 500 kV/cm is applied over the lamp region; the electric field
accelerates electrons which collide with Xe atoms and cause ionization. A large negative
potential is applied to the cathode in order the repel electrons. To create an arc across the lamp a
trigger voltage is applied that must be about 160% of the breakdown voltage of the lamp [48]. A
large electric field is needed to accelerate the electrons significantly to build up kinetic energy
and 1onize Xe atoms due to the short mean free path of the electrons [48]. The mean free path
(A¢) of the electrons is given by equation (10), where gy, is the cross section and ng,. is the
density of neutrals in the plasma. The cross section for an atom with radius 7; is given by
equation (11).

1

g =——
¢ \/Eo-gnarc

(10)
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o, = 4mr} (11)
Once the arc has been formed the discharge needs to be maintained for the length of the
pulse so power must be continually supplied to the plasma. The high electric field in the
beginning is needed to ionize the gas but once the discharge is formed the thermal velocity of the
electron is what keeps the discharge going; the thermal velocity is given in equation (12) where T
is the temperature, k;, is Boltzmann’s constant and m, is the mass of the electron. Energy is lost
to the plasma in the form of radiation and due to heating of the cold gas around the plasma [48].

The power lost to radiation is the energy that goes to annealing the substrate.

(12)
A schematic of the cathode and plasma interface in the flash lamp is given in Figure 2.11.
The negative potential of the cathode repels electrons but attracts Xe* so region (1) is a charge-
neutral region; not much ionization occurs here due to the mean free path of the electrons [48].
Region (2) is the ionization zone where particles begin interacting and thus temperature
increases; in region (3) the transition zone the plasma begins expanding to the walls of the lamp,

then in region (4) there is a fully formed plasma column [48].

< Plasma
Cathode
112] 3 4

Figure 2.11: Schematic of the plasma regions in the lamp [48]
“Reproduced with permission from Springer Nature”
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The total energy delivered to the lamps is given by equation (13) where C is the
capacitance of the system and V, is the bias voltage to the cathode. The external circuitry
required to make the pulse is the charging unit which charges the capacitors then we have the
capacitor bank which can be modeled as a single capacitor C in series with a single coil L where
the load is the flash lamp. Typical capacitance is on the order of 0.01-10 mF, inductance 0.01-10
mH and the charging voltage is typically a few kV [48]. A characteristic time constant for the
system can be described by 7oshown in equation (14) which is on the time scale of the pulse

duration [48].

1
E, = ECVO2 (13)
7o = VCL (14)

Flash lamps have a 50-80% efficiency, 7, in converting electrical energy into optical
energy emitted by the lamp. The electric power density in the lamp is given by equation (15)
where ¢, is the pulse length, d is the cylindrical lamp bore length and [ is the length of the lamp.

The total optical power density emitted by the lamps is given by equation (16).

pe - _fo_ (15)
surr toln_do
Ps?xrr = npsitrr (16)

Instead of looking at the power delivered to the film it is often convenient to look at the
energy density as is done with LA. The energy density at the film is given by equation (17)
which is measured in units of J/cm?. Eopt can be approximated by taking integral measure of the
emission spectrum over the pulse length. The actual energy absorbed by the substrate is harder to
determine as some of the energy will be reflected by the sample; the absorption profile of the

material greatly determines the absorbed energy.
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Eope = nEo 17)

During FLA there are a few parameters that can be altered such as the pulse length and
pulse frequency. The lamp needs a refractory period after each pulse, which is determined by the
physical dimensions of the lamp and the plasma properties. Because of this refractory period
there is an upper limit on the frequency of the pulses which is in the kHz range [48]. The
refractory period can be described by the voltage necessary to ignite the next pulse. During the
first stage only, a small voltage is needed as the plasma is still ignited but the deionization
process has started. In the second stage, deionization is progressing rapidly and the discharge is
gone; the voltage needed for the next pulse rapidly approaches that needed to ignite the plasma
initially. Then, in stage 3, the lamp has nearly reached the equilibrium before the first pulse and
the voltage required to reignite it is basically the original trigger voltage. The first stage takes 10-
600us while the third stage takes a few milliseconds [48]. The electrodes take a few seconds to
cool down so they do not have time to cool between pulses which makes water cooling of the
electrodes essential. When conducting multiple flashes, the pulses are ignited during stage 3 so
the lamp only cools to an elevated equilibrium which makes it easier to reignite. If the lamp is
run in the kHz range, then it is run in continuous mode where the pulses are fired at the
beginning of the second stage so there is a continuous discharge that has higher intensities when
the pulse is fired [48].

Flash lamp output can be tuned to certain wavelengths or optical bands to target a given
material better. If certain wavelengths or bands are wanted parameters, can be altered to make
the discharge more prominent in the desired region. It can often be desired to increase UV output
as the absorption depth at UV is shorter than VIS or NIR, which is important for temperature-

sensitive substrates [48]. The lamp enclosure is crucial for optical properties as the radiation
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must pass through it to reach the substrate. By using a different enclosure or envelope for the
flash lamp different wavelengths will be able to pass through easier than others. Synthetic fused
quartz is transparent down to 16nm [48] which is better for UV operation. Maximizing current
density increases plasma temperature and emissivity at shorter wavelengths which increase UV
radiation. Filters can also be applied to select different frequencies of EM radiation.

The real benefit of FLA is that it can be used to process samples quickly and it can do so
for temperature-sensitive substrates. The emission spectrum of FLA is broad which makes it
good for annealing a variety of materials. In [55] they state that FLA can be used to process a
thin film on PET where the instantaneous temperature reaches up to 1,000°C. This can be done
because the time the substrates spend at the elevated temperature is microscopic so there is not
enough time for the heat to equilibrate throughout the material. The time it takes to reach thermal
equilibrium is given by equation (18) where t; is the equilibration time, x; is the thickness, k; is
the thermal conductivity, p; is the density and c; is the specific heat [55].

2
_ GipiX;
¢ 4Ki

(18)
During the pulse it takes time t,, to reach the max temperature during the pulse, which
often exceeds the working temperature of the material. It takes heat a certain amount of time to
equilibrate throughout a material; the thicker the material the longer it takes to reach thermal
equilibrium. So, if the film is much thinner than the substrate then the film will reach an
equilibrium temperature much quicker than the underlying substrate. To ensure the substrate
does not reach damaging temperatures the following condition must be met t,, < 7 (subscript s
is for substrate and fis for film). If ¢, < 7, then the substrate does not spend enough time at
elevated temperatures to cause damage [55]. To ensure the film is properly annealed we want it

to have time to equilibrate so 7y < t,,. Another factor to ensure the film does not reach too high
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of temperature is that the substrate acts as an effective heat sink so the film cools rapidly; if the

film cannot cool rapidly then the excess temperature can cause damage to the substrate. If x; <«

x¢ then the substrate will have enough thermal mass to effectively cool the film [55].
2.5 Novacentric Simulation

Since the temperature of the substrate is hard to calculate during the actual FLA process
due to the short nature of the flashes, simulations are helpful for determining the temperature
profile of the film and substrate. In this research a Novacentrix PF-3300 flash lamp system was
utilized to conduct the FLA. The System has a built-in software called SimPulse which is used to
simulate the temperature profile. Built into the software are the thermal properties of many
different materials; you can build your film stack and then assign the appropriate boundary
conditions and flash lamp parameters to calculate the temperature profile. By adjusting the
different pulse parameters such as peak intensity, pulse length, and frequency of pulse repetition,
the temperature profile can be controlled [21].

The SimPulse software uses a 1-D heat conduction model to simulate the photonic curing
[21]. The governing equation is discretized using the finite volume method and the results were
validated with multiple known analytical solutions [21]. The 1-D conduction heat equation is
given by (19) where S is a volumetric source term 7 is the temperature, p is the density, ¢, is the

specific heat at constant pressure and £ is the thermal conductivity [21].

o _ 29 (kaT>+S 19
Pt = ox (19)

dx
The heat conduction equation is discretized and the substrate and film are divided into a
finite number of volumes in which the equation is integrated over to find the temperature [21].

Figure 2.12 shows how a n layer stack would be discretized. If we treat the FLA pulse as a heat

flux at the surface, then the boundary conditions for the sample are as shown in equations 20 and
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21 at x= 0 and x = L, respectively [21], where h, o is the convective heat transfer coefficient
above the film surface, T is the initial temperature at the film surface (x=0), T, o 1s the ambient
temperature above the film, € is the emissivity, o is the Stefan-Boltzmann constant with a value
of 5.67 x 1078 W /m?K*, q, (t) is heat flux due to the pulse waveform, g (t) is the heat flux at
x=0 and q;' (t) is the heat flux at x=L [21].
q0 () = qy () — hoo,o(To - Too,o) — 0Ty (20)
Q7 () = heo (T — Teo,) (21)
If instead we treat the pulse as a volumetric source, then g, (t) = 0, and the heat pulse
flux follows Beer’s law (equation 22) and is absorbed volumetrically throughout the substrate;
qq is the incident heat on the surface of the substrate and q"’ is the flux transmitted through a
depth [, « is the absorption coefficient of the material. Beer’s law is used to calculate the surface

heating flux absorbed in each cell.

4 _ o«
=e (22)
x =40 x=1L
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Figure 2.12: Example of finite volume discretization

28



2.6 Film Characterization

To understand how FLA and TA affect the films properties it is essential to perform
characterization of the film. To evaluate how annealing alters structural, optical and electrical
properties of the ITO film, powdered X-ray diffraction (XRD), scanning electron microscopy
(SEM), spectrophotoscopy, four-point probe (4PP) and hall effect measurements are needed. In
the following section a brief description of each characterization technique will be given.

2.6.1 X-ray Diffraction

XRD is used to determine the crystal structure of a material and to how large the grain
sizes are. X-rays have a wavelength on the order of 1078 — 10~1m;the lower end is on the
order of the lattice spacing in crystals allowing x-rays to be scattered by atoms in the crystal [56].
XRD takes advantage of this scattering to analyze the crystal structure.

There are many different crystallographic planes in a crystal which are identified by their
miller indexes (h k 1). These different crystallographic planes have different densities of atoms
and different interatomic spacing between consecutive planes. Equation (23) is known as
Bragg’s Law, where 7 is the order of reflection, A is the wavelength of the incident x-ray, d is the
spacing between atomic planes and 0 is the angle of the incident radiation; using Braggs law and
a known wavelength the interplanar spacing d can determined. Braggs law is the backbone of
powdered x-ray diffraction (XRD) possible.

nA = 2dsinf (23)

Figure 2.13 shows the diffraction of x-rays from consecutive planes in the crystal lattice.
In XRD analysis a beam of X-rays is incident on a sample at a particular angle and the diffracted
angle is measured with a detector [57]. Either the source of the X-rays or the sample stage is

rotated to sweep the incident angle of the X-ray. An incident X-ray is passed through a
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Figure 2.13: Diffraction of x-rays from different planes

collimator to make a defined beam and once they scatter from the crystal a detector measures the
deflection angle (20). The detector measures the X-rays scattered from the sample, at each
angle. For the investigation of crystal structure, we are interested in the constructive interference
of two incident beams that are reflected off consecutive atomic planes; the difference in the path
length traveled by the incident rays causes constructive interference. The beams must interfere
constructively so we can measure it, thus it is required that the spacing d is an integer number of
the wavelengths otherwise Braggs’ Law does not hold.

The different crystallographic planes will have different spacing d which causes the
diffraction angle to change. Amorphous materials scatter x-rays in all directions so there is no
distinctive peak. Crystalline solids due to their repetitive structure cause many photons to be
scattered in the same direction. The relative intensity of the beam is a measure of how prominent
a particular plane is.

The Schrerrer formula (equation 24) is used to calculate the average crystal size from the

XRD diffraction data [58,59]. K is a dimensionless shape factor whose value depends on the

30



material. A,,,,, is the wavelength of the incident x-ray in nm, £ is the full width at half max
(FWHM) in radians, 0 is the angle at which the peak occurs. The FWHM is calculated in radians
and is found by locating the max intensity for a given peak, then halving that number and finding

the width of the peak broadening in radians at half the max height.

_ KAum
te p cos 8

(24)

2.6.2 Scanning Electron Microscope

Scanning electron microscope (SEM) is used for qualitative analysis of the surface
morphology. Light microscopes have a resolution that is limited by the wavelength of visible
light, so the resolution limit is around 0.2 um [60]. SEM uses a beam of electrons to create an
image of the sample allowing a much higher resolution image to be achieved. The basic
operation of the SEM is as follows: a beam of electrons is scanned across the surface of the
sample and as the electrons interact with the samples, they produce many different signals. The
various signals produced can be seen in Figure 2.14; the microscope includes many detectors and
filters to collect and process the desired signals. Secondary electrons are the main signal

1°
Beam

Backscatterred electrons Secondary electrons

Auger electrons

Characteristic x-rays X-ray continuum

Figure 2.14: Signals generated by electron beam interaction with the sample
[61] “Reproduced with Permission from Springer Nature”
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collected to image the surface and can provide a resolution of 10nm [61]. When the electron
beam hits the surface of the sample this causes surface atoms to become ionized and electrons
are emitted from the surface. These secondary electrons are detected using an Everhart-Thornley
detector. The electron beam is produced by a tungsten filament which is heated to thermally
excite electrons; to get better resolution the beam of electrons is focused into a finer beam using
magnetic fields [61]
2.6.3 Optical Characterization

Optical characterization of ITO films is essential since ITO is desired for being a
transparent semiconductor. A spectrophotometer is used to measure the transmission and
reflection of EM radiation for a material in the ultraviolet (UV), visible and near-infrared (NIR)
regions (200-1700nm). The main components of a spectrophotometer are shown in Figure 2.15.
To cover the wavelengths of interest multiple light sources are needed. The collimator focuses
the light into a beam, the monochromator selects the wavelength of light so the
transmission/reflection can be calculated for each wavelength, then a detector is used to measure
the light that passes through the sample or that is reflected by the sample. Spectrophotometers
typically utilize at least two light sources to cover the entire spectrum such as Tungsten-Halogen

filaments lamps and Deuterium lamps [62]. The range of wavelengths also requires different
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Figure 2.15: Basic operation of spectrophotometer [63]
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detectors which are more apt for that region, such as photomultiplier tubes for visible and NIR
and silicon photodiodes for UV. The reflectance measurements require a reflection standard for
the measurements to be referenced to. From the transmission and reflection data the absorption
coefficient can be calculated using a form of Beer-Lamberts Law (equation 25) formulated for
thin films [4,33]. a is the absorption coefficient 7 is the thickness of the film, R is the total
reflectance and T is the total transmittance. From the plot of (ahv)? vs. hv extrapolation from
the straight regions of the plots to @ = 0 can be used to determine the optical bandgap in what is
known as the Tauc method [33, 64]. Equation (26) is the common form used to graph the optical

bandgap as can be seen in[4, 20, 64].

_1, 100-R -
a=-In(—7F) (25)
a(h) < (hv — Eg)% (26)

2.6.4 Electrical Characterization

An essential tool for characterizing the electrical properties is the four-point probe (4PP)
which is used to measure the sheet resistance of semiconductor devices and thin films. The
resistivity of a material is the inverse of the conductivity and can be obtained by taking the

inverse of equation 8 to get equation (27) below.

1 1
o enu, +epup
Since ITO is an n-type semiconductor (n > p) thus the resistivity can be written as p =

= (27)

,D res

enlu . A schematic drawing of a 4PP is given in Figure 2.16 where the four probes are spaced

equal distance from each other. The 4PP works by sending a current between the two outside
probes; then the voltage drop across the two inner probes is measured. From the measured

voltage and the known input current the resistance can be determined. Four-point probes are used
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Figure 2.16: Schematic drawing of four-point probe measurement

opposed to two-point probes in order to eliminate the resistance of the probe itself. The 4PP
measurement does not assume the contact shape or size which makes it easy to use on any
surface contact [57].

The resistance measured by the 4PP is measured in terms of (1/sq so this is known as a
sheet resistance and it is calculated internally by equation (28) [57]. To obtain the resistivity of

the film equation (28) is divided by the film thickness t as shown in equation (29).

_In(2) (Q
ks = o (5) (28)
R
Pres = r (29)

The next electrical characterization method is the Hall effect measurement; it is used in
the semiconductor and thin film industry to determine the mobility and doping of the charge
carriers. The Hall effect measurement takes advantage of the Hall effect. Figure 2.17 shows a
schematic illustrating how the Hall effect is measured. A voltage (V) is applied across the sample
in the y-direction which causes an electric field in the y-direction. This electric field causes a

current to flow in the sample; electrons will flow in the —y-direction. A magnetic field B is
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applied in the Z-direction; the electrons respond to the magnetic field in accordance to Lorentz

law as given in equation (30). F is the force felt on the particle of charge ¢ with velocity 7.
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Figure 2.17: Schematic drawing of Hall Effect Measurement setup [65]

If we plug in the charge of the electron and the direction of its velocity along with the
direction of the magnetic field, we get equation (31) and see that the electron drift in the X-
direction due to the magnetic field.

F=—e(-vy9 x By2) = qu,B % (31)

The drift of electrons to the X surface of the sample causing an unequal distribution of
charge which creates the internal electric field (Ey) to be generated in the X direction. This
internal field is referred to as the Hall field and it continues to build up as more electrons drift to
the X surface until a steady state is reached; this steady state condition is given by equation (32)
[30].

eEy = evyB (32)
From the applied electric field, we have a current density in the ¥ given by

]y, = env, (33)
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Solving for v,, and substituting into equation (32) we get the following where Ey and J,, are

measured and B is known.

1
Ey =—]J,B 34
H en]y ( )
The Hall coefficient Ry is defined in equation (35) where Ey; = —E,

Comparing (34) with (35) we see that the carrier concentration can be determined by the
following equation including the correction factor 15, known as the Hall factor which is typically

close to unity [65].

Ty
Ry = —— 36
n= (36)

The mobility is then determined by equation (37) where p = ﬁ where the assumption that n >>

p since we are interested in ITO and it is a n-type semiconductor [66].

Ry
He = ? (37)
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Chapter 3: Experimental Procedures

“This section was chapter 3 from “Ethan Neitzke, Qi Hua Fan; Study of flashlamp annealing to
promote crystallization of indium tin oxide thin films. J. Appl. Phys. 21 December 2023; 134
(23): 235303. https://doi.org/10.1063/5.0177627  with the permission of AIP Publishing

For this research ITO films of 100 nm thick were deposited on 153 X 153 mm? glass substrates
with a thickness of 300 um. The films were deposited by DC magnetron sputtering in an argon gas
at a pressure of 3 mTorr (0.4 Pa) at room temperature. Prior to the deposition the vacuum system
was pumped down to a pressure of 1 X 1076 Torr (133 pPa) and underwent pre-sputtering for 10
minutes; the power density was approximately 20 W/m?. The ITO-coated glass substrates were
cut into 12 x 12 mm? square samples for subsequent treatment and characterization. The original
sheet resistance of each sample was measured using a 4-point probe (Guardian Manufacturing
SRM-232-1000). Three methods were used to process the ITO films to compare FLA to TA and
the combination of both.

The first procedure involved only FLA with all variable’s constant except the number of pulses.
The flash conditions were as follows; the voltage was 820V, 90% duty cycle, 1 micro pulse per
pulse with a 265 ps pulse length, 2 Hz frequency and a pulse count which was varied as 20, 50,
100 and 200. Simulation of the flash lamp process was done using the Novacentrix SimPulse
software to get an understanding of the process parameters and the temperature profile of the
sample. Three samples were used for each TA condition; one of these samples then underwent
FLA treatment. Each sample was measured multiple times at different locations to ensure the data
was reliable. The FLA experiments were conducted in air at atmospheric pressure using a
Novacnetrix PF-3300 flash lamp system which utilized three N24-VX2 xenon lamps. For the first
procedure, the samples were placed in the Novacentrix system and preheated at 100°C for 3

minutes before FLA to prevent the film from being thermally shocked by the FLA. After the FLA
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treatment, the samples were left in the system to cool to 70°C before they were removed to prevent
a quenching-like effect from the flash lamp.

The second annealing procedure involved only thermal annealing. Three samples were
annealed in an oven (Across International ACCUTEMP-09) at atmospheric conditions. The oven
was preheated to the desired temperature then the samples were put on preheated trays and placed
inside the oven. A k-type thermocouple was used to monitor the actual temperature locally on the
sample tray. Samples were annealed at three temperatures: 155°C, 190°C, and 215°C. At each
temperature the samples were annealed for 5, 15 and 30 minutes. When the samples were taken
out of the oven, they were left to cool on the trays for 5 minutes before being removed.

For the third annealing procedure, the samples first underwent thermal annealing following
procedure two, then the samples underwent FLLA using the conditions described in procedure 1 but
with a constant pulse count of 100.

After annealing, the samples' electrical, optical, and structural properties were characterized.
Guardian 4-point probe was used to measure sheet resistance. Mobility and carrier concentration
were measured using a Lake Shore Cryotronics HMS-TT FastHall station. Transmittance and
reflectance were measured using a UV-Vis-NIR spectrophotometer (KLA Instruments, F20) with
a resolution of approximately 1 nm. Glancing angle x-ray diffraction (XRD) was performed on a
Rigaku SmartLab system at an incident angle of 1° using Cu Ka radiation having a wavelength
of 1.54 A, power of 1200 W and a scan rate of 2.4°/min. The morphologies of the samples were
investigated by SEM with an accelerating voltage of 3 kV (Carl Zeiss, Auriga Dual Column
Focus Ion Beam SEM). The film thickness was measured using a (Brunker DektakXT)

profilometer with a 6.5 pum tip, and a stylus force of 10 mg.
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Chapter 4: Results and Analysis

This chapter is based on the following paper “Ethan Neitzke, Qi Hua Fan; Study of flashlamp
annealing to promote crystallization of indium tin oxide thin films. J. Appl. Phys. 21 December
2023; 134 (23): 235303. https://doi.org/10.1063/5.0177627  with the permission of AIP
Publishing

The flash lamp annealing process was simulated using Novacentrix SimPulse Software to
estimate the substrate temperature profile. The flash conditions used were 820V, 90% duty cycle,
pulse length of 265 us at a frequency of 2 Hz. The total pulse count was varied as 20, 50, 100
and 200 while all other process parameters were held constant. Using the SimPulse software the
temperature at various depths in the film and substrates were simulated for 100 pulse counts as
shown in figure 4.1, where there is a pulse every half second so 50 seconds corresponds to 100
pulses. The temperature profile was monitored at the surface of the ITO layer (O pm), the end of
the ITO layer (0.1 um), 10 um into the glass substrate and on the back side of the substrate as
shown in Figure 4.2. In Figure 4.1, the surface of the film reaches a max temperature of 181.7 °C
at the instance of the pulses, while the average temperature is 135.2 °C. At a depth of 10 um the

max temperature is 153.5°C, while the average temperature is 129.6°C. The back side of the
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Figure 4.1: Novacentrix Convective Temperature profile simulation, showing
temperature at different depths in the substrate for a pulse count of 100
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Figure 4.2: Schematic of film and
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substrate reaches a max temperature of 133.1°C with an average temperature of 125.9°C. Figure
4.3 shows how the temperature profile of the films changes substantially with the absorption
coefficient. Figure 4.3 shows that the absorption coefficient is very important for determining the
flash conditions as significant film temperatures can be reached. For simulation purposes, we
used an absorbance of 2.5% since the average absorbance over the visible spectrum (400-800
nm) was 2.5% based on transmission and reflectance measurements taken of the as-deposited
sample. We only considered the visible spectrum since this is the range over which the xenon
lamps are the most intensive. The average temperature at the film’s surface for increasing the

pulse counts can be seen in Figure 4.4. The max temperature is achieved at the instance of the
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Figure 4.4: Average temperature at surface of film for increasing pulse
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pulse after which the temperature drops rapidly before the next pulse. Due to the short duration
of the pulse measuring the actual instantaneous temperature profile is difficult and thus the
temperature profile is based only on the simulation. The energy delivered to the film during the
pulse quickly disperses throughout the film which accounts for the average temperature of the
substrate.

XRD measurements for the various annealing conditions can be found in Figure 4.5. The
XRD diffraction peaks in Figure 4.5(a) prove that FLA can be used to crystallize the ITO. For all
annealing methods the (222) plane scatters the most intensively. For a pulse count of 20 or 50
only the (222) plane can be seen in the XRD patterns. For higher pulse counts of 100 and 200
there are additional peaks corresponding to the (211), (400), (440), and (622) planes which,
along with the (222) plane, are all characteristic of ITO films as seen by other work [19, 20, 58,
59]. The intensities of the peaks increase with the pulse counts, indicating a more crystalline
film. Figure 4.5(d) shows that thermal annealing at 155°C, 190°C or 215°C for 15 minutes can
crystallize the film and that higher temperature leads to higher intensities in the XRD pattern.
Figure 4.5(b) illustrates that longer annealing times lead to higher diffraction intensities, which
means an enhanced crystallization. Comparing figures 4.5(b, d), to 4.5(c, e) it is apparent that the
addition of flash lamp annealing after thermal annealing only aids in the crystallization of ITO if
the thermal annealing step was short. The sample annealed at 190°C for 5 minutes saw more
intensive XRD peaks particularly at the (222) plane after FLA. The most intensive scattering was
achieved for sample TA at 215°C for 15 minutes. FLA at a pulse count of 100-200 can produce
the same XRD diffraction intensity as TA at 190°C for 30 minutes which proves FLA is a much

faster crystallization method.
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Figure 4.5: XRD diffraction patterns for a) FLA treatment at different pulse counts b)
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different temperature e) TA and FLA at different temperatures
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The Sherrer formula equation 24 was used to calculate the crystal size of the samples where a
value of 0.89-0.9 was used for the dimensionless factor K for ITO based on other literature [58,
59]. Using Sherrer’s equation the mean crystal size was calculated for each peak for each
annealing condition. The crystal sizes for the three of the most intensive XRD peaks at different
annealing conditions be seen in Figure 4.6. The mean size of the crystals in the (222) plane was
smallest for the pulse count of 20 while for pulse counts of 50, 100 and 200 the crystal size was
almost identical at roughly 26 nm. The smaller crystal size for the pulse count of 20 can be
attributed to the lower energy being transferred to the film. As more energy is transferred to the
film more atoms can diffuse and larger crystals can form. There is no change in crystal size from
50-200 pulses. In the (400) and (440) planes the pulse count of 200 had a larger mean crystal size
than the pulse count of 100. The higher the pulse count the more energy is transferred to the film

which explains the slightly larger crystal size. Figure 4.6(c) shows that the annealing time does
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not have any significant effect on the crystal size since all times had roughly the same crystal
size. Varying the annealing temperature similarly did not greatly affect the crystal size. The
effect of flash lamp on the crystal size after thermal annealing appears to be negligible as for
some conditions the crystal size increases slightly and for others it decreases slightly. Overall,
the different annealing conditions did not have a substantial effect on the crystal size. In [3]
Joshi, Salil M., et al found that after annealing at high temperatures up to 750°C there was no
significant grain growth which concurs with these findings that annealing temperature did not
have a significant effect on crystal size. Ghorannevis et al. in [58] had a crystal size of 25.440
nm for 100 nm thick ITO film grown by RF sputtering, which is similar to what was found in

this experiment for the (211) and (222) planes. Ahmed et al. in [5] found that the crystal size in

Figure 4.7: SEM images of flash lamp annealed samples (scale reads
100 nm) a) pulse count 20 b) pulse count 50 c) pulse count 100 d)
pulse count 200
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the (222) plane increased with annealing temperature, which was not seen in this study. In their
study, they annealed the ITO samples at much higher temperatures from 250—550°C, therefore
higher annealing temperatures are needed to promote the growth of larger crystals. Given the
results of [5] significant energy is needed to promote large grain growth in ITO so FLA would
not be suitable.

The SEM images in Figure 4.7 do not show much difference in the film morphology for the
different pulse counts. Images for TA samples similarly revealed no significant structural
differences.

Figure 4.8 shows the carrier concentrations (n) for different annealing treatments. The carrier
concentration varied from 3 X 1029 cm™3 to 4.81 x 102° cm™3. Carrier concentration generally
decreased with increased annealing time and increasing temperature. During thermal annealing,
defects in the material are removed which affect the charge carriers. Buckeridge, et al in [66]
suggest that oxygen vacancies act as shallow donors in ITO which contribute significantly to the
carrier concentration. [ 19] states that annealing in air removes oxygen vacancies which act as
donors and thus decrease the carrier concentration. The authors in [4, 66, 67] label oxygen
vacancies as electron donors. Our hypothesis is that the thermal annealing in air removes the
oxygen vacancies which act like electron donors and decreases the carrier concentration. The
higher the temperature or longer the annealing time the more defects and vacancies are removed
and thus the lower the carrier concentration. In Figure 4.8(c) the carrier concentration increases
at first for TA at 155°C. It is believed that this is due to the removal of defects that act as traps;
not enough energy has been transferred to the film yet to remove oxygen vacancies, but as time
increases the carrier concentration drops again due to the removal of those oxygen vacancies.

There does appear to be a saturation of the oxidizing effect for TA at 215°C as there is no further
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Figure 4.8: Carrier concentration (scale 10%°) as a function of a) flash annealing pulse count c)
thermal annealing time and temperature b, d-f) thermal annealing and FLA

decrease in n from 15 to 30 minutes as shown in figure 4.8(c). This saturation of the oxidizing
effect is not seen in FLA as the carrier concentration continues to decrease at 200 pulse counts as
seen in Figure 4.8(a); perhaps a higher pulse count is needed to see such a saturation.

The carrier concentration initially increases but then decreases after a pulse count of 50 as
shown in Figure 4.8(a). During the interval over which the carrier concentration increases is the
same as when the mobility remains constant. The hypothesis is that the FLA treatment at low
pulse count does not input enough energy into the film to repair defects that require high
activation energy, such as impurities or oxygen vacancies; but the low pulse energy is enough to
repair dangling bonds at grain boundaries which reduce the recombination rate and thus
increases the carrier concentration while leaving the mobility unchanged as seen in Figure 4.9.
For higher flash counts and during TA, there is sufficient energy to remove oxygen vacancies

which is responsible for the decrease in carrier concentration. Our results agree with the
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literature which suggests that oxygen vacancies are a major carrier donor in ITO [66, 68]. FLA
after TA had no real effect on carrier concentration at 215°C but further decreased for 190°C.

Mobility increases after TA or FLA until it reaches a maximum value. For FLA, the mobility
ranged from 35 to 65 cm? V~1s™1 | while for TA it ranged from 35 to 76 cm? V~1s~1 which is
similar to values in other literature [68]. The increase in mobility can be attributed to the
transition from the amorphous structure of the as-deposited film to the crystallized films
produced by TA and FLA as proven by XRD analysis. During the annealing process, defects in
the lattice are removed; the removal of defects along with the increase in crystallinity allows for
higher carrier mobility. Electron mobility can be affected by lattice scattering, neutral impurity
scattering, ionized impurity, and grain boundary scattering [20, 68].

The initial change from amorphous to crystalline reduces scattering and recombination due to

the removal of defects but does not account for the variation in the mobilities. Except for two TA
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treatments and an FLA treatment with a pulse count of 20 where the average crystal size was
slightly smaller for some crystal orientations the average grain size remained almost identical for
each treatment condition. Crystal size does not change substantially with the heat treatment so
the heat treatment methods presented here mostly aid in the reduction of defects not in crystal
growth. The consistency of the grain size suggests that grain boundary scattering is unlikely the
main mechanism by which mobility increases. Since the average grain size was roughly the same
for all treatment methods, the grain boundary would be roughly the same size so no change in
scattering from grain boundaries is to be expected.

Figure 4.9 shows how the heat treatments affect mobility. The general trend is that
increasing the annealing time or temperature causes the mobility to increase. This increase can
be attributed to the reduced defects and thus decreasing scatt

ering. The sample annealed at 215°C for 30 minutes shows a slight decrease in mobility.
Several mechanisms could contribute to this effect, such as concentrated impurities at grain
boundaries due to high temperatures. The actual mechanism needs further characterization.

For FLA, as seen in Figure 4.9(a), the mobility originally remains constant then increases
rapidly as high pulse counts. XRD analysis shows the film is barely crystallized for a pulse count
of 20 or 50 so the dramatic change in mobility can be attributed to the crystallization at a pulse
count of 100. Further FLA at higher pulse counts would increase the crystallinity and remove
defects, accounting for the increase in mobility. From Figure 4.9(b, d, f) FLA after TA generally
causes an increase in the mobility, which is more pronounced for shorter annealing times. FLA

removes additional defects after TA, which decreases scattering.
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The average sheet resistance of the as-deposited films was 50 ()/sq. After TA or FLA the
sheet resistance decreases as shown in Figure 4.10 with the lowest resistance achieved being 29
/sq. This sheet resistance was achieved by TA alone at 215°C for 30 minutes and at 155°C for 5
minutes with FLA treatment. The sheet resistance or resistivity of the film depends on both the
carrier concentration and the mobility. For FLA the sheet resistance drops initially due to the
increase in carrier concentration but later is attributed to the increase in carrier mobility. For TA
as the annealing time increases the sheet resistance drops, which is mainly due to the stark
increase in mobility. For either treatment, as the time or pulse count increases the sheet
resistance decreases. Using the combination of TA and FLA only has a substantial effect for
annealing at 155°C and 190°C for 5 minutes, otherwise the sheet resistance saw minimal change
after the TA. FLA does not offer much improvement in the electrical properties after TA since

thermal annealing transfers a large amount of energy to the lattice which is sufficient to promote

55 55 55
= _ —e—155° = —e—155°C (F
: g (a 5 g (© 1% | % (e) ®
a 8 —e—190 °C a —e—190 °C (F)
845 845 | —e-215°C g 40 —-215°C (F)
s g g
0n ot ﬂ
@ 7 2
35 | 845 | S35 T
2 Q 2
(7] ) (]
25 ! ! ! B | 25 . : ' . .
0 50 100 150 200 0 15 30 0 15 30
. N . Annealing Time (minutes)
Flash Count Annealing Time (minutes)
55 55 55
g o b —e—155°C 5 (d) —e—190°C T (f) —e-215°C
a g !
45 | —e—155 °C (F) o 45 | ——-190°C(F) | 545 | —e-215°C (F)
g s 2
B = i)
2 I a2 o
[ 7] d 7]
@ 35 i 35 4
n 7] 0
25 : 25 _— 25 :
0 15 30 0 15 30 0 15 30
Annealing Time (minutes) Annealing Time (minutes) Annealing Time (minutes)

Figure 4.10: Sheet resistance as a function of a) flash annealing pulse count c) thermal
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crystallization and removal of many defects. FLA is a high energy process that only lasts a short
time so after thermal annealing FLA does not provide enough energy to further promote crystal
growth or removal of significant defects.

The optical bandgap seen in Figure 4.11 shifts to shorter wavelengths (higher energies) after
both FLA and TA. The higher the pulse count the larger the shift in the optical bandgap as
expected since a larger pulse count corresponds to more energy being deposited in the film and
more crystallization occurring as shown by XRD analysis. Thermal annealing similarly shifts the
bandgap to lower wavelengths. At 190°C annealing for more than 15 minutes has no effect on
the optical bandgap. The benefit of increasing temperature appears to reach a plateau at around

190°C since annealing at 215°C causes no further shift in the bandgap. 3.8 eV is the max
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bandgap achieved through either TA or FLA. Combining flash lamp annealing and thermal
annealing does not cause an increase in the bandgap beyond what either treatment can achieve
individually as seen in Figure 4.11. The absorption coefficient was calculated using Beer-
Lamberts law (equation 25); the optical bandgap was subsequently graphed using equation 26 [4,
20, 69 ].

ITO is a degenerate semiconductor, so the widening of the bandgap is often attributed to the
Moss-Burstein effect which is due to increased carrier concentration [4]. Here it was found that
the bandgap widens after TA or FLA but the carrier concentration typically decreases. For FLA
with a pulse count of 20 or 50 the carrier concentration increases but the bandgap does not
change substantially from the as-deposited sample so the Moss-Burstein effect does not play a
dominating role. The defect in the as-deposited film causes intermediate donor levels which
effectively lower the bandgap so when these defects are removed the donor levels are removed
and the bandgap effectively widens. Joshi et al. in [3] state that doping with Sn causes oxygen
vacancies which create shallow donor states close to the conduction band. It is hypothesized that
during TA or FLA at high pulse counts oxygen vacancies are removed, which would remove
these shallow donor states and account for the widening of the optical bandgap. This is supported
by other research which suggests the removal of oxygen vacancies, which act as shallow donors
resulting in the bandgap widening [66].

Transmittance remains constant under FLA until a pulse count of 200 as shown in Figure
4.12. For a pulse count of 200, there is an increase in transmission over most of the spectrum but
most significantly in the ultraviolet (UV) and infrared regions (IR). TA increases the
transmittance as shown in Figure 4.12(b, ¢) where a higher/longer annealing temperatures/times

corresponds to higher transmittance. Again, the transmittance increases somewhat over the entire
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Figure 4.12: Transmission spectrum for a) different flash annealing conditions b) different
thermal annealing temperatures c) different thermal annealing lengths d) thermal annealing

spectrum most significantly in the UV and IR regions. The transmittance in the visible region

increases slightly with high annealing temperature or pulse count but otherwise remains

unchanged. Looking at Figure 4.12(e), FLA after TA does not change the transmission.

In [19] it is suggested that a lower carrier concentration leads to higher transmittance in

the IR region due to fewer carriers being available to scatter the light. In [70] they found
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decreasing transmittance in the IR region with increasing carrier concentration which is in
agreement with our findings. A decrease in carrier concentration was found which would account
for the increase in transmittance in the IR region. The transmittance increase in the UV region is

explained by the widening of the bandgap, allowing higher energy photons to be transmitted. The
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slight increase in the transmittance over the visible spectrum is believed to be due to the decrease
in oxygen vacancies as indicated by the decrease in carrier concentration. Figure 4.13 shows the
reflection spectrum for various annealing conditions. The reflectance decreases over the visible
and IR regions for both FLA and TA. This reduction in reflection is accompanied by an increase
in the transmittance. At an annealing time of 15 minutes the reflectance is unchanged for
different annealing temperatures. For all annealing conditions there is an increase in the
reflectance in the range of 300-400 nm. This increase in reflection could be due to reduced
absorption accompanied by the widening of the bandgap. The reflectance increases with
annealing temperature as in Figure 4.13(c). The annealing time appears to reach saturation at or
before 15 minutes since there is no further change in the reflectance for increased annealing time.

For the FLA treatment with pulse count of 20 and the TA treatment at 190°C for 5
minutes, there is about a 10% decrease in the reflection in the UV region and a smaller decrease
in the IR. This reduction in reflection is accompanied by a corresponding increase in the
transmittance spectrum for the sample TA at 190°C for 5 minutes. The transmittance spectrum
for the FLA of 20 however does not see any increase. For both these conditions there is an
increase in the carrier concentration as indicated in Figure 4.8(a, ¢). The mechanism for this
decrease in reflectance in the UV region for FLA with a pulse count of 20 is unexpected and
requires further characterization.

FLA after TA has minimal effect on the reflection spectrum for ITO. The lack of change
in the transmission or reflection with the combined annealing treatment is attributed to the lack

of significant change to the crytal structure of the film with the additional FLA treatment.
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Chapter 5: Summary and Conclusion

This chapter is based on the following paper “Ethan Neitzke, Qi Hua Fan; Study of flashlamp
annealing to promote crystallization of indium tin oxide thin films. J. Appl. Phys. 21 December
2023; 134 (23): 235303. https://doi.org/10.1063/5.0177627  with the permission of AIP
Publishing

Comparison of the electrical properties, optical properties, and morphology of ITO films
post processed by FLA and TA were conducted. 100 nm thick ITO films underwent flash lamp
annealing and thermal annealing. XRD analysis showed that FLA can crystallize ITO under high
pulse count. The crystal size of the ITO films did not vary substantially between FLA or TA
samples. The sheet resistance was decreased substantially with both FLA and TA, achieving a
resistance of 29 (/sq. The mobility increased from 30-40 to 70-80 cm? V~1s~1 for FLA and TA
as the film shifted from amorphous to crystalline and defects were reduced. The carrier
concentration decreased for TA and for FLA due to oxygen vacancies being removed. By tuning
the parameters of FLA ITO films with similar electrical and optical properties to TA samples is
achievable. The sequential treatment by TA at low temperatures followed by FLA can be used to
achieve better film properties than thermal annealing alone at longer and higher temperatures.
The combination or sequential treatment via TA and FLA offers improved film properties and
lower processing time. Given FLA performance in creating quality ITO films on glass and its
low-temperature nature, it offers an appealing solution for processing ITO films on temperature-
sensitive substrates. FLA offers a much faster processing time than TA which makes it especially

interesting for production applications.
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