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Abstract
The orientational order and morphology of organic thin films play an important role in
defining their physical properties. The development of general techniques to define and control
molecular orientation at the nanoscale may lead to improved performance of organic electronic
devices. Physical vapor deposition (PVD) is a common route of thin film fabrication for organic
electronic devices. This research work deals with controlling the molecular orientation by using
electric field and substrate temperature during the film growth by PVD. Recently, PVD has been
shown to produce organic glasses with enhanced kinetic and thermodynamic stability. For many
organic glass formers, the substrate temperature during the deposition process plays an important
role in determining the stability, density, and molecular orientation in these organic glasses. The
main objective of this work is to understand the structure of organic glasses prepared at different
substrate temperatures during deposition and to investigate the parameters behind the stability of
these glasses. The primary investigating tool used is Near Edge X-ray Absorption Fine Structure
(NEXAFS) spectroscopy. During the research multiple experiments have been designed by using
NEXAFS spectroscopy to understand the factors behind the stability of organic glasses when
prepared at different substrate temperatures. This work used the orientation sensitivity (linear
dichroism) in NEXAFS spectroscopy to map a 3-D orientation of N,N′-Bis(3-methylphenyl)-N,N′diphenylbenzidine (TPD) glasses deposited at variable substrate temperature. NEXAFS
spectroscopy was also used to examine differences in the internal molecular conformation of
various forms of TPD (vapor deposited thin films, powder, etc.). This work gave an understanding
of how increased density is related with closer molecular packing. Spectroscopic simulations
performed with DFT calculations attribute these spectroscopic shifts to the internal conformation
of the TPD molecules in the films.
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INTRODUCTION
Physical vapor deposition (PVD) has been extensively used to create stable glasses with

extraordinary thermodynamic and kinetic stability along with high density. Molecular orientation
control plays a vital role in defining the properties in thin films. This orientation control can be
achieved by applying external field or by tuning the substrate temperature during deposition
process. The focus of my PhD work is to investigate the factors responsible for high stability of
organic glasses grown at variable substrate temperature during PVD by using Near Edge X-ray
Absorption Fine Structure (NEXAFS) spectroscopy. §1.1-§1.3 of the introductory chapter will
review organic glasses and formation of stable organic glasses along with their physical properties.
§1.4 will briefly explain the most used methods for thermodynamic and structural characterization
of organic glasses. §1.6 will review about the chemical, orientational and conformational
sensitivity of NEXAFS and how this technique can be used to study the kinetic stability of organic
glasses. The research objectives related to this main project – the high stability of organic glasses
– will be described in detail in §1.7. Finally, a summary of materials that will be covered in
Chapters 2 to Chapter 8 will be presented in §1.8.
1.1

What are Glasses?
Glasses covers a wide range of variety including silicate-based glasses,1 metallic glasses,2

organic glasses,3 and some polymeric (polystyrene and plexiglass) materials.4,5 Glasses are the
materials that lacks the periodicity of a crystal structure and has the mechanical behavior of a solid.
In addition, glasses have non-equilibrium phase due to which the method of glass fabrication can
be manipulated to produce glasses of particular interest depending on its usage.6
The formation of a glass is started by cooling a liquid material below its melting point
without going into crystallization phase. When liquid is further cooled to lower temperature, it can
1

lead to the formation of a material with high viscosity with slower molecular movement and
become a supercooled liquid. Due to slow/sluggish molecular movement these molecules do not
have a chance to rearrange significantly before the temperature is further lowered. Once the
temperature is further lowered the molecules in the supercooled liquid become practically
“frozen”, and lead to the formation of a hard and brittle substance called a glass.7 The final state
of the glass depends on the kind of starting material and the cooling rate during the glass formation.
In short, a glass is neither a liquid nor a solid but is an intermediate state among these two states.
The molecular configurations of glasses change very slowly on an experimental time scale which
make these thermodynamically unstable and highly disordered structures.5
A temperature where the supercooled liquid converts into a hard, brittle and glassy material
is known as glass transition temperature and is represented by Tg.7 At this temperature glass
molecule only shows the thermal vibrations. All glasses tend to start approaching the properties of
equilibrium slowly with the passing time and this phenomenon is called as physical aging which
is not a chemical change. This physical aging is responsible for densifying the glasses, but it is
very slow process and hard to reach to the properties of stable crystals.
Generally, glasses are trapped in local minima on the potential energy landscape which
controls the dynamics, thermodynamics, and molecular arrangements.5 Glasses are
thermodynamically unstable, lower energies in the land scape are eventually achieved through
molecular rearrangements. This rearrangement process is extremely slow and it is generally
impossible to reach states deep in the energy landscape by just forming a glass upon liquid
cooling.8
One of the key advantage of glasses for gaining high popularity over crystals is the
compositional flexibility and absence of grain boundaries which act as a charge trap in crystals.6
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Glasses are macroscopically homogenous and their composition can be varied without going any
phase separation.5
1.2

Molecular Glasses
Molecular glasses or amorphous molecular materials are low molecular weight organic

compounds capable of forming a stable solid.9 Organic molecular glasses are considered as an
important category of organic functional materials that have attracted attention in many modern
technological applications. The ability of these compounds to produce uniform thin films makes
them alluring candidates as chromophores,10 semiconductors and charge transport materials in
organic electronics, opto-electronics, and photonics.11-12 Recently, the use of organic glasses in
cellphone displays as organic light emitting diodes (OLEDs) is exceeded up to more than 300
million per annum. The active elements in OLEDs are vapor deposited glasses of organic
semiconductors.5
The formation of molecular glasses can be understood by the following Figure 1.1, which
represents a transformation of a liquid into a glass. When a liquid is cooled down below its melting
point by avoiding crystallization it becomes a supercooled liquid. This supercooled liquid is in
meta-stable state. Upon further cooling the supercooled liquid coverts into a hard and brittle
material known as glass. The red lines in the following figure represent the formation of a glass.
The presence of two red lines and the area under these lines is explained in the following section.
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Figure 1.1 Molar volume of tris-naphthyl benzene in the crystal (black), liquid (black),
and supercooled liquid states (blue) along with the molar volumes of two glasses (red) are also
shown. This figure is reprinted from reference 5 with permission.
1.3

What are Stable Organic Glasses?
The nature of stable organic glasses can be easily understood by the above Figure 1.1 where

a change in molar volume of tris-naphthyl benzene in the crystal, liquid, and supercooled liquid
states has been studied. When tris-naphthyl benzene liquid is cooled down, the crystallization
process leads to the formation of a crystal with decrease in volume as represented by black line.
On the other hand, by avoiding crystallization upon cooling, leads to the formation of supercooled
liquid as represented in blue line, which is in meta-stable state. Upon further decreasing the
temperature this supercooled solidify to become a glass which is a non-equilibrium material.13 This
figure also represents two different glasses (shown with red lines) of same compound which are
prepared under two different experimental conditions. The above first red line is representing a
glass which is formed by cooling a supercooled liquid at a rate of 1 K/min. The second red line
representing a glass formed by keeping a glass at Tg -10 K for four days. The physical and
mechanical properties of glasses changed with time and tended towards adopting the equilibrium
4

state, this behaviour is referred as ‘physical aging’ indicated by a second red line with a lower
molar volume.14-15 The glass which was aged for 4 extra days showed lower molar volume and
increased density. The area under the two glasses (red line) was explored and investigated further
which led to the formation of stable glasses.
When organic glasses were prepared by PVD it lead to the discovery of organic glasses
with increased density, high modulus, thermal stability and best molecular packing.5 To make a
glass with density of this magnitude an aging period of 2 minutes to hundreds of years is required
which is practically impossible. The discovery of stable organic glasses also filled the gap to form
glasses with lower molar volume as shown in the unexplored area of the Figure 1.1. The formation
of stable organic glasses via PVD is explained in detail in the subsequent section of the chapter.
1.3.1

Formation of Stable Organic Glasses by Physical Vapor Deposition
PVD is the process of transferring condensed phase matter from a source to the vapor phase

in vacuum and then deposits as a film on a substrate.16 When a vaporized molecule with relatively
low vapor pressure hits the colder substrate surface it deposits in the form of a thin film. The
process of deposition is continued until the desired film thickness is obtained under high vacuum.
In 2007, Swallen et al.7 was among the early pioneers who demonstrated a route to make
high density stable organic glasses. They explored that PVD can lead to make highly stable glasses
in laboratory time scale with exceptional kinetic properties at particular substrate temperature. The
proposed mechanism of formation of stable glasses is linked with higher surface molecular
mobility during deposition as compared to bulk mobilty.7 To obtain the stable glasses by PVD, the
temperature of the substrate must be held at or below the glass transition temperature (Tg) of the
glass forming molecule.7 This Tg is specific to each glass-former molecule.
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Many glass-former systems have displayed the enhanced surface dynamics during the
deposition process as compared to liquid cooled glasses.17 Zhu et al.18 determined the surface
diffusion of an organic glassy material for the first time in 2011. A surface diffusion of at
least 106 times faster has been observed for PVD deposited glasses than bulk diffusion. This is an
indication of a high surface mobility, and it was suggested that surface diffusion is the leading
mechanism related with the stability of organic glasses. When the vapor deposited molecules
approach the substrate surface at temperature below Tg, it leads to the formation of a highly mobile
surface. This high mobility allows molecules to adopt lowest energy configuration which leads to
the formation of stable organic glass films.
These exceptional properties were observed in molecular glass formers l,3-Bis-(lnaphthyl)-5-(2 naphthyl) benzene (TNB) having Tg = 347 K, and indomethacin (IMC) with Tg =
315 K when stable films were prepared at ~ 0.85 Tg substrate temperature. These glasses have
shown high thermodynamic and kinetic stability.

Figure 1.2 Heat capacity (Cp) of TNB vapor deposited glass at 296 K deposited at a rate
of ~5nm/s (blue); ordinary glass produced by cooling the liquid at 40 K/min (black); ordinary glass
annealed at 296 K for 174 days (violet), 328 K for 9 days (gold), and 328 K for 15 days (green).
(B) Enthalpy of TNB. Heat capacities of the samples shown in (A) are integrated to obtain the
curves shown for TNB. This figure is reprinted from reference 7 with permission.
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The above Figure 1.2 shows the differential scanning calorimetry (DSC) results of TNB
molecules obtained to examine the kinetics and thermodynamics of vapor deposited samples
versus the same glass prepared by different preparation routes. The TNB glass which was produced
by conventional liquid cooling method showed glass transition temperature (Tg) at 347 K (black),
contrary to the vapor deposited sample which showed higher Tg at 363 K (blue). A high Tg is an
indication that the vapor deposited glasses are kinetically much more stable than ordinary glass.
To study the glass stability related with physical aging, TNB glass was isothermally annealed for
6 months at temperature 296 K, and another sample of TNB glass was annealed for 15 days at
temperature 328 K, but only vapor deposited TNB glass showed much greater kinetic stability
relative to other aged glasses.
A unique property exhibited by organic glasses is their high onset temperature (Tonset)
which is also an indication of high kinetic and thermal stability. The Tonset is defined as a
temperature below which the liquid exhibits slow dynamics but above this temperature the liquid
acquires adequate thermal energy in order to start rearranging itself into a supercooled liquid.19-20
Below in Figure 1.3, TPD glasses were prepared at different substrate temperature by adopting
variable route of preparation to study how Tonset fluctuates with the method of glass preparation.
When the TPD glass was prepared by conventional liquid cooling method at the rate of 10 K/min,
a lowest Tonset was observed around 340 K (blue). On the other hand, when a PVD glass was
deposited at substrate temperatures ranging between 0.86 Tg (red) - 0.90 Tg (orange), a much higher
Tonset was observed indicating a significant rise in thermal and kinetic stability. A difference of
almost 31 K, Tonset temperature was observed among a sample prepared via a convention method
and a sample prepared by PVD at 0.85 Tg. During the PVD process the deposition rate was
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maintained ~ 0.2 nm/s between all the samples in order to avoid any temperature changes caused
by variable evaporation rate.21

Tonset of Conventional glass

Tonset of PVD glass

Figure 1.3 Onset temperature of TPD prepared at different experimental conditions. This
figure is reprinted from reference 21 with permission.
Another unique and most important property of vapor deposited organic glasses is
increased density which was observed by Swallen et al.7 In the following Figure 1.4, the
ellipsometry results of IMC films are shown which indicates how the vapor deposited films have
increased density. This glass was vapor deposited on a silicon wafer at 285 K substrate temperature
and it was continuously heated at the rate of 1 K/min while measuring thickness. This same sample
was then cooled down and the sample showed a ~ 0.85% film thickness as compared to liquid
cooled sample. This much difference in density is almost equals to a glass aged for million years.
There was almost a 20 K Tonset temperature difference among the vapor deposited and liquid cooled
glass.22
8

Figure 1.4 Spectroscopic Ellipsometry of Indomethacin vapor deposited film is denser and
has a higher onset temperature as compared to liquid cooled glass. This figure is reprinted from
reference 7 with permission.
To understand the exceptional properties of PVD glasses, there are multiple factors which
contribute the enhanced stability of these glasses. The following part of this chapter explains the
impact of factors contributing the exceptional stability of organic glasses.
1.3.2

Impact of Different Factors during the Formation of Stable Organic Glasses
After the formation of stable organic glasses, the relationship among different factors and

glass stability was studied broadly. Some of the factors responsible for the formation of stable
glasses are listed below.
1.3.2.1 Impact of Deposition Rate on Film Growth
During the PVD process the rate of deposition impacts the molecular stability, if the
deposition rate is slow then molecules can adopt a lower energy configuration before being buried
into the bulk. For example, if a molecule has approximately 2 nanometer diameter with a
deposition rate 0.2 nm/sec, it will spend on average 10 seconds at the free surface before being
buried. Similarly, the fast deposition rate can result into less stable vapor deposited glasses. The
9

reason behind this less stability is lack of time to find lowest energy configuration which leads to
the formation of kinetically and thermally less stable glasses as shown the Figure 1.5.18, 23 The
glasses which were prepared with the deposition rate 0.1 nm/s (blue line) showed the highest
stability by showing a high Tg as compared to the glasses prepared with the deposition rate of 0.513 nm/s (red line).

Figure 1.5: Heat capacity of an organic glass prepared at different deposition rate from 0.1
nm/s to 13 nm/s. This figure is reprinted from reference 23 with permission.
1.3.2.2 Impact of Substrate Temperature on Film Growth
Substrate temperature plays a crucial role in the formation of organic glasses during the
PVD process. It has been observed multiple times that a substrate temperature around 0.85 Tg is
the most suitable or ideal temperature for the formation of highly stable glasses. At this substrate
temperature the high surface diffusion and high surface mobility starts to acquire lowest energy
configuration and leads to the formation of highly stable glasses.7, 24-25 Though recently it has also
been observed that in some cases even the glasses with low surface mobility can produce stable
glasses.26
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As discussed earlier, ~ 0.85 Tg is the ideal temperature to obtain highly stable glasses
because of the presence of high surface mobility and the depositing molecules tends to obtain
lowest energy configuration. The glasses obtained at this substrate temperature are normally
~1.5% denser than the conventional liquid cooled glasses.27-29 Here in this example below where
the density of vapor deposited indomethacin glasses is studied at different substrate temperatures,
relative to the density of the liquid cooled glass as shown the Figure 1.6.

Figure 1.6: Variable density of vapor-deposited indomethacin glasses at different substrate
temperatures (Change in density ranging from 0.2% to 1.4%). This figure is reprinted from
reference 27 with permission. The solid red line shows the density obtained by extrapolation of
supercooled liquid. Each color (black, red, green, yellow and blue) represents an independently
deposited sample.
Figure 1.6 shows that indomethacin glasses deposited at Tsubstrate around 309 K (Tg of
Indomethacin) has almost the same density as of the ordinary glass. At 278 K (0.9 Tg) the vapor
deposited glasses have the density estimated for the equilibrium supercooled liquid, and at this
temperature22, 27 there is insufficient mobility at the glass surface to allow the molecules to find
equilibrium configurations during vapor deposition. While at Tsubstrate = 255 K (0.85 Tg) organic
11

glasses with highest density (~1.4% more) were produced due to the competition between
thermodynamic driving forces and kinetic limitations to produce high density materials.27
1.3.2.3 Impact of the Shape of the Molecule during Film Growth
In vapor deposited glasses the substrate temperature is a key factor for controlling the
molecular orientation during the deposition process. Yokoyama et al.30 observed a relation
between shape of the organic molecule and its orientation during the PVD process by keeping the
substrate at room temperature. Their work suggested that the shape of the molecule plays an
important role in determining the molecular orientation during the PVD process when substrate is
held at room temperature.30

Figure 1.7: Relationship between molecular shape and orientation studied at room
temperature. This figure is reprinted from reference 30 with permission.
Above figure 1.7, shows the schematics between the shape of molecule and its orientation when
deposited at room temperature by PVD. A molecule which is more planar/linear have transition
12

dipole moments in the plane of the substrate and can give rise to horizontal molecular orientation.
On the other hand, bulky and compact molecules tend to adopt a random orientation during
deposition process11-12. This work mainly focused on organic glasses with their utilization in
OLEDs. During the last decade different research groups are working to dig out the factors
responsible for the high stability of vapor deposited glasses. The relationship between molecular
orientation, shape/structure, and substrate temperature their properties has been explored, also the
kinetics of PVD films has been studied as well.19 The anisotropic nature of many PVD organic
glasses has been extensively investigated during the last decade. The following part of the thesis
will explain how the anisotropy and molecular shapes are related and how anisotropy can be
calculated in organic glasses.
1.3.3

Anisotropy in Organic Glasses
Anisotropy (different physical properties along different molecular axes) plays a vital role

in controlling the electronic device performance. Dalal et al.22, 27, 29, 31 showed the importance of
substrate temperature which is related with the formation of highly oriented birefringent organic
vapor deposited glasses. These organic glasses tend to orient in different directions on the substrate
surface based on the substate temperature during the deposition process. These glasses can adopt
both in-plane and out-of-plane molecular orientation at varying substrate temperatures and have
the ability to adopt random orientation at Tg.31 In the Figure 1.8 below, organic glasses of TPD,
NPB (N,N’-Di(1-napthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine) and DSA-Ph (1–4-Di-[4(N,N-diphenyl)amino]styryl-benzene) have been studied by using spectroscopic ellipsometry to
reveal the molecular orientation and order parameter, (Sz = P2Cosϴz) at different substrate
temperature by using the optical constants. Where ϴz is the angle of long molecular axis relative
to substrate normal and P2 is second legendre polynomial.
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a

b

Figure 1.8: (a) 3 different types of orientation showing the order parameter, (b) structures
and glass transition temperature for TPD, NPB and DSA-Ph. This figure is reprinted from
reference 31 with permission.
From above illustration it is evident that glass films obtained by three different organic
glasses deposited at 0.6 Tg and 0.95 Tg are anisotropic in nature. At temperatures around or above
Tg during deposition the films of these compounds have shown optically isotropic nature with Sz
value of almost zero. These isotropic glasses have shown density almost equivalent to the
supercooled liquid.22
At the lowest substrate temperature during deposition (~ 0.6 Tg), the long axes of 3 different
molecules are aligned approximately in the plane of the substrate and have showed a Sz value of 0.40, while depositions performed at 0.95 Tg the long axes of all these molecules showed a trend
towards out of plane orientation with a Sz value of around 0.20.
Figure 1.9 represents the birefringence (nz-nxy) and order parameter Sz measured for three
different organic glass films deposited by PVD at variable substrate temperature by using
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spectroscopic ellipsometry. The birefringence represents the anisotropy and Sz represents the order
parameter which starts with negative value first, then becomes zero and then again become
positive. A negative value of Sz indicates that the molecules are lying in the plane of the substrate,
a positive value of Sz represents that molecule are lying out of the plane with respect to the
substrate. A Sz value of zero represents a random orientation of the molecules on the substrate
surface, as shown in the below figure 1.9.31

Figure 1.9: Order parameter Sz and birefringence of 3 different organic glasses deposited
by PVD as a function of substrate temperature. This figure is reprinted from reference 31 with
permission.
Gujral et al. revealed the structural anisotropy in the glasses of TPD films by using grazing
incident wide angle X-ray scattering (GIWAXS) to characterize the structural anisotropy present
15

in the molecules when deposited at different substrate temperatures.32 TPD glasses were prepared
by PVD at substrate temperature range between 0.79 Tg and 0.98 Tg. A GIWAXS-derived
orientation order parameter was derived to quantify the anisotropy observed in the scattering
patterns of the glasses which exhibits both positive and negative order parameter values as a
function of substrate temperature. The GIWAXS-derived orientation order parameter is plotted as
a function of Tsubstrate for vapor deposited TPD glasses in Figure 1.10. An order parameter was
derived to describe the structural anisotropy of the most prominent feature in the diffraction
patterns (q ≈ 1.4 Å−1), referring as nearest neighbor packing of the glasses deposited at Tsubstrate =
260 K and 315 K. These vapors deposited glasses at different substrate temperatures showed
significantly different order parameters than the liquid-cooled glasses. At 260 K (0.79 Tg) TPD
films indicated a weak tendency for molecules to lay face on and parallel to the substrate. At 315
K (0.95 Tg) sample indicated an even weaker tendency to stand edge on with a planar stacking.
The glass deposited at Tsubstrate = 325 K (0.98 Tg) exhibits the same GIWAXS- orientation order
value as the liquid cooled glass which is an indication of an isotropic nature of the sample. None
of the anisotropic vapor deposited glass showed any crystalline nature.32
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Figure 1.10: (a) GIWAXS-derived order parameter, SGIWAXS, plotted against substrate
temperature during deposition with positive and negative values showing face-on and edge-on
packing, respectively. (b) Ellipsometry-derived order Parameter, SVASE plotted against substrate
temperature; SVASE characterizes molecular orientation. (c) Schematic showing one possible
interpretation of the two extreme SGIWAXS values. This figure is reprinted from reference 32
with permission.
Later, these results suggested that a high surface mobility and acquiring a low energy stable
configuration during PVD process is related with structural anisotropy and kinetic stability of these
glasses. Due to anisotropic nature of vapor deposited glasses these are now considered as best
candidate in many organic electronic devices specially when molecules are oriented in face-on
orientation. In this particular orientation the overlapping between highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) orbitals is enhanced, and
charge mobility is increased.6
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In our research project we have used NEXAFS to study this anisotropy within the glasses
of TPD deposited at different substrate temperatures during deposition. Chapter 5 of this thesis
will show all the results obtained by using NEXAFS spectroscopy in detail.
1.3.4

Summary of Unique Properties of Stable Organic Glasses
Since the last decade majority of stable glasses are formed by PVD. Until now more than

50 different organic molecules have been vaporized to form organic glass films. Around 30 of
those organic glasses with different shapes and polarities showed the stable nature during PVD
process.5 These stable glasses are grown at ideal substrate temperature between 0.80 - 0.90 Tg.
Here is the summary of some unique and outstanding characteristics of vapor deposited glasses.
High kinetic stability with lower molar enthalpy is most prominent characteristic of the
most vapor deposited glasses. A high structural relaxation value of approximately 105 times can
lead a supercooled liquid to fully transform into a stable glass.7, 27, 33-34 Most the stable glasses
formed up until now have shown increased density along with high thermal stability. The substrate
temperate ~ 0.85 Tg was considered as the ideal temperature for growing highly dense films of
organic glasses with increased density up to 1.5%. X-ray reflectivity, ellipsometry and light
interference technique are the commonly used techniques to determine the density of vapor
deposited films.7, 27, 35-37
Anisotropy is a unique characteristic of vapor deposited glasses. The degree of molecular
orientation depends upon the shape of the glass forming molecules and the substrate temperature
(Tdep/Tg) plays a key role in oriented organic glasses. The orientation of glass molecules can be
control by tuning the substrate temperate during the deposition process. Molecular orientation has
been studied by ellipsometry, x-ray diffraction and with dichroism measurements too.27, 31-32, 38
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Stable organic glasses have shown enhanced mechanical properties39 and increased
resistance to water uptake.40 Some organic glasses have shown lower expansion coefficient, for
example the thermal expansion coefficient of the vapor deposited ααβ -trisnaphthylbenzene (ααβTNB) glass is almost 14% lower than that of the ordinary glass.29 Some glasses deposited at a
substrate temperature of ~ 0.85 Tg displayed 4.5% less heat capacity as compared to the ordinary
glass prepared by cooling the liquid.35
One of the unique properties of vapor deposited glasses is the heterogeneous
transformation process which started from surface-initiated growth front and leads to the bulk, on
the contrary the conventional glasses transform by homogenous process.41-42
There is still ongoing research in finding the mechanism and root cause of stability and
high density of these organic glasses. The anisotropic packing which was considered as the main
characteristics of highly stable glasses is now not a pre-requisite of the stable glasses after the
formation of stable glasses obtained by tetrachloromethane which is spherical in shape and
isotropic in nature.43
1.4

Characterization of Organic Glasses
Different characterization techniques have been implemented to analyze the specific

behaviour of vapor deposited organic glasses. Both thermodynamic and structural characterization
are carried out to understand the chemistry behind the stability of these stable glasses.
1.4.1

Thermodynamic Characterization
Heat capacity (Cp) is most widely studied parameter of stable organic glasses. The

measurement of heat capacity is related with adding heat to the studied system and measuring the
effect on its temperature. One of the oldest and reliable technique to measure Cp is by DSC which
is implemented since 1964. In case where the sample thickness is very low then nano-calorimetry
19

plays a vital role in determining the heat capacity and other energy related events including phaseformation, crystallization, glass transition and relaxation process.
1.4.1.1 Differential Scanning Calorimetry (DSC)
DSC is a thermodynamic technique which enables the measurements of the transition such
as the glass transition temperature, melting, and crystallization of the material. DSC is also helpful
in determining thermal curing, heat history, specific heat capacity, and purity analysis. DSC
measures the difference in the amount of heat required to elevate the temperature of a sample and
an empty reference pan as a function of temperature simultaneously. Both the sample and reference
are held at the same temperature throughout the experiment by keeping the pressure constant to
determine the Cp of the material. This Cp measurements can give us an insight about the thermal
properties of the sample.44
DSC study showed that PVD deposited glasses are thermodynamically more stable as
compared to those formed from ordinary glass by measuring the enthalpy and heat capacity. When
vapor deposited glasses of toluene and ethylbenzene are prepared at ~0.75 Tg - 0.96 Tg substrate
temperature, almost 4% lower heat capacities were observed as compared to the liquid
cooled glasses.45
Fictive temperature (Tf) which is reflected by an intersection point between the extrapolated
enthalpy of liquid cooled sample and enthalpy of vapor deposited glass.46 Both Tonset and Tf are
supportive parameters to give some insight to understand the thermal stability of glasses. For a
conventional liquid cooled glass Tonset, Tf, and Tg are all equivalent.19 Figure 1.11 below shows the
enthalpy curves for three different IMC glasses vapor deposited at 315, 265, and 240 K and the
fourth sample was prepared by liquid cooling of IMC. Of the three vapor deposited samples
prepared at different substrate, the sample deposited at 265 K showed the lowest Tf (opposite to
20

Tg47) than the ordinary glass prepared by cooling the liquid. A difference of almost 20 K reduction
in the fictive temperature has been seen among the samples prepared by liquid cooling and a
sample prepared at 265 K by vapor deposition.25 Decrease in Tf is an indication of glass stability.

Figure 1.11: Comparison of vapor deposited IMC glasses and aged ordinary glasses. Tf is
shown by dotted line. The sample prepared at Tsubstrate 265 K showed the minimum Tf. This picture
is reprinted from reference 25 with permission.
The other thermodynamic factor Tonset is also studied very well in vapor deposited glasses
by using DSC. In the following Figure 1.12, the Tonset of an ordinary glass is showed by a dashed
line which is around at 310 K temperature.
When the glass samples are deposited at ~ 0.85 Tg, an increase in Tonset has been observed.
Most of the vapor deposited glasses grown around 0.85 Tg showed the same trend and
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demonstrated almost 20 K high Tonset temperature.27 High Tonset is representing a high thermal
stability.

Figure 1.12: Tonset of the vapor deposited samples of different organic glasses grown at ~
0.85 Tg. A 20 K higher Tonset has been observed among different samples than ordinary glass. Each
color (black, yellow, green and red) represents independent vapor deposited glass sample. This
figure is reprinted from reference 27 with permission.
1.4.1.2 Nano-Calorimetry
The in situ characterization of glassy materials during the deposition process was studied
for the first time at nanoscale level in 2008.48 Conventional calorimeter has a main disadvantage
due to the sensitivity of the instruments which do not allow very thin samples. The detection limit
of DSC is in milligrams and to prepare films of mm thickness by PVD would require hundreds of
hours. To overcome this issue researchers developed a new nano-calorimeter method to detect the
thermal response of glassy materials prepared by evaporation process. A nano-calorimeter uses a
chip calorimeter with a very small heat capacity. The sensitivity range of this device is up to 10
nm film thickness, which makes it one of the most suitable devices for the samples prepared by
PVD process. Up until now, thermodynamic properties of majority of vapor deposited glasses have
been studied extensively by using this nano-calorimeter.35, 45 It is important in exploring the range
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of possible stable glasses, understanding their behavior, and learning how to manipulate their
properties. Nano-calorimetry and dielectric relaxation are particularly important for analyzing
glasses prepared by low Tg glass formers.35
The comparison between Cp of a stable glass versus the ordinary liquid cooled glass can be
related with the stability. Stable organic glasses generally have a lower heat capacity which is an
indicative of different molecular packing than the ordinary glass. We can also track the
transformation from glass to supercooled liquid by monitoring the change in heat capacity. The
delayed transformation of a stable glass relative to an ordinary glass is a feature of its kinetic
stability.
1.4.2

Structural Characterization
While thermodynamic characterization provides direct information about molecular

stability and thermodynamic properties, structural characterization is very important aspect of
stable vapor deposited glasses. These characterization methods are sensitive to molecular packing
and give us insight to understand the stability of vapor deposited glasses. Here are some widely
used techniques applied to study the molecular packing in vapor deposited glasses.
1.4.2.1 Spectroscopic Ellipsometry
Ellipsometry is non-contact, non-destructive technique that is used to measure the change
of polarization upon reflection/transmission of light at many wavelengths and at many incident
angles in addition to the film thickness. This technique is used to determine the surface roughness
of a vapor deposited glass film using index of refraction of polarized light.19 Variable temperature
ellipsometry has been extensively utilized to understand the film thickness, glass transition
temperature, whereas spectroscopic ellipsometry has been extensively used to understand the
anisotropic nature and optical properties of the vapor deposited glass films.22, 27 This technique has
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also been used extensively to determine the density of vapor deposited films.27 In 2004, Lin was
the first to reveal the anisotropic nature of vapor deposited glasses.49
Molecular orientation in organic light emitting diodes (OLEDs) was studied by Yokoyama
using spectroscopic ellipsometry. These results suggested that vapor deposited films can show
anisotropy, depending upon the shape of the molecule and the deposition conditions and during
the evaporation process.11, 50
1.4.2.2 X-ray Scattering
X-ray scattering techniques have been extensively used as a structural tool for the study of
organic polymer thin films51. This technique is able to reveal the nano-morphology and molecular
stacking within the films.52
In 2014, GIWAXS studies was implemented on vapor deposited organic glass thin films
prepared at different substrate temperature due to its sensitivity towards structural anisotropy. This
study revealed the structural anisotropy, and orientation order in vapor deposited organic glasses
of TPD. These organic glass films were deposited at different substrate temperatures ranging
between 0.79 Tg - 0.98 Tg and compared with liquid-cooled glass of TPD (Tg = 330 K) organic
glass deposited at ~ 0.85 Tg, an anisotropic peak at low wave factor was observed while in case of
liquid-cooled sample no peak was observed.32 Later, the GIWAXS orientation order and
spectroscopic ellipsometry orientation order showed almost the same results in case of TPD vapor
deposited films prepared at variable substrate temperatures.31 These results suggested both faceon or edge-on packing, in TPD films depending upon the substrate temperature during the film
deposition process.32
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Vapor deposited triazine derivatives prepared at substrate temperature ranging from 0.69
to 1.08 Tg also showed the anisotropic nature which was recently revealed by IR spectroscopy and
X-ray scattering.53
1.4.3

Simulations
Simulations can give some insight and complementary information about the structure of

the glasses and help to develop models to understand the stability related questions. Stable vapor
deposited glasses have been simulated to understand the physics of stable organic glasses by using
Kinetic Ising Model. Based on this model glasses were reproduced having small Tf value than Tg
representing stable glasses. A surface enhanced relaxation kinetics along enhanced surface
dynamics was the key factor behind the stability of these glasses.54 A binary mixture of ‘LeonardJones particle’ one at a time on a free surface method was adopted to reproduce glasses with
exceptional properties. These glasses showed most of the properties of vapor deposited glasses
including lower energy, higher Tonset, elevated density and higher mechanical constants.55 Another
simulation study on TPD was performed by using conventional molecular dynamics, which
revealed that near Tg, the simulated glass films displayed a weak tendency to orient molecules
normal to the substrate, and at lower substrate temperatures ~ 0.85 Tg a stronger tendency to orient
molecules in the plane of the substrate. Basically a high density and anisotropic nature of the glass
molecules have been replicated by this model.31 Random pinning of particles in two-dimensional
model produces highly stable pinned glasses. This work revealed a route to understand the
properties of vapor deposited stable glasses.56 Molecular dynamics study was done on long chain
fluorinated glass forming compounds which showed that increasing molecule tail length results in
reduced thermodynamic stability of vapor deposited molecules which is related with reduced
ability of these molecules to equilibrate at the free surface during deposition process.53
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The main purpose behind all the simulation studies is to explore the parameters and factors
related to stable glasses obtained by PVD process. During this research project we have used
NEXAFS spectroscopy to further explore the factors which are responsible for the high stability
of vapor deposited glasses. In the following section of the thesis, we will explain how NEXAFS
spectroscopy could be helpful to explore the factors responsible for the stability of PVD glasses.
1.5

Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)
NEXAFS spectroscopy of organic molecules is sensitive to the electronic and bonding

structure of the molecule. NEXAFS is sensitive to chemical composition of the materials,57-59
functional group, 60-61 molecular orientation,62-64 and molecular conformation.65-66
The main project of this research work is to investigate how NEXAFS spectroscopy further
explores the stability of vapor deposited glasses by its sensitivity towards molecular orientation
and internal molecular conformation. NEXAFS spectroscopy measures the photo-absorption
cross-section associated with the excitation and photoionization of core electrons produced upon
X-ray absorption. Depending on the energy of X-rays, the absorbed X-rays can excite core
electrons from different levels. For example, if an electron is ionized from a 1s orbital, the
absorption edge is called a K-edge, and if the electron is ionized from the 2s, 2p1/2, or 2p3/2 edge,
it is called a LI, LII, of LIII edge respectively.67 Moreover, the locations of absorption edges depend
on ionization potential or binding energy (IP or BE) of the absorbing core electron which is defined
as the minimum energy required to ionize an electron to the continuum of states above the vacuum
level.68-69 X-ray absorption spectrum can be further split into two parts, the NEXAFS that
corresponds to the absorption up to ~50.0 eV above the absorption edge,68 and Extended X-ray
Absorption Fine Structure (EXAFS), which corresponds to the absorption up to 1000 eV above
the absorption edge. EXAFS spectroscopy is used mostly in the study of inorganic molecules and
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in co-ordinate chemistry.67 For organic molecules, the NEXAFS part of the spectrum is the most
useful as discussed above.
A schematic diagram of the NEXAFS principle of a diatomic molecule is presented in
Figure 1.13.69 After absorbing the photon energy during core excitation process, a core hole is
formed after the removal of an electron from core orbital. Resonances in NEXAFS spectra can
occur at energies either below or above the IP and create fine structures near the absorption edge.
The occurrence of these transitions depends on the energy of the incoming photons if it matches
exactly the energy difference between the LOMO and HUMO. Unoccupied molecular orbitals are
labelled as π* or σ* orbitals according to their symmetry and energy. LUMO of a π-bonded subunit
of a molecule is usually a π* orbital which is found below the vacuum level, while σ* orbitals are
found at higher energies are most often found above the vacuum level for the neutral molecule.69
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Figure 1.13: Schematic diagram of the core excitation processes of a molecule. This figure
is reprinted from reference 69 with permission
Based on IP the transitions are categorized in to two categories. The pre-edge transitions
could be either Rydberg, π*, or sometimes σ*, depending on the symmetry and energy of the
unoccupied orbital.70 The other category of transition includes the excitation of a core electron (1s)
into an unbound orbitals/continuum which is above the IP, unbound orbitals usually have a σ*
character. The natural width of a resonance is determined by the lifetime of the final state. The
major types of resonances observed in NEXAFS spectroscopy of organic molecules are discussed
below.
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Core → π* Transitions: Core to π* resonances only exist in unsaturated molecules which
have double or triple bonds. The final levels of these transitions are the π* bonding molecular
orbitals. These transitions are usually the lowest energy features present in the NEXAFS spectra
as shown in the above Figure.1.13. For a π* resonance, the lifetime of the core excited state is
mostly determined by the decay of the core hole, which has a long lifetime. π* features are usually
narrow and intense in these transitions.69-70
Core → σ* Transitions: Core → σ* transitions are present in both saturated and
unsaturated molecules. The σ* resonances usually appear above the IP level. The energy width of
a σ* resonance is determined by the lifetime of the quasi-bound electronic state. The quasi-bound
state is metastable and has a faster decay time as compared to usual bound states (π*/Rydberg). σ*
resonances are much broader as compared to π* resonances.69
Core → Rydberg Transitions: Rydberg orbitals are sharp but weak atomic like features
that appear below the IP in atomic and molecular NEXAFS spectra as shown in the above figure
1.13.
1.5.1

Chemical Sensitivity of NEXAFS Spectroscopy
Each element has characteristic core ionization/binding energies and NEXAFS

spectroscopy can therefore show elemental sensitivity. For example, the binding energy of
Carbon1s is ~ 285.0 eV, Nitrogen 1s is ~ 410.0 eV, Oxygen 1s is ~ 543.0 eV, and Fluorine 1s ~
696.0 eV.68
The chemical sensitivity of NEXAFS spectroscopy is helpful in identifying the functional
groups surrounded by different chemical moieties as displayed in Figure 1.12.57, 71 This figure is a
guide in chemical identification of different species by using NEXAFS spectroscopy. The carbon
1s NEXAFS spectra of several polymers containing the carbonyl (C=O) moieties are presented
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under different bonding environments. Not only the carbonyl band (288.0 - 292.0 eV), but also the
carbon 1s NEXAFS spectra of C=C phenyl group in polycarbonate, polyurethane and polyurea are
also studied. The band ~ 285.0 - 286.0 eV region corresponds to a carbon 1s (C-H) → π*C=C
transition while ~ 286.0 - 287.0 eV region corresponds to a carbon 1s (C-R) → π*C=C transition.
57, 71

The presence and position of R group (meta, para) in the phenyl ring is also studied and it was

confirmed that R substituted groups has a greater inductivity than the H group.61, 72 In Figure 1.14,
a comparative NEXAFS study was done on 6 different polymers, the highlighted carbon 1s →
π*C=O peak (red) showed a substantial energy shift between polyvinyl-methyl ketone and
polycarbonate ~ 3.8 eV along with 4 other polymers. The polycarbonate moiety is bonded to the
oxygen atoms on both sides which are more electronegative and is the reason behind the increased
energy shift. Therefore, polycarbonate has the highest energy carbon 1s → π*C=O peak.71 This
example demonstrates how NEXAFS spectroscopy is sensitive to extract information regarding
the chemical environments of different organic molecules.
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Figure 1.14: NEXAFS spectral feature of carbonyl group (C=O) as a function of different
polymers starting from poly-ketones to polycarbonate. Figure reprinted from Reference 71 with
permission.
The carbon 1s NEXAFS spectrum of poly(styrene-r-acrylonitrile) is shown in Figure 1.15.
Two different energy transitions can be seen clearly. The first transition represented by blue color
is a carbon 1s → π* (C=C) transition at 285.0 eV, while the second one which is represented by
red color is carbon 1s*→ π* (C≡N) transition at ~287.0 eV. The difference in the energy position
of the π* transitions in these two functional groups is due to different core electron binding energy
and the excited orbital energies. This way the effects of chemical and electronic properties helps
to interpret the NEXAFS spectra.73
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Figure 1.15: Schematic for the NEXAFS photo absorption spectrum of poly(styrene-racrylonitrile). This figure is reprinted from reference 73 with permission.
1.5.2

Orientation Sensitivity of NEXAFS Spectroscopy
NEXAFS spectroscopy is sensitive to molecular orientation.62,74 By utilizing the

polarization characteristics of synchrotron radiation (discussed below in detail), the molecular
orientation of can be obtained from NEXAFS experiment. X-ray linear dichroism (LD) in
NEXAFS spectroscopy, or the polarization dependent absorption of linearly polarized X-ray, can
determine the relative orientation of the molecules. LD in NEXAFS spectroscopy produces a
contrast between differently oriented transition dipole moments within a molecule resulting in
obtaining the molecular orientation. Before going into the depth of LD, lets briefly take about
transition dipole moment (TPM) and dipole selection rule.
Transition Dipole Moment (TDM): The TDM is referred as the difference between the
electric charge distribution between the initial and final states of the molecule induced by the
electric field vector (E) of the exciting electromagnetic radiation. The TDM is basically a linear
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displacement of charge during any transition. The following equation is used to calculate the
transition dipole moment.68
𝜇𝜇𝑖𝑖𝑖𝑖=⟨𝜓𝜓𝑖𝑖|𝜇𝜇|𝜓𝜓𝑓𝑓⟩

Equation 1.1

From above equation, ψi and ψf are the initial and final state wave functions, and μ is the
electric dipole moment operator. The strength of a TDM depends on the strength of the interaction
between the electron cloud of the absorbing molecule and the electric force of the electromagnetic
radiation.
Intensity of Transition: The intensity of a dipole allowed transition in the NEXAFS
spectrum depends upon the angle between the TDM and the electric field vector of the X-ray (E).
This expression is given by Equation 1.2.
𝐼𝐼∝|𝐸𝐸∙𝜇𝜇𝑖𝑖𝑖𝑖|2=|𝐸𝐸|2|𝜇𝜇𝑖𝑖𝑖𝑖|2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃

Equation 1.2

In this equation, E is the polarization of the electric field vector of the linearly polarized
X-ray beam, and 𝜃𝜃 is the angle between the E and TDM(𝜇𝜇𝑖𝑖𝑖𝑖).68 To clearly understand this relation

a hypothetical model is schematically presented in Figure 1.16. In this figure, the E vector of the
X-ray beam is in the plane of the paper. The molecule has two electric dipole allowed transitions
with TDM of 𝜇𝜇𝑖𝑖𝑖𝑖1 parallel and 𝜇𝜇𝑖𝑖𝑖𝑖2 perpendicular to the E, respectively. When both TDM (𝜇𝜇𝑖𝑖𝑖𝑖1)
and E are aligned parallel making an angle of 0º between each can give rise a spectrum with
maximum probability of absorption. On the contrary, when the TDM (𝜇𝜇𝑖𝑖𝑖𝑖2) and E are aligned

perpendicular making an angle of 90º then no absorption is observed. This effect is called Linear
Dichroism (LD) which is the anisotropic absorption of linearly polarized light.75-76 To elaborate
the understanding of LD, one must understand the types/nature of X-ray polarizations.77
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Figure 1.16: Schematics of linear dichroism. This figure is reprinted from reference 75
with permission.
1.5.2.1 X-ray Polarization
Light is an electromagnetic radiation which is composed of both electric (Ē) and magnetic
(𝐻𝐻) fields vectors. These fields are perpendicular with respect to each other and also perpendicular
to the direction of propagation. By restraining the orientation of the (Ē) and (𝐻𝐻), light can be
polarized in a definite direction. Unpolarized light can demonstrate random fluctuations in the
directions of both electric and magnetic fields. Mainly there are three types of polarized lights are
in use which are shown in the Figure 1.17 below.

Figure 1.17: Different types of polarized light linear, circular, elliptical. This figure is
reprinted from reference 77 with permission.
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X-ray polarizations can be varied/adjusted by using X-ray sources such as bending magnets
and undulators. In linearly polarized light the electric field or magnetic field is restricted to a single
plane normal to the direction of propagation. While in circular polarized light the two orthogonal
electric field component vectors have identical magnitude but are out of phase by exactly 90°.
Depending on the direction of electric field rotation, circular polarization can be either circular left
or circular right. In elliptical polarized light, both electric field components (horizontal and
vertical) do not have same amplitude, therefore, electric field vector rotates in an elliptical
pathway.77
1.5.2.2 X-ray Linear Dichroism
LD is the anisotropic absorption of linearly polarized X-ray radiation.76 The electric field
vector (Ē) should be aligned with TDM of the absorbing molecule to show the maximum
transition. To study LD, this can be achieved by either rotating the sample with respect to a beam
with a fixed X-ray linear polarization78 or it can be done by rotating the linear X-ray polarization
with respect to a sample of fixed position.64 During our research work we followed the latter
method where we changed the polarization of the light and sample position remained fixed through
out the data acquisition process.
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Figure 1.18: (a) Schematic diagram of the geometry of the carbons in alkane chain lengths,
(b) carbon 1s NEXAFS spectra of n-C60H122 when E is normal to the chain back bone direction (X
axis), and (c) Carbon 1s NEXAFS spectra of n-C60H122 when E is parallel to the chain back bone
direction (X axis). Figure reprinted from Reference 64 with permission.
Figure 1.18 shows the schematics of the experiment where the LD in alkane chain has been
studied, when the electric field vector of the incident X-ray beam is aligned parallel to the C60
chain backbone, the maximum intensity is observed for the C 1s → σ* C-C transitions, while the
σ*C-H transition intensity is minimized. On the contrary, when E of the X-ray beam is aligned
parallel to C-H bond plane,64 the peak intensity for the C 1s → σ*C-C transitions is nominal, while
σ*C-H transitions achieve their highest peak intensities.
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Recently in 2019, molecular orientation has been studied in posaconazole glass by using
angle resolved NEXAFS spectroscopy as shown below in Figure 1.19. For PVD deposited organic
glasses, a surface equilibration mechanism was proposed due to vertical anchoring at the surface
of the equilibrium liquid. NEXAFS spectroscopy orientation analysis confirmed this prediction.79
a

b
b

Figure 1.19:(a) Molecule of Posaconazole (b) NEXAFS at the carbon K-edge for a liquidcooled Posaconazole glass, deposited as an equilibrium isotropic liquid at 334 K. This figure is
reprinted from reference 79 with permission.
Above Figure 1.19 (b) shows the angle resolved NEXAFS spectra of the liquid cooled glass
obtained by surface sensitive partial electron yield (PEY). This glass was vapor deposited at
substrate temperature Tg + 4º, then cooled to room temperature at 1 K/min cooling rate. For the 1s
→ π* resonances, the maximum intensity was observed when polarization of incident X-rays is at
90º to the substrate, and the minimum intensity was observed at lower glancing angles which is
20º. This is consistent with a 1s → π* transition dipole-vector, which is oriented preferentially
parallel to the substrate. This represents that the molecules at the free surface showed strong
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vertical orientation on the surface while in the bulk a random orientation was proposed for the
molecules. These results are also supported with GIWAXS and same orientation order was
observed.79
NEXAFS

spectroscopy

is

used

to

determine

the

molecular

orientation

of

phenanthroperylene-ester glass molecule. This molecule is schematically presented in the figure
below 1.20 (c). The anisotropic molecular orientation was determined near the vacuum interface.
A surface perpendicular orientation was observed for phenanthroperylene-ester. These results are
almost the same as predicted with MD simulations.80 Angle-resolved total electron yield (TEY)
spectra near the Carbon K-edge of a phenanthroperylene-ester film is taken for the 1s → π*
excitation at ~285.0 eV. An increase in the peak intensity has been observed at 285.0 eV energy
by varying the glancing angle from 20º to 90º which is shown in the figure 1.20 (b). This indicates
that most of the molecules with π-orbitals are oriented perpendicular to the substrate surface
indicating a parallel molecular orientation of the molecules on the substrate.
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Figure 1.20: A total electron yield (TEY) spectra near the carbon K-edge collected from a
glass of phenanthroperylene-ester prepared at Tsubstrate = 387 K. These spectra are collected at
different incident angles θ ranging from 20º - 90º, to study the 1s→π* absorption at 285.0 eV. This
figure is reprinted from reference 80.
1.5.3

Conformational Sensitivity of NEXAFS Spectroscopy
Angle dependent NEXAFS is employed to understand the molecular conformation of

rubrene (C42H28). It is a non-planar molecule comprising of a tetracene backbone core with two
pairs of phenyl substituents attached on either side of the backbone symmetrically as shown in the
figure 1.21.
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Figure 1.21: Rubrene molecule’s (a) twisted geometry in gas phase (b) flat geometry in
condensed phase. This figure is reprinted from reference 66 with permission.
This NEXAFS study is accompanied by density functional theory (DFT) which revealed a
substrate induced molecular conformation in rubrene films when adsorbed on four different
substrates.66 The theoretical calculation helped to illuminate all the observed NEXAFS spectra of
rubrene thin films with different thicknesses on various substrates. The theoretical spectra also
verified the molecular conformation (from twisted to the flat) in the rubrene molecules as shown
in the below figure.

Figure 1.22: Carbon K-edge NEXAFS spectra of 55o incidence angle of 5 Å thick rubrene
layers on poly Au, poly Ag, Si-H and Si-O substrates; (b) calculated angle integrated Carbon Kedge XAS spectra for free twisted rubrene molecule. This picture is reprinted from reference 66
with permission.
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Figure 1.21 represents spectra obtained by angle dependent Carbon K-edge NEXAFS
spectra of rubrene layer. The thickness of film was maintained at 5 Å. This layer was adsorbed on
four different substrates. No LD has been observed by angle dependent NEXAFS spectroscopy.
An angle integrated Carbon K-edge XAS spectrum was obtained for free twisted rubrene molecule
which is displayed in figure 1.22 (b). The calculated spectrum can be seen with comparatively
narrow single peak (β) with slight intensity of α and γ peaks as compared to experimental spectra.
Due to physical adsorption on gold (Au), silver (Ag) and Si-H and Si-O substrates, the deposited
molecules retained the twisted geometry of the free rubrene molecule. Only on Ag substrate the α
peak is observed, signifying an absence of twisted conformation. The other substrates indicated
the presence of α' which is a characteristic of twisted conformation.
NEXAFS spectroscopy has showed its sensitivity towards chain conformation and
aggregation in polymer poly(3-hexylthiophene) (P3HT) molecules recently.65 NEXAFS is used to
examine differences between highly and poorly aggregated forms of the P3HT. Prominent energy
shifts are observed in the NEXAFS spectra of aggregated P3HT relative to the unaggregated forms.
These results are also reproduced with transition potential density functional theory (TP-DFT)
calculations to assign differences in the NEXAFS spectra of P3HT with thiophene backbone
twisting in the unaggregated forms of P3HT, and is related to various degrees of chain
planarization in aggregated forms of P3HT. Based on figure 1.23 below, different models have
been proposed. A nonplanar head-to-head model with the π* transitions showed a shift to higher
energy when the chains become less planar. The broadness of feature (C) in the RRa-P3HT model
arises from the separation of contributions from positions 2 and 5 as clearly shown in planar headto-head P3HT model. In case of annealed RRa-P3HT, the feature (C) in the NEXAFS spectra
moves to higher energy with the narrowing of the band. This narrow band reflects a decrease in
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the range of thiophene dihedral angles, with a nonplanar structure. In the NEXAFS simulations of
head-to-head (H2H) P3HT models, the lowest energy carbon 1s → π* transition specified by
number 4 (pink color) moves to higher energy as the nonplanarity increases specially when the
dihedral angles changed from 40º to 60º.

Figure 1.23: Transition-potential density functional theory (TP-DFT) simulation of the
carbon 1s →π* band of the NEXAFS spectra of planar RR (regio-regular) P3HT and planar and
nonplanar RRa (regio random) P3HT. Experimental carbon 1s NEXAFS spectra of annealed 98%
regio-regular P3HT and as cast and annealed RRa-P3HT. This figure is reprinted from reference
65 with permission.
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The NEXAFS spectroscopy with the aid of DFT simulations facilitated to explore the chain
conjugation, planarity, and regioregularity in individual P3HT chains, and predicted the π/π
interactions in solid P3HT.
These above studies have indicated that NEXAFS spectroscopy is sensitive to
conformation and molecular orientation when analysis is performed in combination with other
complementary techniques and simulations. This approach could be useful for studying other
organic electronic materials, where conformation and packing are important drivers of device
properties. Based on these characteristics of NEXAFS, the same above approaches are applied on
vapor deposited TPD, a hole transport organic glass forming compound. Recently, TPD films have
shown high stability with increased density in PVD grown films. One of the main objectives of
this research project is to reveal the molecular packing and conformation in stable films of TPD
deposited by PVD. A detail NEXAFS study along with DFT simulations is presented in Chapter
4. Similarly, TPD films have also shown anisotropic nature of the molecules when films are
deposited at ~ 0.85 Tg. A detailed study has been done to reveal the molecular orientation of TPD
films grown at different substrate temperatures with the aid of NEXAFS in Chapter 5 of this
dissertation.
1.6

Research Objectives
An initial goal of this research project was to develop methods to fabricate highly ordered

nano materials by controlling the molecular orientation of polar organic molecules. An external
electric field was used during the PVD process to control the molecular orientation. However, it
was not possible to maintain a stable electric field on the samples during deposition process due
to intrinsic conduction present within the Si3N4 substrate. All the experimental details are
explained in Chapter 3 in detail.
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A subsequent research project was adapted to focus on the properties of stable organic
glasses. Over the last decade, organic glasses with high stability have been formed by PVD based
on the substrate temperature during the deposition process. The stability of these organic glasses
is attributed to the increased surface mobility during the film growth. To further explore the factors
responsible for stability of these organic glasses, a detailed research work has been carried on their
orientation order and internal conformation of molecular glasses by using NEXAFS spectroscopy.
The objectives of this research project are listed below:
1.6.1

Formation and Characterization of Highly Ordered Organic Films
The objective of this project was to develop methods to fabricate highly ordered organic

nanostructures and to study their molecular orientation by NEXAFS spectroscopy. The presence
of a dipole moment in polar alkanes is sensitive to electric field and when an electric field is applied
in the plane of substrate it can orient the molecules in the direction parallel to the applied electric
field. A specially designed substrate holder was fabricated to apply electric field across the
substrate to control the molecular orientation during the film growth by PVD. Samples were
successfully prepared on glass substrate but for STXM analysis when samples were prepared on
Si3N4 an issue of maintaining a stable voltage was raised. Although, multiple methods of sample
preparation were implemented and developed but the issue of stable voltage cannot be resolved
due to intrinsic conduction of the Si3N4. Later, it was decided to study molecular orientation in
stable organic glasses by using NEXAFS spectroscopy.
1.6.2

A NEXAFS Study of Internal Molecular Conformation and the Stability of Organic
Glasses
PVD grown organic glasses has shown enhanced stability, increased density, and molecular

anisotropy as a function of substrate temperature during the deposition process. It was
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hypothesized that increased density of organic glass films is related to the internal molecular
conformation that gives a more compact molecular structure and therefore leads to a denser
packing of molecule. NEXAFS spectroscopy is sensitive to internal molecular conformation. The
objective of this research work is to use NEXAFS spectroscopy to characterize the role of internal
molecular conformation and packing of the molecules. During the study we have used the film,
and powdered samples of TPD to explore how the NEXAFS spectroscopy is sensitive to stability
and molecular packing based on the density variations with the aid of DFT simulations.
1.6.3

Orientation Study of Vapor Deposited Organic Glasses by NEXAFS
Vapor deposited organic glasses can be produced with structural anisotropy and as well as

remarkable stability. Most of the organic glasses has shown enhance stability when deposited
around 0.85 Tg. Organic glasses can tune their molecular orientation depending on the substrate
temperature during the physical deposition method. Lately, some orientation order has been
observed in the films of organic glasses. The objective of this work is to use linear dichroism to
examine the role of orientational order in stable molecular glasses and to explore the unique
information this method can provide. Glasses grown at substrate temperatures ranging from 0.79
Tg - 1.01 Tg showed characteristic linear dichroism differences in their NEXAFS spectra.
1.7

Outline of Thesis Chapters
Chapter 2 will outline the experimental methodologies and techniques used for this work:

film deposition, optical microscopy, NEXAFS spectroscopy.
Chapter 3 will investigate the methods to control the molecular orientation in vacuum
deposited polar organic films by applying an external field. Vacuum evaporation is an effective
technique for obtaining organic thin films. The morphology and molecular orientation of the
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vacuum deposited organic films can be modified by controlling the deposition conditions such as
substrate temperature, deposition rate, n-alkane chain length and by using external fields.
Chapter 4 will investigate how the NEXAFS spectroscopy is sensitive to molecular
packing and conformations among different forms of TPD prepared by different preparation
methods. TPD-films are prepared at variable substrate temperatures by physical vapor deposition
process. PVD grown organic glasses have shown enhanced stability, increased density and
molecular anisotropy based on the substrate temperature during the deposition process.
Chapter 5 will use the orientation sensitivity (linear dichroism) in the NEXAFS
spectroscopy of stable organic glasses of TPD molecules to study their orientational order and to
explore the unique information this method can provide. In the past the stability of organic glasses
was indicated by presence of some orientation order which was noticed by Ellipsometry and
Grazing Incident Wide Angle X-ray Scattering (GIWAXS). Organic glasses grown at substrate
temperatures ranging from 0.79 Tg - 1.01 Tg showed characteristic linear dichroism differences in
their NEXAFS spectra.
Finally, insights and discussion drawn from these investigations will be discussed and
presented in Chapter 6
Chapter 7 will deal with the conclusions.
Chapter 8 will focus on some future work briefly.

46

References
1.
Mysen, B. O.; Virgo, D., Structure and Properties of Silicate Glasses and Melts; Theories
and Experiment. In Advanced Mineralogy: Volume 1 Composition, Structure, and Properties of
Mineral Matter: Concepts, Results, and Problems, Marfunin, A. S., Ed. Springer Berlin
Heidelberg: 1994; pp 238-254.
2.
Bagchi, K.; Jackson, N. E.; Gujral, A.; Huang, C.; Toney, M. F.; Yu, L.; de Pablo, J. J.;
Ediger, M. D., Origin of Anisotropic Molecular Packing in Vapor-Deposited Alq3 Glasses. The
Journal of Physical Chemistry Letters 2019, 10 (2), 164-170.
3.
Bonvallet, P. A.; Breitkreuz, C. J.; Kim, Y. S.; Todd, E. M.; Traynor, K.; Fry, C. G.; Ediger,
M. D.; McMahon, R. J., Organic Glass-Forming Materials: 1,3,5-Tris(naphthyl)benzene
Derivatives. The Journal of Organic Chemistry 2007, 72 (26), 10051-10057.
4.
Lin, P.-H.; Lyubimov, I.; Yu, L.; Ediger, M. D.; Pablo, J. J. d., Molecular Modeling of
Vapor-Deposited Polymer Glasses. The Journal of Chemical Physics 2014, 140 (20), 204504.
5.
Ediger, M. D., Perspective: Highly Stable Vapor-Deposited Glasses. The Journal of
Chemical Physics 2017, 147 (21), 210901.
6.
Gujral, A.; Yu, L.; Ediger, M. D., Anisotropic Organic Glasses. Current Opinion in Solid
State and Materials Science 2018, 22 (2), 49-57.
7.
Swallen, S. F.; Kearns, K. L.; Mapes, M. K.; Kim, Y. S.; McMahon, R. J.; Ediger, M. D.;
Wu, T.; Yu, L.; Satija, S., Organic Glasses with Exceptional Thermodynamic and Kinetic Stability.
Science 2007, 315 (5810), 353-356.
8.
Debenedetti, P. G.; Stillinger, F. H., Supercooled Liquids and the Glass Transition. Nature
2001, 410 (6825), 259-267.
9.
Jokar, M.; Cherry, M.; Scott, J.; Lebel, O., Transition Metal Molecular Glasses by Design:
Mexylaminotriazine-Functionalized Salicylaldehyde Imine Ligands. New Journal of Chemistry
2019, 43 (22), 8694-8703.
10.
Wortmann, R.; Redi-Abshiro, M.; Roesch, U.; Yao, S.; Wuerthner, F., Photorefractive
Organic Glasses Based on A New Chromophore with Minimized Aggregation Tendency. SPIE:
2002; Vol. 4802.
11.
Yokoyama, D.; Setoguchi, Y.; Sakaguchi, A.; Suzuki, M.; Adachi, C., Orientation Control
of Linear-Shaped Molecules in Vacuum-Deposited Organic Amorphous Films and Its Effect on
Carrier Mobilities. Advanced Functional Materials 2010, 20 (3), 386-391.
12.
Yokoyama, D.; Sakaguchi, A.; Suzuki, M.; Adachi, C., Horizontal Orientation of LinearShaped Organic Molecules Having Bulky Substituents in Neat And Doped Vacuum-Deposited
Amorphous Films. Organic Electronics 2009, 10 (1), 127-137.

47

13.
Plazek, D. J.; Magill, J. H., Physical Properties of Aromatic Hydrocarbons. I. Viscous and
Viscoelastic Behavior of 1:3:5‐Tri‐α‐Naphthyl Benzene. The Journal of Chemical Physics 1966,
45 (8), 3038-3050.
14.
Stillinger, F. H., A Topographic View of Supercooled Liquids and Glass Formation.
Science 1995, 267 (5206), 1935-1939.
15.
Simon, S. L.; Sobieski, J. W.; Plazek, D. J., Volume and Enthalpy Recovery Of
Polystyrene. Polymer 2001, 42 (6), 2555-2567.
16.
Rane, A. V.; Kanny, K.; Abitha, V. K.; Thomas, S., Chapter 5 - Methods for Synthesis of
Nanoparticles and Fabrication of Nanocomposites. In Synthesis of Inorganic Nanomaterials,
Mohan Bhagyaraj, S.; Oluwafemi, O. S.; Kalarikkal, N.; Thomas, S., Eds. Woodhead Publishing:
2018; pp 121-139.
17.
Fakhraai, Z.; Still, T.; Fytas, G.; Ediger, M. D., Structural Variations of an Organic
Glassformer Vapor-Deposited onto a Temperature Gradient Stage. The Journal of Physical
Chemistry Letters 2011, 2 (5), 423-427.
18.
Zhu, L.; Brian, C. W.; Swallen, S. F.; Straus, P. T.; Ediger, M. D.; Yu, L., Surface SelfDiffusion of an Organic Glass. Physical Review Letters 2011, 106 (25), 256103.
19.
Dalal, S. S. High-Throughput Characterization of Vapor-Deposited Organic Glasses. PhD
thesis, University of Wisconsin – Madison, 2014.
20.
Sastry, S., Onset Temperature of Slow Dynamics in Glass Forming Liquids.
PhysChemComm 2000, 3 (14), 79-83.
21.
Ribe, J. R. Organic Vapor Deposited Stable Glasses: From Fundamental Thermal
Properties to High-Performance Organic Light Emitting Diods. PhD Thesis, Universitat Autonoma
de Barcelona, Barcelona, 2017.
22.
Dalal, S. S.; Ediger, M. D., Molecular Orientation in Stable Glasses of Indomethacin. The
Journal of Physical Chemistry Letters 2012, 3 (10), 1229-1233.
23.
https://ediger.chem.wisc.edu/content/creation-stable-glasses Ediger, M. D. Creation of
Stable Glasses. (accessed 3rd January 2021).
24.
Jiang, J.; Walters, D. M.; Zhou, D.; Ediger, M. D., Substrate Temperature Controls
Molecular Orientation in Two-Component Vapor-Deposited Glasses. Soft Matter 2016, 12 (13),
3265-3270.
25.
Kearns, K. L.; Swallen, S. F.; Ediger, M. D.; Wu, T.; Yu, L., Influence of Substrate
Temperature on The Stability of Glasses Prepared by Vapor Deposition. The Journal of Chemical
Physics 2007, 127 (15), 154702.
26.
Samanta, S.; Huang, G.; Gao, G.; Zhang, Y.; Zhang, A.; Wolf, S.; Woods, C. N.; Jin, Y.;
Walsh, P. J.; Fakhraai, Z., Exploring the Importance of Surface Diffusion in Stability of VaporDeposited Organic Glasses. The Journal of Physical Chemistry B 2019, 123 (18), 4108-4117.
48

27.
Dalal, S. S.; Fakhraai, Z.; Ediger, M. D., High-Throughput Ellipsometric Characterization
of Vapor-Deposited Indomethacin Glasses. The Journal of Physical Chemistry B 2013, 117 (49),
15415-15425.
28.
Walters, D. M.; Richert, R.; Ediger, M. D., Thermal Stability of Vapor-Deposited Stable
Glasses of An Organic Semiconductor. The Journal of Chemical Physics 2015, 142 (13), 134504.
29.
Dalal, S. S.; Sepúlveda, A.; Pribil, G. K.; Fakhraai, Z.; Ediger, M. D., Density And
Birefringence of A Highly Stable α,α,β-Trisnaphthylbenzene Glass. The Journal of Chemical
Physics 2012, 136 (20), 204501.
30.
Yokoyama, D., Molecular Orientation in Small-Molecule Organic Light-Emitting Diodes.
Journal of Materials Chemistry 2011, 21 (48), 19187-19202.
31.
Dalal, S. S.; Walters, D. M.; Lyubimov, I.; de Pablo, J. J.; Ediger, M. D., Tunable
Molecular Orientation and Elevated Thermal Stability of Vapor-Deposited Organic
Semiconductors. Proceedings of the National Academy of Sciences 2015, 112 (14), 4227-4232.
32.
Gujral, A.; O’Hara, K. A.; Toney, M. F.; Chabinyc, M. L.; Ediger, M. D., Structural
Characterization of Vapor-Deposited Glasses of an Organic Hole Transport Material with X-ray
Scattering. Chemistry of Materials 2015, 27 (9), 3341-3348.
33.
Kearns, K. L.; Swallen, S. F.; Ediger, M. D.; Wu, T.; Sun, Y.; Yu, L., Hiking down the
Energy Landscape: Progress Toward the Kauzmann Temperature via Vapor Deposition. The
Journal of Physical Chemistry B 2008, 112 (16), 4934-4942.
34.
Sepúlveda, A.; Swallen, S. F.; Kopff, L. A.; McMahon, R. J.; Ediger, M. D., Stable Glasses
Of Indomethacin and α,α,β-Tris-Naphthylbenzene Transform Into Ordinary Supercooled Liquids.
The Journal of Chemical Physics 2012, 137 (20), 204508.
35.
Kearns, K. L.; Whitaker, K. R.; Ediger, M. D.; Huth, H.; Schick, C., Observation of Low
Heat Capacities for Vapor-Deposited Glasses of Indomethacin as Determined by AC
Nanocalorimetry. The Journal of Chemical Physics 2010, 133 (1), 014702.
36.
Whitaker, K. R.; Tylinski, M.; Ahrenberg, M.; Schick, C.; Ediger, M. D., Kinetic Stability
and Heat Capacity of Vapor-Deposited Glasses of O-Terphenyl. The Journal of Chemical Physics
2015, 143 (8), 084511.
37.
Kikujiro, I.; Hideyuki, N.; Ryo, M.; Yuki, Y., Behavior of Glass and Supercooled Liquid
Alkylbenzenes Vapor-Deposited on Cold Substrates: Toward the Understanding of the Curious
Light Scattering Observed in Some Supercooled Liquid States. Bulletin of the Chemical Society of
Japan 2009, 82 (10), 1240-1247.
38.
Lyubimov, I.; Antony, L.; Walters, D. M.; Rodney, D.; Ediger, M. D.; Pablo, J. J. d.,
Orientational Anisotropy in Simulated Vapor-Deposited Molecular Glasses. The Journal of
Chemical Physics 2015, 143 (9), 094502.

49

39.
Torres, J. M.; Bakken, N.; Li, J.; Vogt, B. D., Substrate Temperature to Control Moduli
and Water Uptake in Thin Films of Vapor Deposited N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′biphenyl)-4,4′-diamine (NPD). The Journal of Physical Chemistry B 2015, 119 (35), 11928-11934.
40.
Dawson, K. J.; Kearns, K. L.; Ediger, M. D.; Sacchetti, M. J.; Zografi, G. D., Highly Stable
Indomethacin Glasses Resist Uptake of Water Vapor. The Journal of Physical Chemistry B 2009,
113 (8), 2422-2427.
41.
Rodríguez-Tinoco, C.; Gonzalez-Silveira, M.; Ràfols-Ribé, J.; Lopeandía, A. F.;
Clavaguera-Mora, M. T.; Rodríguez-Viejo, J., Evaluation of Growth Front Velocity in Ultrastable
Glasses of Indomethacin over a Wide Temperature Interval. The Journal of Physical Chemistry B
2014, 118 (36), 10795-10801.
42.
Rodríguez-Tinoco, C.; Gonzalez-Silveira, M.; Ràfols-Ribé, J.; Lopeandía, A. F.;
Rodríguez-Viejo, J., Transformation Kinetics of Vapor-Deposited Thin Film Organic Glasses: The
Role of Stability and Molecular Packing Anisotropy. Physical Chemistry Chemical Physics 2015,
17 (46), 31195-31201.
43.
Chua, Y. Z.; Tylinski, M.; Tatsumi, S.; Ediger, M. D.; Schick, C., Glass Transition and
Stable Glass Formation of Tetrachloromethane. The Journal of Chemical Physics 2016, 144 (24),
244503.
44.
Gill, P.; Moghadam, T. T.; Ranjbar, B., Differential Scanning Calorimetry Techniques:
Applications in Biology and Nanoscience. Journal of Biomolecular Techniques 2010, 21 (4), 167193.
45.
Ahrenberg, M.; Chua, Y. Z.; Whitaker, K. R.; Huth, H.; Ediger, M. D.; Schick, C., In Situ
Investigation of Vapor-Deposited Glasses of Toluene and Ethylbenzene via Alternating Current
Chip-Nanocalorimetry. The Journal of Chemical Physics 2013, 138 (2), 024501.
46.
Moynihan, C. T.; Easteal, A. J.; De Bolt, M. A.; Tucker, J., Dependence of the Fictive
Temperature of Glass on Cooling Rate. Journal of the American Ceramic Society 1976, 59 (1‐2),
12-16.
47.
Badrinarayanan, P.; Zheng, W.; Li, Q.; Simon, S. L., The Glass Transition Temperature
Versus the Fictive Temperature. Journal of Non-Crystalline Solids 2007, 353 (26), 2603-2612.
48.
León-Gutierrez, E.; Garcia, G.; Lopeandía, A. F.; Fraxedas, J.; Clavaguera-Mora, M. T.;
Rodríguez-Viejo, J., In Situ Nanocalorimetry of Thin Glassy Organic Films. The Journal of
Chemical Physics 2008, 129 (18), 181101.
49.
Lin, H.-W.; Lin, C.-L.; Chang, H.-H.; Lin, Y.-T.; Wu, C.-C.; Chen, Y.-M.; Chen, R.-T.;
Chien, Y.-Y.; Wong, K.-T., Anisotropic Optical Properties and Molecular Orientation In VacuumDeposited Ter(9,9-Diarylfluorene) Thin Films Using Spectroscopic Ellipsometry. Journal of
Applied Physics 2004, 95 (3), 881-886.

50

50.
Yokoyama, D.; Adachi, C., In Situ Real-Time Spectroscopic Ellipsometry Measurement
for The Investigation of Molecular Orientation in Organic Amorphous Multilayer Structures.
Journal of Applied Physics 2010, 107 (12), 123512.
51.
Chabinyc, M. L., X‐ray Scattering from Films of Semiconducting Polymers. Polymer
Reviews 2008, 48 (3), 463-492.
52.
Chen, C.-W.; Huang, Z.-Y.; Lin, Y.-M.; Huang, W.-C.; Chen, Y.-H.; Strzalka, J.; Chang,
A. Y.; Schaller, R. D.; Lee, C.-K.; Pao, C.-W.; Lin, H.-W., Morphology, Molecular Stacking,
Dynamics and Device Performance Correlations of Vacuum-Deposited Small-Molecule Organic
Solar Cells. Physical Chemistry Chemical Physics 2014, 16 (19), 8852-8864.
53.
Moore, A. R.; Huang, G.; Wolf, S.; Walsh, P. J.; Fakhraai, Z.; Riggleman, R. A., Effects
of Microstructure Formation on the Stability of Vapor-Deposited Glasses. Proceedings of the
National Academy of Sciences 2019, 116 (13), 5937-5942.
54.
Léonard, S.; Harrowell, P., Macroscopic Facilitation of Glassy Relaxation Kinetics:
Ultrastable Glass Films with Frontlike Thermal Response. The Journal of Chemical Physics 2010,
133 (24), 244502.
55.
Singh, S.; Ediger, M. D.; de Pablo, J. J., Ultrastable Glasses from In Silico Vapor
Deposition. Nature Materials 2013, 12 (2), 139-144.
56.
Hocky, G. M.; Berthier, L.; Reichman, D. R., Equilibrium Ultrastable Glasses Produced
by Random Pinning. The Journal of Chemical Physics 2014, 141 (22), 224503.
57.
Urquhart, S. G.; Ade, H., Trends in the Carbonyl Core (C 1S, O 1S) → π*C=O Transition
in the Near-Edge X-ray Absorption Fine Structure Spectra of Organic Molecules. The Journal of
Physical Chemistry B 2002, 106 (34), 8531-8538.
58.
Qaqish, S. E.; Urquhart, S. G.; Lanke, U.; Brunet, S. M. K.; Paige, M. F., Phase Separation
of Palmitic Acid and Perfluorooctadecanoic Acid in Mixed Langmuir−Blodgett Monolayer Films.
Langmuir 2009, 25 (13), 7401-7409.
59.
Rightor, E. G.; Urquhart, S. G.; Hitchcock, A. P.; Ade, H.; Smith, A. P.; Mitchell, G. E.;
Priester, R. D.; Aneja, A.; Appel, G.; Wilkes, G.; Lidy, W. E., Identification and Quantitation of
Urea Precipitates in Flexible Polyurethane Foam Formulations by X-ray Spectromicroscopy.
Macromolecules 2002, 35 (15), 5873-5882.
60.
Smith, A. P.; Urquhart, S. G.; Winesett, D. A.; Mitchell, G.; Ade, H., Use of Near Edge Xray Absorption Fine Structure Spectromicroscopy to Characterize Multicomponent Polymeric
Systems. Applied Spectroscopy. 2001, 55 (12), 1676-1681.
61.
Dhez, O.; Ade, H.; Urquhart, S. G., Calibrated NEXAFS Spectra of Some Common
Polymers. Journal of Electron Spectroscopy and Related Phenomena 2003, 128 (1), 85-96.
62.
Patel, S. N.; Su, G. M.; Luo, C.; Wang, M.; Perez, L. A.; Fischer, D. A.; Prendergast, D.;
Bazan, G. C.; Heeger, A. J.; Chabinyc, M. L.; Kramer, E. J., NEXAFS Spectroscopy Reveals the
51

Molecular Orientation in Blade-Coated Pyridal[2,1,3]thiadiazole-Containing Conjugated Polymer
Thin Films. Macromolecules 2015, 48 (18), 6606-6616.
63.
Masnadi, M.; Urquhart, S. G., Indirect Molecular Epitaxy: Deposition of n-Alkane Thin
Films on Au Coated NaCl(001) and HOPG(0001) Surfaces. Langmuir 2013, 29 (21), 6302-6307.
64.
Fu, J.; Urquhart, S. G., Effect of Chain Length and Substrate Temperature on The Growth
and Morphology Of N-Alkane Thin Films. Langmuir 2007, 23 (5), 2615-22.
65.
Urquhart, S. G.; Martinson, M.; Eger, S.; Murcia, V.; Ade, H.; Collins, B. A., Connecting
Molecular Conformation to Aggregation in P3HT Using Near Edge X-ray Absorption Fine
Structure Spectroscopy. The Journal of Physical Chemistry C 2017, 121 (39), 21720-21728.
66.
Sinha, S.; Wang, C. H.; Mukherjee, T.; Mukherjee, M., Substrate Induced Molecular
Conformations in Rubrene Thin Films: A thickness dependent study. Synthetic Metals 2017, 230,
51-57.
67.
Teo, B. K., Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy. In EXAFS:
Basic Principles and Data Analysis, Teo, B. K., Ed. Springer Berlin Heidelberg: Berlin,
Heidelberg, 1986; pp 21-33.
68.

Stohr, J., NEXAFS Spectroscopy. Springer -Verlag: Berlin, Germany, 1992.

69.
Hähner, G., Near Edge X-Ray Absorption Fine Structure Spectroscopy as A Tool to Probe
Electronic and Structural Properties of Thin Organic Films and Liquids. Chemical Society Reviews
2006, 35 (12), 1244-1255.
70.
Nefedov, A.; Wöll, C., Advanced Applications of NEXAFS Spectroscopy for
Functionalized Surfaces. In Surface Science Techniques, Bracco, G.; Holst, B., Eds. Springer
Berlin Heidelberg: Berlin, Heidelberg, 2013; pp 277-303.
71.
Ade, H.; Stoll, H., Near-Edge X-Ray Absorption Fine-Structure Microscopy of Organic
and Magnetic Materials. Nature Materials 2009, 8 (4), 281-290.
72.
Cooney, R. R.; Urquhart, S. G., Chemical Trends in the Near-Edge X-ray Absorption Fine
Structure of Monosubstituted and Para-Bisubstituted Benzenes. The Journal of Physical Chemistry
B 2004, 108 (47), 18185-18191.
73.
Ade, H.; Urquhart, S., NEXAFS Spectroscopy and Microscopy of Natural and Synthetic
Polymers. Chemical Applications of Synchrotron Radiation, 2002, pp 285-355.
74.
Fu, J. Linear Dichroism in the NEXAFS Spectroscopy of n-Alkane Thin Films. PhD
Thesis, University of Saskatchewan, Saskatoon, 2006.
75.
Rodger, A., Linear Dichroism. In Methods in Enzymology, Academic Press: 1993; Vol.
226, pp 232-258.
76.
Fu, J.; Urquhart, S. G., Linear Dichroism in the X-ray Absorption Spectra of Linear nAlkanes. The Journal of Physical Chemistry A 2005, 109 (51), 11724-11732.
52

77.
http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polclas.html
Polarization. (accessed January 8th, 2021).

Classification

of

78.
Hastie, G. P.; Johnstone, J.; Roberts, K. J.; Fischer, D., Examination of The Structure and
Melting Behaviour of Thin Film N-Alkanes Using Ultra-Soft Polarised Near-Edge X-Ray
Absorption Spectroscopy. Journal of the Chemical Society, Faraday Transactions 1996, 92 (5),
783-789.
79.
Bishop, C.; Thelen, J. L.; Gann, E.; Toney, M. F.; Yu, L.; DeLongchamp, D. M.; Ediger,
M. D., Vapor Deposition of a Nonmesogen Prepares Highly Structured Organic Glasses.
Proceedings of the National Academy of Sciences 2019, 116 (43), 21421-21426.
80.
Gujral, A. Structural Characterization of Vapor-deposited Organic Glasses. PhD Thesis,
University of Wisconsin-Madison, 2017.

53

2

EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1

Sample Candidates
Polar organic molecules and organic glasses were used in this research project to study

molecular orientation by using NEXAFS spectroscopy.
Polar organic molecules were used as a model system to study how an external electric field
impacts the molecular orientation during the PVD process. Different polar organic molecules were
selected based on their molecular weight, density, and vapor pressure and their compatibility
during the deposition process. As thin films were by grown by PVD, it was important to utilize
molecules that can make stable films under high vacuum. The purpose of using polar molecules
was to see how the molecular orientation can be controlled by using an external electric field and
to study the molecular orientation using NEXAFS spectroscopy.
Organic glasses were used as a model system to further explore the factors responsible for stability
of organic glasses deposited by PVD. A detailed study of molecular orientation and internal
conformation of molecular glasses was performed using NEXAFS spectroscopy.
2.1.1

Polar Organic Molecules
The polar organic molecules 1-Chlorotriacontane (C30H61Cl, 85% purity) and 1-

Triacontanol (CH3(CH2)28CH2OH, >85% purity) were purchased from Toronto Chemical
Industries USA, and Triacontanoic acid (CH3(CH2)28COOH, > 98% purity) purchased from Sigma
Aldrich Canada. These chemicals were used without any further purification. Polar organic
molecule with a chain length < 28 carbon atom were not used in this study because of the unstable
film formation due to volatile nature of these compounds under high vacuum. There is also a risk
of contaminating the evaporator diffusion pump oil. This volatile nature of the compounds resulted
in the contamination of the vacuum chamber during master’s research.1
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2.1.1.1 Substrate for Polar Molecules
Thin films were grown on a non-conducting substrate with patterned electrodes. During
the experiment it was required to maintain an electric potential between electrodes on the substrate.
A Si3N4 substrate (Norcada, Inc. Canada) coated with gold electrodes was designed to maintain a
stable electric field across the sample during the PVD process. A detailed description of the sample
holder fabrication and how the electric field was applied to the substrate will be discussed in
Chapter 3.
2.1.2

Organic Glasses
Organic glasses used in this thesis project were Indomethacin (C19H16CINO4, ≤ 98% purity)

and N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (C38H32N2, ~ 99% Purity). Both
compounds were purchased from Sigma Aldrich, USA. These compounds were used without any
further purification.
2.1.2.1 Substrates for Organic Glasses
Films of organic glasses were deposited on SiO coated TEM grids purchased from Ted
Pella Inc. (USA). The SiO coating has a layer of formvar which was removed by using a pair of
anti-capillary tweezers held at angle of about 15º with darker side facing downward in chloroform
for 10 seconds. Then the grid is removed from the chloroform and dried carefully. As this process
can rupture the SiO film,2 each TEM grid was observed under optical microscope to make sure it
is not damaged before use as a substrate.
2.2

Physical Vapor Deposition (PVD)
During experiments, thin films of the polar organic molecules/organic glasses were

deposited by PVD process on various substrates. (Si3N4 membranes, SiO coated TEM grids, etc.)
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Figure 2.1 presents a vacuum evaporator used to deposit organic thin films, which is in room B10B of the Thorvaldson building.

Figure 2.1: Vacuum Evaporator
Films of different organic compounds were grown by PVD under high vacuum (~10-7 torr).
A tungsten boat was used to hold the sample that has to be evaporated. A high current was applied
to heat the tungsten boat and ultimately to evaporate the sample. During the film growth the
deposition rate can be controlled by adjusting the current supply to the boat. Thin films of varying
thickness ranging between 50 - 90 nm were prepared by maintain the deposition rates between 0.5
– 0.6 Å/s. During the process the film thickness and deposition rate can be monitored by a quartzcrystal microbalance located just beside the substrate holder as shown in Fig 2.2 (d).
Based on the demand of the experiments a temperature controller was introduced within
the evaporator chamber to obtain thin films at varying substrate temperatures during deposition,
ranging between -11 ºC to 60 ºC. A specially designed substrate holder along with Peltier heater
56

(Figure 2.2 b) was installed inside the chamber approximately ~ 15 cm above the evaporator boat.
A thermistor was attached to the Peltier heater to monitor the temperature fluctuation as shown in
Figure 2.2 (c). Peltier heater was connected with the temperature controller (TC-48-20, TE
Technologies, (USA) which can control the temperature of substrate precisely during the
deposition process. Figure 2.2 (a) presents this temperature controller. To maintain the stability of
the substrate temperature during the deposition process, the substrate holder was cooled by a
continuous flow of cold water. All the important parts installed within the evaporator for different
experiment purposes are shown in Fig 2.2 (a-d).
b

c
Substrate Holder
Peltier Heater
Thermistor

d

Water Pipes
Quartz-crystal
microbalance
Substrate holder with
Peltier heater
Tungsten boat
Shutter

Figure 2.2: (a-d): Important installations within the vacuum chamber of evaporator. (a)
Temperature Controller TC-48-20 (b) Peltier Heater (c) Side-view of the substrate holder
components for depositing films at low substrate temperature (d) Vacuum chamber internal set-up
for depositing organic glasses.
In another set of experiments where highly oriented thin films of polar organic molecules
were prepared, a new substrate holder was designed to maintain an electric field across the
substrate. The schematics of the specially designed substrate holder is represented in Figure 2.3.
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Electrical connections were made with gold electrodes on the sample substrate. A DC voltage of
500 - 4000 Volts was applied to the samples to create an electric field across the substrate. The
evaporator was also installed with an interlock system to avoid any harm caused by accidental
contact with the high voltage components. The full description of substrate fabrication, voltage
application and experimental results will be discussed in detail in Chapter 3. After obtaining
organic films at different experiment conditions, these films were characterized by polarized
optical microscope.

Peltier Heater
Cu-plate
Substrate with gold electrodes
Conducting wires

Figure 2.3: Experimental set up for ‘Electric Field Alignment’ process within the vacuum
evaporator
2.3
2.3.1

Sample Characterization
Polarized Optical Microscopy
Optical microscopy is a useful technique for investigating the morphology of samples

down to the 0.5 μm (micrometer) scale. A Nikon Eclipse ME600 polarized optical microscope
was utilized to study the structure of the samples prepared by PVD. This microscope uses a digital
camera to record these images. Figure 2.4 below represents the different parts of an optical
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microscope. This optical microscope has objective lens that can magnify the image from 5 X –
100 X and has a set of magnifying (10X) eye pieces. The objective lens gathers the light to form
an inverted or intermediate image. The intermediate image is then magnified by the camera lens,
which is attached to the optical microscope and forms a virtual image of the specimen on the digital
imaging sensor. This microscope operates with epi-illumination or transmission illumination from
a halogen lamp ensuring bright field (BF), dark field (DF) modes and polarized imaging.3-4
Optical microscopy is helpful for research and development in the field of semiconductors,
electronics, pharmaceuticals, general metallurgy, crystallography, and ceramics by studying the
sample morphology.5-7 Polarized light microscopy can provide information and can distinguish
between isotropic and anisotropic substances.

Figure 2.4: Polarized Optical Microscope reprinted from reference 5 with permission

2.3.1.1 Epi-illumination
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The phenomenon of epi-illumination is illustrated in Figure 2.5, where the in coming light
illuminates the sample from the top and the reflected light is used to form an image. Epiillumination is helpful to study surface morphology, surface geometry and surface topography of
the samples prepared as thin films.7-8 In the bright field illumination, the sample is illuminated
normal to the sample surface along the axis of the objective lens. In dark field illumination,
scattered light is detected at an angle. Dark field imaging is helpful for identifying the presence of
dust, defects, and edges.9

Figure 2.5: Schematic illustration of bright and dark field epi-illumination. This figure is
reprinted from reference 7 with permission.
There are two linear polarizing filters in a polarized optical microscope: one filter is fixed
and other is rotatable. Initially, light passes through a fixed polarizer and is reflected in the sample.
Then this light passes through the rotatable analyzer. As shown in In Figure 2.6, a fixed linear
polarizer converts randomly polarized light to a plane-polarized light with the electric field vector
of the light restricted to a single direction. Then, the plane-polarized light passes through (or is
reflected by) a specimen. The polarization direction of this light can be rotated by the birefringence
of the sample. The light with rotated polarization passes through an analyzer, which is the second,
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rotatable linear polarizer. Image contrast relies on this rotation of plane polarized light by the
sample, as shown in Figure 2.6.6

Figure 2.6: The effect of birefringent samples and polarizers in the transmission of light.
This figure is reprinted from reference 6 with permission.
2.3.2

NEXAFS Spectroscopy
X-rays are part of electromagnetic spectrum having a wavelength ranging between 10-8 -

10-11 m which corresponding to a photon energy in the range of below 100 eV – 102 keV.10 X-rays
were discovered by Nobel laureate Röntgen in 1895, when a metal surface was irradiated with a
beam of high energy electrons in a tube.11 This process resulted in the discharge of core electrons
from the anode atoms and the X-rays were emitted after filling the core by upper/above level
electrons. The energies of X-rays produced by this method depend on the anode metal used,
therefore the wavelength of radiations varies from metal to metal. However, in case of NEXAFS
spectroscopy a tunable source of X-ray radiation with a high photon flux is required which a
conventional X-ray source cannot produce.
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A general overview of synchrotron radiation is presented below. Subsequent sections will
describe NEXAFS spectroscopy the experimental procedures and an overview of each beamline
used in this work to obtain NEXAFS spectra.
2.3.3

Synchrotron Radiation
Synchrotron radiation is electromagnetic radiation produced when charged particles (e.g.,

electrons and ions) moving close to the speed of light are accelerated under the influence of high
magnetic field. Generally, a synchrotron consists of five main components: an electron gun, a
linear accelerator (LINAC), a booster ring, storage ring and radio frequency (RF) chamber.12 A
schematic diagram of a synchrotron facility and storage ring is shown below in Figure 2.7
a

b

Figure 2.7: (a) A schematic of the most important components of a modern synchrotron
source.13 (b) Schematic view of a storage ring where some main elements like bending magnets,
focusing and de-focusing magnets (quadrupoles), insertion devices (undulator, wigglers) and the
RF (radio frequency) cavity are visible.12 These figures are reprinted from references 12 and 13
with permission.
An electron gun generates an electron beam. LINAC increases the energy of the electron
beam to higher energy (250 MeV in the case of the Canadian Light Source (CLS).12,14 The electron
beam is transferred into the booster ring where the electrons are accelerated to the energy of the
main storage ring, 250 to 2900 MeV in the case of the CLS.14 This high energy electron beam is
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injected into the storage ring to maintain a specific storage ring current. The storage ring contains
the electrons and maintains a closed path for these accelerated electrons using a series of magnets
to focus and bend the electron beam. The magnets are most commonly dipole or bending magnets
which cause the electrons to change their path and thus follow a closed circular path. As the
electron beam is forced to travel in a circular pathway, the magnetic fields of the bending magnets
accelerate these relativistic electrons and resulted in synchrotron light. The energy of the electron
beam decreases as radiation is emitted. RF cavities installed in linear sections of the storage ring
are used to refill the lost energy of the beam.12
Before 1950, conventional sources were designed to produce intense beams of X-rays by
directing accelerated electrons onto a suitable target.12 During the 1960s and early 1970s, new use
of the light was made which resulted in first-generation synchrotron radiation facilities.13 At that
time, these machines were dedicated to high energy physics, and provided synchrotron radiation
in ‘parasitic’ mode. In the mid 70s new facilities were built and dedicated to produce synchrotron
light. These dedicated facilities were known as second-generation sources.
Periodic magnetic field insertion devices (wigglers and undulators) were developed in this
period, which produce intense synchrotron radiation. The development of rings to accommodate
insertion devices is a characteristic of third-generation sources like the European Synchrotron
Radiation Facility (E.S.R.F., Grenoble France), Canadian Light Source (CLS, Saskatoon, Canada)
and many others.
The NEXAFS experiments for this research were performed at the CLS, a third-generation
synchrotron facility that uses wigglers, undulators, and bending magnets to generate synchrotron
radiation. The properties of the synchrotron X-ray radiation are causally related with bending
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magnets and insertion devices and are characterized by their spectral bandwidth, flux, and
brightness.15-16
2.3.3.1 Bending Magnet (BM) Sources
Bending magnets (BM) and insertion devices determine the properties of synchrotron
light.13 The main purpose of bending magnets is to facilitate the electron beam to follow a closed
circular path in the storage ring. Bending magnets have typical magnetic field strengths of around
a Tesla. Radiation from a bending magnet is emitted in a flattened cone with a fan angle equal to
the angular change of the path of the electrons as shown in Figure 2.8. BM emit linear and circular
polarized radiation and have a broad energy distribution.13, 15, 17

Figure 2.8: Bending magnets, this picture is reprinted from reference 11 with permission.
2.3.3.2 Insertion Device Sources (IDs)
IDs produce pointedly higher flux and brilliance as compared to bending magnets. These
are operated by forcing the electrons to execute an oscillatory path in the plane of the storage ring
retaining a set of magnets that produce magnetic fields that point alternately up and down. IDs are
characterized by the deflection parameter (K).
The value of K varies with the type of IDs, and also K affects the properties of the
synchrotron light, including the maximum deflection angle of the particle beam and the amplitude
of the oscillation of particles in the beam etc.18
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There are two types of IDs, wigglers and undulators. In wigglers the large magnetic field
leads to large oscillation amplitudes and high energy and have larger deflection parameters
(K>>1). On the contrary, in undulators the magnetic fields are smaller and lead to smaller
oscillation amplitude. Undulators deflect the electron beam less (K~1) and therefore leads to
narrow radiation cone.13 As a result, synchrotron radiation produced using an undulator has a
narrower energy range (see undulator harmonics in Figure 2.9) than that of a wiggler. However,
the working X-ray energy range of an undulator can be tuned by varying the gap between the two
rows of magnets and an undulator that can produce harmonics. Linear undulators produce X-rays
with linear polarization. An elliptically polarized undulator (EPU) can be used to produce X-rays
with circular, linear inclined and linear horizontal polarization.12-13

(a)

(b)

Figure 2.9: (a) Artistic view of the radiation beam emission from a multipole wiggler
magnetic structure. (b) Artistic view of the radiation beam emission from a multipole undulator
magnetic structure. These figures are reprinted from reference 13 and 14 with permission.
2.3.4

Measuring NEXAFS Spectra

2.3.4.1 NEXAFS Spectroscopy Detection Mechanisms
NEXAFS spectroscopy refers to the absorption of fine structure close to an absorption edge
around 30 eV above the actual edge. This absorption region usually shows the largest variations
in the X-ray absorption coefficient and is often dominated by intense narrow resonance structures
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appear in the form of transitions.19 NEXAFS spectroscopy is already described in detail in Chapter
1.
When an incident X-ray is absorbed by a molecule, short lived core excited states are
formed. These core excited states can then undergo a series of decay processes.20 The observable
decay processes in the core hole are shown schematically in Figure below.

Figure 2.10: Schematics of X-ray photon absorption and the relaxation of the excited
molecule. Figure reprinted from reference 20 with permission.
According to Figure 2.10, core excited states can decay either by fluorescence emission
and or by auger electron emission. Florescence emission occurs when a high energy electron refills
a core hole and excess energy is lost in the form of a photon. Auger emission occurs when a core
hole is filled by an electron from upper energy level and the emitted energy is taken/absorbed by
another electron resulting in the ejection of electrons, called an auger electron.21
2.3.5

Detection Techniques
There are multiple ways of obtaining a NEXAFS spectra. It can be obtained either by using

a transmission mode detection (TMD) where photons pass through a very thin sample, or it can be
measure by detecting the processes that occur after photo-absorption. Total electron yield (TEY),
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partial electron yield (PEY) and auger electron yield (AEY) techniques measure the quantity of
emitted electrons, whereas the fluorescence yield (FY) technique measures the number of ejected
photons.19-20 The most common detection modes of NEXAFS spectroscopy are shown in Figure
below 2.11.

Figure 2.11: Schematic diagram of the most common measurement techniques used in
NEXAFS spectroscopy. Figure reprinted from reference 20.
2.3.5.1 Transmission Mode Detection (TMD)
The measurements of X-ray absorption in transmission mode are done by placing a thin
sample in between the X-ray source and a detector. The transmitted photon flux is measured after
passing through the sample as shown in the above Figure 2.11. Sample thickness plays a key role
during transmission mode as the sample must be thin enough for photons to penetrate and reach
the detector. The transmitted signal is detected and plotted as a function of photon energy in the
presence of a sample (I) and the incident signal is detected and plotted as a function of photon
energy in the absence of the sample (Io).
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The X-ray transmission spectrum is then obtained by calculating the optical density (OD)
of the sample using Beer’s Lambert law.
OD = -ln (I/Io)

Equation 2.1

The optical density is unique for all elements contained in a sample of thickness t (cm) and
can be calculated by using the following equation.
OD = μ(E)ρt

Equation 2.2

From above equation μ (cm2 /g) is the mass absorption coefficient at energy E, ρ (g cm-3)
is the density of the sample, and t (cm) is the sample thickness. At a particular photon energy (E),
μ and sample density depend on sample composition.22
2.3.5.2 Total Electron Yield (TEY) Mode
NEXAFS spectra can also be obtained indirectly by measuring the number of electrons
emitted from a sample as a function of incident photon energy. This could be done in two ways.
One method uses a picometer to measure the sample drain current generated from all the electrons
emerge from the sample surface. The other method is directly measuring the electrons emitted
from the sample surface by using an electron detector. In this work, sample current TEY detection
mode was used to obtain the XAS spectra of TPD powder explained in Chapter 4, therefore, this
discussion is focused on the sample current TEY.
TEY is a well-established method for measuring NEXAFS spectra of different samples.
This method does not require any specific thin sample preparation, aside from the need for a
conducting substrate. In TEY, the incident photon flux (Io) can be detected by measuring the drain
current from a gold mesh located upstream of the sample, and the sample drain current (I) is
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normalized with respect to the incident photon flux (Io). The normalization equation for TEY is
given below.
TEY = I /Io

Equation 2.3

Since sample current TEY measures the drain current resulting from the emission of
electrons from the sample surface, the reliability of the measurement directly depends on the
conductivity of the sample. Therefore, non-conductive samples, like powdered TPD must be
mounted to a clean conductive substrate such as indium metal foil to facilitate sample current flow
to the detector. Since this project focused on the Carbon K-edge (280.0 eV – 320.0 eV), indium is
a good conductive substrate to use as it is a soft metal that can support powders by embedding.19,
23

2.4

Beam Lines Used to Obtain NEXAFS Spectroscopy
The Canadian Light Source (CLS) is located at the University of Saskatchewan in

Saskatoon, Saskatchewan, Canada. Most of the NEXAFS spectra shown in this thesis were
acquired from Spectromicroscopy (SM) beamline 10-ID124 for film samples, and a few spectra of
powder samples were collected with Spherical Grating Monochromator (SGM) beamline 11ID1.25 Details of each beamline and their associated experimental techniques are discussed in this
chapter.
2.4.1

Spectromicroscopy (SM) Beamline
The X-ray source of the SM beamline is an Apple II type elliptically polarized undulator

(EPU) provides an intense beam in the 130-2700 eV energy range.26 This EPU can deliver both
circular left and circular right polarization and linear horizontal, linear vertical, and inclined
polarizations by changing the relative positions of four quadrants of periodic magnets. This beam
line has three end stations: an ambient Scanning Transmission X-ray Microscope (STXM), a Cryo69

STXM microscope and an X-ray Photoemission Electron Microscope (X-PEEM), A schematic
layout of the SM beamline is given in the below Figure 2.12.26

a

Cryo-STXM

b

Figure 2.12: (a) Image of the ambient and cryo-STXM, and (b) SM beamline located at
the CLS in Saskatchewan, Canada. Figure (b) is reprinted from reference 28 with permission.
The X-rays produced by the EPU will be reflected by the sagittal cylinder mirror M1 and
will be focused on the pre-mirror of the Plane Grating Monochromator (PGM). Using the three
different gratings in the PGM, an energy range of 100 eV to 2500 eV is achievable. The grating
selection is changed based on the required X-ray energies for the experiment (e.g., Carbon 1s,
Oxygen 1s, Nitrogen 1s). All the measurements during this research are performed using the low
energy grating (250 lines/mm) which offers the energy range of 130 – 400 eV which is suitable
for studying Carbon K-edge.26-27
2.4.1.1 Scanning Transmission X-ray Microscopy (STXM)
In STXM a micro focused soft X-ray beam is generated by a zone plate, and it illuminates
the sample, and the transmitted X-rays are detected by detectors. The instrumental setup of the
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zone-plate-based STXM is shown in Figure 2.13 below, a monochromatic X-rays produced by the
PGM passes through the spatial filter and a fresnel zone plate (FZP) focused the beam.28-29
STXM transmission images are recorded by raster scanning the samples by an X-ray beam
which is focused by FZP. This zone plate is a diffractive lens which is moveable and can focus on
different photon energies because the focal length changes with photon energy. As shown in Figure
2.13, the focused X-ray spot, by FZP is illuminated on the sample. The energy of incident beam
can be varied which allows imagining of micro-scale structures by adjusting the absorption
contrast. At a specific energy NEXAFS spectra can be acquired at the desired region.30-31

a

b

Fresnel Zone Plate

Order Sorting Aperture

Sample

Detector

Figure 2.13: (a) Schematic Diagram of the instrumental setup of a zone-plate-based
STXM, and (b) Schematic diagram X-ray beam focus used for STXM. The figures were reprinted
from references 32 and 33 with permission.
2.4.1.1.1 Data Acquisition Modes of STXM
Spectromicroscopy can provide both X-ray transmission images and NEXAFS spectra.
Transmission images can be used to navigate to desired areas of a sample. Areas of interest are
then examined by scanning the monochromator across the absorption edge to obtain NEXAFS
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spectra. Point scan, line scan, and image sequence scans are the three major STXM scanning modes
used to obtain NEXAFS spectra. All the spectra in this thesis were collected by line scan. In a line
scan, the X-ray beam is focused on specific thin area of the sample and raster scanned over a line
across the sample. As shown in Figure 2.14, a line in the line scan can extend from the sample (I)
to an open area (Io) in the STXM image (yellow line in the Figure 2.14a). In the line scan, the
transmission intensity of the I and Io has been integrated and converted to optical density (OD)
using Equation 2.2. OD is sensitive to sample thickness, density, and composition. The useful
range of OD is from 0.25 to 1.5. An exceedingly small value of OD represents that sample is too
thin and the signal is lost in the noise. If the absorption is too great, then various artifacts dominate
the observed signal, which is no longer quantitative. For organic material with a density of ~1, the
sample needs to be between 50 and 100 nm thick for good C 1s NEXAFS spectra.32
To obtain a good NEXAFS spectrum, the scanning area of the image should include both
sample (thin film) and empty area of the sample. This provide a measure of both the I and Io signals
simultaneously. Figure 2.14 (a) shows images recorded from different energy regions of the carbon
edge. The areas indicated by sample and undeveloped area in the STXM image of Figure 2.13 (a)
were used to obtain transmission (I) and the incident (Io). The transmission spectra were converted
to optical density with Beer’s law represented in Equation 2.3.
The OD spectrum generated by the line scan is shown in Figure 2.14b. Multiple scans can
be done within the area of interest.
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b

a
Sample

Open area

Figure 2.14: (a) STXM image obtained at 285.0 eV for TPD film grown on TEM grid, (b)
NEXAFS spectrum obtained from the line scan.
To obtain a reliable NEXAFS spectrum, energy stability and calibration of the
monochromator is a key. The energy scale of the TPD NEXAFS spectra presented in Chapters 4
and 5 were calibrated by introducing CO2 into the STXM chamber without sample in place to track
down the energy shift experienced by the sample during the NEXAFS measurements. The
following peaks of the CO2 gas NEXAFS spectrum were used to calibrate the energy scale of the
NEXAFS spectra of carbon samples (TPD) by using 2-point calibration method. Carbon 1s → 3s
(ν=0) and carbon 1s → 3p (v=0) transitions were set to 292.74 eV and 294.96 eV, respectively.33
2.4.1.2 Spherical Grating Monochromator (SGM) Beamline
Spherical Grating Monochromator (SGM) beamline 11-ID1 is a soft X-ray beamline
located at the Canadian Light Source.25 For this work, XAS measurements of the TPD molecules
described in Chapter 4 were obtained under ultra-high vacuum in TEY detection mode. A
schematic diagram of the SGM beamline is given in Figure 2.15.25
As shown in Figure 2.15, the X-ray beam produced from a linear undulator is deflected by
two plane mirrors (see horizontal plane deflection mirror in Figure 2.14), and then a vertical
focusing mirror focuses the X-ray beam through liquid cooled entrance slits and onto the selected
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grating in the monochromator (see SGM chamber in Figure 2.15). The X-ray beam then travels
through movable exit slits, and monochromatic X-ray beam passing through the exit slits is
refocused at the SGM end stations using a gold coated toroidal mirror and a pair of KB mirrors.
The SGM beamline is equipped with a monochromator with three different gratings and can
deliver a bright monochromatic photon beam that covers an energy range of 250 to 2000 eV.
Grating selection is based on the energy region required for an experiment. For instance, nickel
coated 600 lines/mm grating is used to produce a monochromatic photon beam for low energy
measurements, such as carbon 1s NEXAFS measurements of organic materials.34-35

Figure 2.15: Schematic diagram of the layout of the Spherical Grating Monochromator
(SGM) beamline at Canadian Light Source, Saskatchewan, Canada. Figure reprinted from
reference 25 with permission.
TEY carbon 1s NEXAFS spectra were normalized by taking the ratio of sample current (I)
and gold reference current (Iref), where the gold reference spectrum was acquired by a separate
scan. The energy scale of the SGM spectrum of TPD powder was calibrated by shifting the Carbon
1s(C-H) π*C=C transition (at ~285.2 eV) to match the energy of same band in the NEXAFS spectra
of TPD thin films measured in the STXM, for which a precise gas phase calibration was obtained.
2.5

Computational Study
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2.5.1

Density Functional Theory (DFT)
As the name implies, DFT measures the properties of the system such as energy, dipole

moment and electronic structure as a functional of the electron density. This method describes the
ground state of the solid material from its ground state electron density and describes the excited
state of the system by considering the electron density of the excited state.36-37 DFT treats a
collection of electrons as a system in which nuclei move under static potential. For solid materials
the static potential is caused by its nuclei. For any system, the external potential that affects the
electron movements of the system is unique, and the total energy of the system is a unique function
of the electron density.37
DFT simulations of NEXAFS spectra were obtained using the program deMon2k version
6.0.138 using the PBE functional. The name deMon stands for density of Montreal, and it is a
computational program developed for the DFT calculations of atoms, molecules, and clusters. The
transition potential (TP-DFT) method and the half-core-hole approximation to simulate the effect
of the core hole.39 Diffuse functions (IGLO-III)40 and extensive augmentation (XAS-I)39 were used
for the core excited atom, and equivalent core potentials were used on all other atoms except
hydrogen, which was a triple zeta basis function.
The equilibrium geometry of TPD and total energy of TPD with varied geometries were
obtained through geometry optimization with the program Gaussian 16 using density functional
theory calculations with the MO62X model and the 6-31+G(d,p) basis set. The equilibrium
geometry was obtained from an unrestricted geometry optimization where no imaginary
frequencies were found. Dihedral angles of the TPD molecule were fixed while all other structural
variables were varied to minimize the total energy of the molecule. Simulations were obtained for
each inequivalent carbon atom in the TPD molecule and summed to obtain an overall molecular
75

NEXAFS spectrum. The resulting DFT simulations are explained in Chapter 4. In this thesis all
the DFT related work was done by Dr. Stephen Urquhart.
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3

FORMATION AND CHARACTERIZATION OF HIGHLY ORDERED
ORGANIC FILMS
Chapter 3 investigates the development of methods to control the molecular orientation in

vacuum deposited polar organic films by applying an external electric field. It was proposed to
study the effectiveness and mechanism of molecular orientation control by using the orientation
sensitivity of NEXAFS spectroscopy and microscopy. NEXAFS microscopy can explore an
orientational map of an organic film with spatial resolution better than 35 nm.
Vacuum evaporation is an effective technique for obtaining organic thin films. The
morphology and molecular orientation of the vacuum deposited organic films can be impacted by
deposition conditions such as the substrate temperature and deposition rate. Controlling molecular
orientation is of great importance in organic thin films since the fundamental properties of
functional nano materials such as organic electro-optic devices depend on molecular orientation at
the nanoscale. This chapter deals with the proposed methods to control the molecular orientation
in simple polar alkane chains during the thin film growth by physical vapor deposition (PVD). To
explore the orientation of these molecules and the mechanism of orientation control, a
comprehensive NEXAFS spectromicroscopy study has been anticipated.
It was proposed to control the molecular orientation of polar alkanes by applying an
external electric field during the deposition process of a film. The sample substrate was confined
to silicon nitride (Si3N4) by the requirements for eventual analysis by NEXAFS
spectromicroscopy, for which Si3N4 membranes would be used. Gold electrodes were fabricated
on Si3N4 to apply an electric field on the sample during deposition. However, oriented films could
not grow due to the presence of intrinsic conduction of Si3N4 substrate, which prevented the
application of a stable electric field during deposition. A series of optimization were performed to
avoid the substrate conduction by improving the electrode fabrication process. Unfortunately, it
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was not possible to resolve the substrate conductivity issue with financially available methods, so
the experiments were abandoned. Therefore, this part of the project was discontinued, and the
project was refocused on the deposition and properties of PVD stable glasses, as described in
Chapter 4 and 5 of this thesis.
3.1

Research Objectives
During the last decade our group has studied how substrate temperature and n-alkane chain

length impact the molecular orientation and morphology of deposited thin films.1-2 Though ordered
films can be grown by epitaxially but there is no overall control over the film orientation.
Thermodynamic and kinetic behaviour of epitaxially grown thin films has also been investigated
extensively in the past.1
The objective of this project was to develop methods to fabricate organic nanostructures
with a specified molecular orientation. It was proposed to develop methods to manipulate and
control the molecular orientation in organic thin films by applying an electric field, and to use the
orientation and morphology sensitivity of NEXAFS spectromicroscopy to study orientation
mechanisms. To study molecular orientation a set of polar-functionalized n-alkane molecules were
selected. The presence of dipole moment in polar n-alkanes is intended to make these molecules
sensitive to electric field. It was hypothesized that an external electric field can be applied to
control the molecular orientation during the film deposition process by PVD, but the relative
strength of field required during evaporation is not known.
Initial structural characterization of the deposited films was proposed by polarized optical
microscopy. To understand the mechanism of formation, thermodynamics, and kinetics of these
organic thin films, a NEXAFS microscopy study was proposed. This study could provide a
quantitative measure of orientation with high spatial resolution in the STXM microscope. Initial
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work was started to make samples on glass or Si3N4 substrates and to compare to literature where
n-alkane films have showed bar-like 4-fold and 6-fold orientation symmetry on NaCl (001) and
HOPG(0001) substrates. These bar-like structures contain the molecules with in-plane molecular
orientation as revealed by Mitra et al.1 and Fu et al.2 This in-plane orientation was determined by
NEXAFS studies. This project started with growing thin films of n-alkanes on a Si3N4 substrate to
verify a lack of epitaxial growth on this substrate in the absence of electric field. It was proposed
to use simple polar alkanes to verify the electric field orientation process and then extend this study
to complex organic molecule system e.g., polar alkenes and di-block co-polymers.
The following sections of the chapter 3 will review the literature of orientation control and
the impact of electric field on the film. It will also deal with the new experimental methodology,
including the deposition of electrodes, verification steps, test work on glass electrodes, and the
improvements for electrodes fabrication on Si3N4 and conclusion.
3.2

Molecular Orientation Control
Organic thin film devices have potential application in modern electronic devices because

of their exceptional properties such as flexibility, low cost, large area processing, etc.3-4 The
physical properties of these films are directly related to the functionality, ordering, orientation, and
surface morphology.5-7 Device performance is directly related with molecular orientation, thinfilm continuity and grain size.8 Electronic and optical properties of organic thin films can be tuned
by understanding the relationship between these structural characteristics. Surface properties such
as photoconductivity, linear/non-linear optical properties, and dye sensitization are directly related
to their structural order, molecular orientation and morphology.9 Therefore, understanding the
mechanism of the growth of organic thin films, developing methods to control or manipulate the
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molecular orientation, and devising methods to characterize the molecular structures is essential
for the success of these technologies.
The molecular level control of orientation in the organic thin films could be helpful for the
successful development of commercial molecular devices like organic thin film transistors
(OTFTs), sensors, light-emitting diodes (LEDs) and solar cells etc.3 With the development of
organic electronic devices, ordered structures and smooth surfaces play a key role in achieving
high performance devices.10-11
The weak van der Waals interactions between organic molecules are responsible for the
high flexibility and delicate nature of these organic structures. Due to these weak interactions
molecules can easily make aggregates. Usually π-conjugated small molecules can easily selfassemble to single-crystal 1D nanostructures from solution or vapor methods, while in
macroscopic range, these exhibit a disordered alignment with random positions and
orientations.12,13 The randomly oriented nanostructures are problematic for further use in largescale device applications. Despite all, the large-scale alignment of highly ordered nanostructures
is still a challenge. As a result, it is difficult to unidirectional align these organic molecules on a
large scale.14 Therefore, developing methods to control or induce the molecular orientation on a
large scale is important along with the mechanism of the growth of organic thin films. With the
recent development of organic field effect transistors (OFETs), organic light emitting diodes
(OLEDs), organic photovoltaic cells (OPV), etc., the fabrication of organic semiconductor thin
films at room or higher temperatures is possible by using organic vapor deposition (OVD).8 The
development of new methods to characterize the nanostructures is important for the success of
high ordered electro-optic devices.
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3.2.1

Molecular Orientation Control by Using an Electric Field
An intrinsic complexity with organic thin films is the short-range ordering and presence of

defects.15,16 Electric field effects could be used to control the orientation of molecules on the
substrate, in addition to other controls such as substrate temperature, rate of deposition and
molecular character.17 The electric field induced alignments of dipolar molecules are of interest
because of its probability to fabricate oriented 1D nanostructures in a desired region between the
electrodes.14
Electric fields are unidirectional and can cause a high degree of orientation just along the
field direction.18 The literature shows that electric fields can be used to induce the long-range
ordering and specific molecular orientation in polymer thin films, liquid crystal molecules, and
organic planar molecule such as copper phthalocyanine.17, 19-21 Di-block copolymers have been
extensively studied in this field of research.14
Fluorinated aromatic mesogens fibers have been successfully aligned by the application of
alternating current electric field (1.0 V/µm) in dodecylbenzene solvent. On the contrary, in the
absence of electric field randomly aligned fibers have been observed within the solvent.22
The application of an electric field to thin films of di-block copolymers causes domain
alignment as well as long range molecular ordering.20 When a thin di-block copolymer was
restrained between two electrodes and heated above its glass transition temperature the micro
domains become oriented in the direction of the electric field as shown in Figure 3.1
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Figure 3.1: Schematic of the experimental set up for electrical field induced patterning in
di-block copolymer films. This figure is reprinted from reference 17 with permission.
Hatashi et al.23 studied electric field alignment in copper phthalocyanine (CuPc) thin films
by applying an electric field of 1 V/μm during the epitaxial growth of films on a potassium chloride
KCl(001) substrate. The CuPc crystals with applied electric fields have shown different orientation
directions from those of the typical epitaxially grown films in the absence of applied electric
field. These results suggested that the combination of applying an electric field during
the epitaxial growth by PVD developed a new method to control the molecular orientation in the
organic thin films.
Liquid crystals (LC) have been widely studied for understanding their molecular
orientation in the presence of external field. Many experiments has been conducted on LCs to
control the molecular orientation by applying an electric field.24,17 Unlike polymer films, the
orientation of LC molecules does not require a high electric field. LC molecules can be aligned in
the direction of electric field under the application of even a weak electric field. However, after
removing the electric field the LC molecules have the tendency to randomize their orientation.25
During PVD process of chloroaluminum (III) phthalocyanine (AlClPc) films formation, an
electric field of 1.4 kV/mm was applied parallel to the substrate plane. The AlClPc molecules were
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aligned nearly perpendicular to the substrate surface. The atomic force microscope (AFM) images
of the AlClPc films grown in the absence of electric field revealed the presence of crystallites of
polyhedron shape, on the contrary in the presence of applied electric field the surface was more
ordered and consisted of the crystallites of flatter shape.26
Based upon the above outcomes a new experimental plan was developed to control the
molecular orientation in presence of external electric field. This would involve variation of the
substrate temperature and the chain length of an n-alkane molecule with a polarization inducing
end group in the presence of an applied electric field. It is of great importance to understand the
orientation mechanism of thin films grown by PVD.
3.2.2

Orientation Mechanism of Thin Films Grown by PVD
Vacuum evaporation is an effective technique for obtaining highly ordered organic thin

films, which has been demonstrated by the Urquhart group’s study of the epitaxial growth of nalkanes. The morphology and molecular orientation of the vacuum deposited organic films
specially in case of n-alkanes can be modified by controlling deposition conditions such as
substrate temperature, deposition rate, n-alkane chain length etc.1, 27-29 For a given chain length it
was indicated that the substrate temperature is the most significant factor for the determination of
molecular orientation in thin paraffin film.29
Based upon Kubono et al.29 investigations two types of molecular orientation were
observed during the thin film growth; one orientation was parallel and the other was normal to the
substrate. These orientations can be understood from Figure 3.2
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b
a

Figure 3.2: Orientation of linear organic molecules on a substrate (a) Normal or vertical
orientation of n-alkane molecules. The long axis of the organic molecule is represented by a
straight line. (b) In plane or parallel orientation of n-alkane molecules
The detailed mechanism of molecular orientation was proposed by Kubono et al15 which
is reflected in the following Figure 3.3. During the vaporization process it is assumed that the
adsorbed long chain molecules acted as anisotropic rigid rods in clusters. During the first step of
adsorption, these rigid rods acted as free moving molecules. The adsorbed molecules on the
substrate can migrate along the substrate surface to achieve minimum energy state. This molecule
could possibly re-evaporate from the substrate surface. Substrate temperature and interaction
energy between the organic molecules and the substrate determines the rate of re-evaporation. The
deposit-substrate interaction is directly related with the rate of re-evaporation.
Therefore, during the film growth process the shorter chain alkane molecules will reevaporate faster relative to longer chain molecules. At lower substrate temperature, the energetic
benefit of laterally oriented nuclei makes the nucleation and growth proceed with lateral
orientation because of strong deposit-substrate interaction. On the contrary at higher substrate
temperature, the clusters of laterally oriented molecules evaporate faster due to their higher relative
area, which result in higher population of normally oriented molecules.15
Based on this model, it was revealed that the molecular orientation depends on the relative
re-evaporation rate and the strength of the deposit-substrate interactions. Fu et al.2 studied the
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effect of chain length and substrate temperature in n-alkane films. Their results indicated a change
in the molecular orientation from lateral to a normal orientation as the degree of supercooling
(difference between substrate temperature and n-alkane melting point) decreases. On the other
hand, more laterally oriented molecules were observed as compared to normally oriented
molecules at lower substrate temperature for longer chain molecules.

Figure 3.3: Thin film formation on a substrate. (1) adsorption from vapor, (2) migration,
(3) re-evaporation from substrate, (4) cluster formation, (5) re-evaporation from cluster, (6)
reorientation. This figure is reprinted from reference 15 with permission.
3.3

Experimental Methodology
In this project the morphology and orientation of polar n-alkane films on glass substrate

(test substrate) were characterised by polarized optical microscopy. For NEXAFS spectroscopy
measurements an X-ray transparent substrate is needed. Initially silicon nitride wafers (100 nm
Si3N4 on a silicon wafer substrate) were used in place of the more expensive membranes for test
experiments; this wafer material was obtained from the Si3N4 membrane vendor (Norcada Ltd)
and therefore has the same surface structure. However, the intrinsic conductivity of these Si3N4
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thin films prevented the application of electric field when samples were prepared on this substrate,
so STXM measurements on Si3N4 membranes were not performed.
Test samples were prepared on glass substrate which revealed the presence of birefringence
when examined by polarized optical microscopy. This is an indication of oriented films. All the
experimental apparatus and deposition techniques which contributed this research work are
described below:
3.3.1 Sample Substrates
A non-conducting substrate was required to establish a potential difference across the
substrate and between electrodes. In order to create an electric field Si3N4 both in the form of wafer
and window was selected as a substrate. This Si3N4 substrate is an X-ray transparent substrate
which is compatible for STXM studies to explore the molecular orientation. Secondly, Si3N4 also
does not induce any particular epitaxial symmetry in the growing thin films (tested below). These
factors make Si3N4 a suitable substrate for this comprehensive study. For initial experiments,
cleaned glass slides (e.g., SiO2) were initially used as a substrate for testing because of its low cost
and non-conductive nature. However, thin (<100 nm thick) SiO2 membranes are not commercially
available for use as sample substrates for X-ray microscopy.
3.3.2

Polar Organic Candidates
Following is the list of polar organic molecules which were used for making thin films by

PVD in this project. Due to the risk of cross-contamination of the PVD system, n-alkanes with a
chain length shorter than 28 were not used. This limits the experimental range of this study, as
shorter polar molecules are expected to respond more strongly to an electric field.

89

Compound

Density
(g/cm3)

Vapor
Pressure (Pa)

M.W
(gm/mole)

M.P (ºC)

1-Chlorotriacontane

0.86

10-8

457.26

64.8-65.5

0.85

10-9

438.81

86 - 87

(C30H61Cl)
1-Triacontanol
(CH3(CH2)28CH2OH)

Table 3.1: List of selected polar n-alkanes studied during the research
The polar organic molecules 1-chlorotriacontane (C30H61Cl, 85% purity) and 1triacontanol (CH3(CH2)28CH2OH, >85% purity) were purchased from Toronto Chemical
Industries USA. These chemicals were used without any further purification.
3.3.3

Gold Electrode Formation
Electrodes needed to be deposited in order to create the electric field on the substrate

surface. After trial and error, gold electrodes were designed and deposited on the glass and Si3N4
wafer substrates. A thin layer of 60 nm of pure Gold (Au) was deposited by PVD on top of a very
thin 10 nm layer of Chromium (Cr) at room temperature. Cr was used to improve the coherence
between the substrate and the deposited gold. Gold electrodes were fabricated on glass/Si3N4
substrate by masking with an inverted shard of a Si-wafer, where the distance between two gold
electrodes was set as 1 mm by the mask size. Different methods of fabrication of gold electrodes
are explained in detail in the last part of this chapter.

90

a

b

c

Figure 3.4: (a) Si-masking on Si3N4 wafer by placing approximately 1 mm wide slice of a
silicon wafer shiny side down on the glass/Si3N4 wafer. (b) Gold electrodes obtained after PVD,
both electrodes are 1mm apart (c) Gold electrodes deposited on clean glass surface
3.3.4

Experimental Set up for Applying Electric Field Supply
Figure 3.5 presents the experimental set-up for applying an electric field to the sample

during deposition. A glass/Si3N4 substrate with specially designed gold electrodes was fabricated.
The substrate was designed with two electrodes (1 mm separation) and was placed on Peltier heater
to control the sample temperature during deposition.
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Substrate with gold electrodes

b
a

Wires supply electric field to substrate

c

d

Figure 3.5: (a) Original fabricated substrate holder (b) Schematic set up of electric field
alignment process in the vacuum evaporator (c) Interview of the bell jar with substrate holder with
power supply set up within the evaporator chamber. A quartz crystal microbalance was located
next to the substrate holder to sense the thickness of the film (d) High voltage power supply
(Stanford Research Systems model PS325/2500 V - 25 W) displaying voltage supply during the
PVD process.
The Peltier heater has a thin Cu-plate which is intended to provide uniform temperature
distribution on the sample. The temperature of substrate was adjusted to between 25 - 40 ºC
(depending on the need of the experiment) during the PVD process. A thermistor was also attached
to the Cu-plate to monitor the temperature. During the deposition process a temperature controller
was also attached with the substrate to provide required temperature of the Peltier heater. Thin
conducting wires (2-3 cm long) were attached with the gold electrodes on the sample with silver
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paint or carbon tape. Thin conducting wires were connected to thicker wires which supplied the
voltage to the sample. The electric field strength is directly related to the distance between two
electrodes (1 mm/0.5 mm apart). A smaller distance between electrodes will give rise a higher
electric field strength.
High voltage was supplied by a Stanford Research Systems PS-325 DC linear power supply
system, which has a maximum voltage output of 2500 V. A high voltage interlock was developed
by the chemistry electronics shop and installed with the evaporator chamber lift to avoid any risk
of accidental exposure to the high voltage.
It was proposed to begin the experiment by applying an electric field of 500 V/mm in the
PVD evaporator in Thorvaldson B10-B, then continue increasing the electric field strength. The
exact magnitude of applied electric field to orient the depositing molecules needed to be
determined. Applied electric field of 500 V/mm to 4400 V/mm were to be examined, which reflects
the maximum expected due to the electrode design and the power supply output (e.g., a maximum
voltage of 2500 V and different electrode separation distances).
Initial work was set up by comparing literature work by growing thin films of n-alkanes on
a Si3N4 substrate to verify a lack of epitaxial growth in the absence of electric field. The reason
behind this experiment is to confirm that Si3N4 will not induce any epitaxial growth, such as that
shown for NaCl(001) and HOPG(0001). We have also investigated the best temperature range for
growing n-alkane bar-like structures (molecules are oriented parallel to the substrate) based on the
literature.1
3.4

Characterization of Oriented n-Alkane Thin Films
During the electric field supply process, it was hypothesized that the first monolayer of

polar molecules attaching to the surface of Si3N4 will orient parallel to the applied electric field
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direction. During the PVD process the film will be grown by layer-by-layer and simultaneously it
will be oriented due to the presence of electric field. This could result in obtaining highly oriented
thin films of polar alkane molecules.
Initial sample characterization was done by polarized optical microscopy.
3.4.1

Polarized Optical Microscopy
Polarized optical microscopy is a significant instrument for investigating sample

morphology down to the 0.5 μm (micrometer) scale. It can provide an initial view of the fine
structures and morphological variations in organic thin films as a function of the growth condition
or electric field orientation. A Nikon Eclipse ME 600 polarized optical microscope was used to
study the structural changes of the sample during the experiments with the help of a digital camera.
This optical microscope has objectives that can magnify the image from 5 X - 100 X, and a set of
magnifying (10 X) eye pieces. The birefringence in the sample can be observed with the help of
polarized optical microscope which can be used to characterize oriented samples. The operational
detail of optical microscope was discussed in Chapter 2.
3.5

Results and Discussion
Different experimental conditions were adopted to reproduce literature work and achieve

the goals of the research.
3.5.1

Orientation Study on Si3N4 Substrate
The main purpose of doing the following experiment was to observe the absence of

epitaxial growth of n-alkanes on Si3N4 substrate. N-C36H74 (n-hexatriacontane C36, 99% pure) was
purchased from Sigma Aldrich and used without any further purification. C36 was deposited onto
a Si3N4 substrate held at 38 °C. Bar-like structures were observed on the substrate surface under
the optical microscope; these are understood to be n-alkane crystals with the chains oriented in the
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plane of the substrate, with the n-alkane chain axis is normal to the long axis of the crystal.2 These
bar-like structures were randomly oriented on the Si3N4 substrate as shown in figure 3.6 (a), while
earlier, in case HOPG(0001) substrate1 six fold symmetry of n-alkane and in case of NaCl(001)
substrate2 four fold symmetry was observed in the bar orientation.
a

b

c

Figure 3.6: Optical microscope images where C36 deposited on (a) Si3N4 at 35 °C (b)
HOPG (c) freshly cleaved NaCl30 using a 100 X objective lens and bright field illumination. These
figures b and c are reprinted from reference 30 with permission.
3.5.2

Discussion
By looking at the optical microscope images of these randomly oriented bar-like structures

it was confirmed that the Si3N4 substrate did not induce a preferred orientation during deposition.
The formation of 4-fold and 6-fold bar-like structures has been induced due to the substrate
symmetry of NaCl(001) and HOPG(0001). Based on the sample morphology, it was assumed that
these bar-like structures have in-plane molecular orientation based on Mitra et al.1 and Fu et al.2
which was proven with NEXAFS studies. According to Mauritz et al.31 when n-C60H122 (nhexacontane, C60) was vacuum deposited on a bare Si3N4 surface, a normal molecular orientation
was found at room temperature. However, these results indicated an in-plane molecular orientation
based upon the previously studied bar-like structures of n-alkanes in our group. The normal versus
in plane orientation is known to be a function of substrate temperature during deposition, where a
higher substrate temperature favours normal orientation.
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These results show in figure 3.6 indicated the presence of randomly oriented bars-like
structures where the molecules have in-plane molecular orientation. It was proposed in the
presence of electric field these randomly oriented bars will possibly aligned in direction parallel
to the electric field, without any preferred epitaxial growth to overcome.
3.6

Polar Alkane Thin Film Growth in the Presence of Electric Field
Once it was established that Si3N4 does not epitaxially induce in plane orientation with a

symmetry reflecting the substrate crystal structure, the next stage is to induce an in-plane
orientation with an electric field. The further experiments were continued by some polar alkanes
as proposed in the main objective of this work. Initially two compounds 1-chlorotriacontane
(CH3(CH2)28CH2Cl) and 1-triacontanol (CH3(CH2)28CH2OH), were the polar compounds used
during the PVD process. To apply the electric field electrodes requirement is a must as stated
earlier, which can maintain a voltage difference across the sample during the deposition procedure.
Studies were initially performed with the glass substrate by making samples, due to the initial
success in growing electrodes on that substrate.
1-triacontanol and 1-chlorotriacontane films were deposited on glass substrate with the
deposition rate of 0.1 – 0.2 A˚/s at pressure maintained around 10-7 Torr. Samples were prepared
at a substrate temperature ranging between 25.0 ºC to 40.0 ºC to see the effect of substrate
temperature on the film growth/morphology while applying an electric field across the substrate.
No bars-like structures were observed when samples were deposited at room temperature. But with
the rise of substrate temperature during deposition, randomly oriented bars-like structures were
appeared in the absence of electric field. The random orientation of these bars indicates that no
preferential epitaxial alignment occurs.
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A range of electric field (500 V/mm – 2200 V/mm) was applied to the depositing samples
to see how the electric field impacts the molecular orientation. By reducing the distance between
electrodes from 1mm to 0.5 mm, an electric field of 4400 V/mm was obtained. During the PVD
process a film thickness of 50 nm was maintained for all the samples. During each set of
experiment a reference sample was also placed on the substrate with no electric field applied.
3.6.1

Experimental Results on a Glass Substrate
Polar molecules were deposited at 30 ºC substrate temperature by applying a voltage

difference ranging between 1500 V to 2200 V, which corresponds to an electric field of 1500
V/mm to 4400 V/mm. When samples were analyzed under the polarized optical microscope some
morphological variations were observed between the samples prepared with or without the electric
field effect as represented in the following Figure 3.7.
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Figure 3.7: Polarized optical microscope images of 1-triacontanol and 1-chlorotriacontane
at 30 ºC substrate temperature, 50 nm thick film is grown on glass substrate by applying an electric
field of 1500V/mm - 4400V/mm with a constant deposition rate of 0.4 - 0.6 Å/s, with bright field
(BF) illumination at 50 X magnification. Blue arrow sign indicates the direction of electric field.
The separation between two electrodes was 1mm and 0.5 mm during all the experiments.
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3.6.2

Discussion
The most prominent surface morphology variance has been observed within the samples

of 1-triacontanol and 1-chlorotriacontane at a substrate temperature of 30.0 ºC. These samples
were prepared by applying an electric field strength of 2200 - 4400 V/mm during the PVD process.
When the samples are prepared in the presence of electric field, a uniform film was observed from
the polarized optical microscope as shown in Figure 3.9 (f and h). A hypothesis was proposed to
explain the surface morphology of these flat uniform films.
It was proposed that once an electric field was applied the deposited molecule started
aligning in the direction parallel to the applied field. So, it resulted in an oriented film grown by
epitaxially. This is indicated by formation of a flat film as observed from the optical microscope
represented by Fig 3.7 (f and h). According to Nozaki et al.32 on glass substrate alkane molecules
can have both normal and perpendicular orientation. It might possible that the effect of electric
field is stronger on the polar molecules which were oriented in parallel direction as compared to
the molecular orientation perpendicular to the substrate direction. But there are several other
factors that includes thermal conductivity, surface mobility, surface interaction changes and kinetic
trapping of the molecules which could play an important role during the film morphology. Direct
measurement of orientation is needed.
Further to strengthen our assumptions there was a need to analyse the oriented sample by
using NEXAFS spectromicroscopy which is sensitive to molecular orientation with significantly
higher spatial resolution than optical microcopy.33 It was assumed that on glass substrate the
presence of flat film could be an indication of an electric field aligned film which can be prove
and further study by NEXAFS spectroscopy.
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After obtaining the test samples on glass substrate it was decided to proceed the experiment
by using Si3N4 wafers and then later use Si3N4 windows. For transmission spectroscopy substrate
should be very thin and X-ray transparent. Initially, Si3N4 coated wafer was cut into different
dimensions and sample was cleaned and sonicated thoroughly with trichloroethylene, acetone, and
ethanol consecutively for 5 minutes each. The next step was to deposit gold electrodes in a similar
manner as fabricated on glass substrate as shown in fig 3.4. Experiment was repeated using
previous experimental set-up as used earlier with glass substrate. However, when the electric field
was applied across the Si3N4 substrate the power supply got tripped even at lowest electric field
strength of 500 V/mm. These trips indicated a current flow between the electrodes that exceeds
the power limit of the high voltage supply, and therefore the existence of a weakly conductive path
between electrodes. After multiple attempts the issue of high voltage supply machine tripping was
not resolved so it was decided to re-design the gold electrodes before making any sample further.
It was decided to improve the method of electrode fabrication so to avoid the power supply tripping
during the sample preparation.
3.7

Improved Methods for Electrode Formation
After working with Si3N4 substrate, the high voltage power supply tripped during the PVD

process. It was hypothesized that the masking may have been insufficient, and a gold shadow
underneath the mask created a conductive pathway between the electrodes resulting a conduction.
Different methodologies were tried to fabricate gold electrodes on the substrate.
3.7.1

Electrode Formation on Si3N4 Substrate with Improved Masking
According to experimental design gold electrodes were fabricated by placing a shiny

surface of silicon face down on top of Si3N4 wafer as a mask to avoid any gold contamination
during the electrode fabrication process by PVD.
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It was postulated that the masking was not adequate to prevent possible gold deposition
around the corners of the sample, which would provide conductive pathway from the electrodes to
the silicon substrate beneath the Si3N4 film. The new gold electrodes were fabricated by not only
placing a silicon piece as a mask in the centre of electrodes separation but also along the four edges
of Si3N4 wafer as shown in the figure 3.8 (b) below. This way two electrodes could be isolated
from each other and (ideally) without the formation of a conductive pathway through the Si wafer
underneath the Si3N4 top layer.

Shiny Si-side is facing downwards on the substrate
a

b

Figure 3.8: (A) Masking of Si3N4 wafer with Silicon in the centre and (B) Masking of
Si3N4 wafer with Silicon around the corners and centre
After using the newly fabricated substrate with electric field the high voltage power supply
continued to trip. Then, it was decided to avoid masking with Si-wafer piece and adopt a simpler
‘lift off’ methodology.
3.7.2

Removable Nail Color Masking Method
Another approach was adopted to obtain the gold electrodes by applying removable nail

color which were available in the market in the form of pens with thin tips. The purpose of using
the removable nail color was to coat/mask the substrate surface during gold electrode fabrication.
Then, by using acetone this nail color could be easily removed from the substrate surface after the
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electrode fabrication. This is similar to ‘lift off’ lithography measurements. So, in this way a clean
substrate surface between gold electrodes could be obtained, with no risk of gold deposition in the
areas under the nail polish.
To prepare the substrate, the Si3N4 wafer was sonicated with trichloroethylene, acetone,
and ethanol consecutively for 5 minutes each, the nail color was applied according to the design
of electrodes and then a layer of gold was deposited by PVD as shown in the figure below. This
nail color layer acted as a masking agent during the gold deposition process and gave a fresh Si3N4
(gold free) surface after removing the nail color with acetone. But later, once the experiment was
repeated by applying electric field the power supply continued to trip. The following figure 3.9 is
clearly indicating the how the masking was done and how the gold electrodes looked like after
fabrication.
Nail color as a mask

a

Gold electrodes after deposition

b

Figure 3.9: Masking of Si3N4 with removable nail color to fabricate gold electrode (A)
Before gold deposition (B) After gold deposition. The distance between gold electrodes was
approximately 1mm apart.
3.7.3

Kapton Tape Masking Method
It was decided to put on Kapton tape (compatible with high vacuum) as a masking agent

to fabricate gold electrodes as shown in the figure below. Sticky adhesive material with the
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substrate was put into the soap water solution for 2 minutes and then washed thoroughly with the
warm water. Then, it was washed with acetone and examined under the microscope. After applying
the electric field through gold electrodes, the power supply continued to trip.

agent

Figure 3.10: Different steps of gold electrodes fabrication by using Kapton tap as masking
After carefully revising different masking techniques still no success with the tripping

issue.
3.8

Limitations of the Experimental Method
The high voltage power supply tripping became a main issue for the progression of

experimental procedure. To resolve this issue two hypotheses were made:
1. The method of masking during the gold deposition for electrode fabrication was not secure
enough to avoid any thin gold layer formation between electrodes, causing the tripping of
the system.
2. Possibly, there is some intrinsic conduction within the Si3N4 wafer or to the Si substrate.
Instead of putting more efforts to develop methodologies for fabricating gold electrodes it
was decided to consider the second hypothesis. It was suggested may be the assumption about the
presence of some intrinsic conduction within the Si3N4 wafer could be true. To verify the
hypothesis #2, instead of depositing gold electrodes, silver paint was used to fabricate silver
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electrodes 1 mm apart on Si3N4 substrate. After applying an electric field strength of 500 V/mm
the power supply system again tripped. This suggested that the reason for this tripping issue was
most likely due to intrinsic conduction of the Si3N4 substrate.
Some modifications on the substrate could possibly lead to obtain the desire results by
avoiding the conduction issue. The modification could be the deposition of thin, non-conductive,
X-ray transparent SiO2 film on the surface of Si3N4 membrane and then deposition of electrodes
on top to avoid intrinsic conduction of the Si3N4 membrane However, to modify the substrate, the
production process of commercial Si3N4 membranes would need to be modified, at a high cost for
this speciality product. As there wasn’t a feasible path forward, a new research project was
proposed for obtaining and studying stable organic glasses These projects are explained in detail
in Chapter 4 and Chapter 5.
3.9

Outcome of the Project
Although experimental limitation does not lead us to proceed the project, but it was

determined that Si3N4 does not induce any epitaxial growth. Secondly, on glass substrate molecular
alignment was observed in the form of flat film, which was a success of experimental design, but
the orientation was not well characterized due to limitations.
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4
4.1

INTERNAL MOLECULAR CONFORMATION AND STABILITY OF
ORGANIC MOLECULAR GLASSES: A NEXAFS STUDY
Description
Chapter 4 investigates how NEXAFS spectroscopy is sensitive to molecular conformations

among different samples of TPD. PVD grown organic glasses have already shown enhanced
stability, increased density on the substrate temperature during the deposition process. It is
hypothesized that increased density of organic glass films is related to molecular conformation
that gives a more compact molecular structure and therefore leads to a denser packing of
molecules. The objective of this research work is to use NEXAFS spectroscopy to characterize the
role of internal molecular conformation and packing of the molecules. During the study we have
used the film and powdered samples of N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD)
to explore how the NEXAFS spectroscopy is sensitive to stability and molecular packing based on
the density variations. TPD-films are prepared at variable substrate temperatures by physical vapor
deposition process. TPD-powder samples are prepared by pressing the powder in to thin layer at
room temperature. Changes in the NEXAFS spectra are related with differences in density among
different forms of TPD. TPD is a non-linear aromatic compound. This varying density is related
with different degree of packing and presence of different dihedral among powder and film
samples.
The NEXAFS data was collected by both experimental analysis and DFT simulations. DFT
simulations were used to model how carbon 1s → π*Aromatic transition energies vary with the
internal molecular conformation, as determined by specific dihedral angles within the TPD
molecule. geometry optimization with the program Gaussian 16 using density functional theory
calculations with the MO62X model and the 6-31+G(d,p) basis set.
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The experimental and theoretical work in this study has been published in the Journal
of Chemical Physics [Reproduced with permission from Journal of Chemical Physics, 155,
034503-09 Amara Zuhaib and Stephen G. Urquhart, Internal molecular conformation of
organic glasses: A NEXAFS study Copyright 2021, American Institute of Physics]. This
chapter is a literal copy of a paper published in the Journal of Chemical Physics with changes
to make figures and table numbers consistent throughout the thesis
4.2

Description of Candidate Contribution
The author of this thesis was the primary investigator of this research work, and she

developed the research concept of this study, preparation of the samples, experimental data
acquisition, interpretations of the results, and writing of the document. J. Wang and T. Rieger
helped with the experimental set-up in CLS. Stephen. G. Urquhart performed the DFT simulations
and provided guidance throughout the experiments, process of data analysis and in the editing
process of the documents.
4.3

Relation of Contribution to Research Objectives
The stability of organic glasses prepared by PVD has an impact in organic photovoltaics.

The factors responsible for increased stability in organic glasses prepared by PVD are directly
related with internal conformations of organic glasses. The internal conformation has been
investigated by NEXAFS spectroscopy with the aid of DFT simulation. These outcomes helped us
in achieving our goal of structural characterization of organic glasses.
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4.4

Internal Molecular Conformation of Organic Glasses: A NEXAFS Study

Amara Zuhaib and Stephen G. Urquhart* Department of Chemistry, University of Saskatchewan,
Saskatoon, SK, Treaty Six Territory, Canada S7N 5C9
Abstract
The origin of the exceptional stability of molecular glasses grown by physical vapor
deposition (PVD) is not well understood. Differences in glass density have been correlated with
thermodynamic stability for thin films of N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine
(TPD) grown by PVD at specific substrate temperatures below the glass transition temperature.
However, the relationship between the internal conformation of glass molecules and
thermodynamic properties of the molecular glasses is not well studied. We use carbon 1s near edge
X-ray absorption fine structure (NEXAFS) spectroscopy to examine different TPD sample
preparations in which differences in thermodynamic stability of the glass are known. DFT
simulations of the NEXAFS spectra of TPD allow us to attribute spectroscopic differences to
changes in the internal conformation of the TPD molecule and relate this conformation to the
stability of the TPD glass. This provides a direct experimental measurement of the internal
conformation of molecules forming an organic glass
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4.4.1

Introduction
Glasses are non-equilibrium materials that can be formed by cooling liquids below their

melting point, where crystallization is avoided during the cooling process. Organic glasses have
been subject to strong research interest, as physical vapor deposition (PVD) was shown to prepare
organic glasses with exceptional thermal stability.1-3 These PVD-grown organic glasses have a
higher density,4-7 more efficient molecular packing,8-10 and a lower enthalpy1, 8, 11-12 and heat
capacity13 than liquid cooled glasses. Other characteristics of PVD-grown organic glasses include
an increased resistance towards water uptake14 and a thermal expansion coefﬁcient 3-14% lower
than that of ordinary glasses.4 PVD-grown organic glasses show improved electrical performance
in organic thin-film devices6 and improved resistance to photodegradation.1, 7 An ordinary glass
would need to be aged for over a thousand years to prepare a material with the properties (density,
stability, etc.) possible to obtain through PVD-growth.8 A better understanding of the origin of the
stability of these organic glasses could lead to better use of these materials in advanced organic
electronic materials.15-16
The origin of the exceptional stability of PVD-grown organic glasses has been the subject
of intense investigation. The enhanced surface mobility of the molecules during PVD growth is
believed to be an important factor for the glass stability; this mobility is related to the substrate
temperature during deposition.8 Stable glasses are formed when the substrate temperature is kept
close to 0.85 Tg, where Tg is the glass transition temperature of the liquid cooled glass.1 Enhanced
surface mobility during deposition is expected to lead to a partial equilibration of molecules at the
glass surface, before the deposit is buried by subsequent layers.17-18 This would result in a higher
stability and density in these PVD-grown glasses.8, 1, 19-20 When deposition is performed on a cold
substrate, the reduced surface mobility causes the deposited molecules to stick without undergoing
rearrangement, making lower density and lower stability glass films.21
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Deposition rate can also affect the stability and density of PVD grown organic glasses.11
When organic glasses were grown with a lower deposition rate, a decrease in fictive temperature
(Tf) and an increase in onset temperature (Tonset) was observed, indicating increased kinetic stability
with decreased deposition rate.22 A slower deposition rate will give deposited molecules more time
to explore lower energy configurations on the film surface before being covered by subsequent
layers.8 A comparison of PVD-grown organic glasses prepared at different deposition rates with
ordinary glasses aged for a long period of time suggest that molecular rearrangement at the film
surface during deposition is much more rapid than bulk rearrangements.8
The stability of PVD grown molecular glasses is also linked with preferential molecular
orientation in some PVD grown organic glasses,18, 23 which suggests a relationship between the
high kinetic stability and anisotropic molecular packing.22-23 Studies of PVD-grown organic
glasses show a correlation between increased thermodynamic stability and higher film density.22,
24-26

Near edge X-ray absorption fine structure (NEXAFS) spectroscopy is sensitive to structure
and bonding in organic molecules,27-28 molecular orientation,29-31 some forms of intermolecular
interactions,32 and internal molecular conformation in conjugated molecules.33 Bishop et al. used
angle dependent NEXAFS spectroscopy with surface sensitive partial electron yield detection to
examine the surface structure of liquid cooled glasses of posaconazole.34 Linear dichroism in these
spectra demonstrated that posaconazole molecules at the free surface of the liquid cooled glass are
highly oriented.34 NEXAFS spectra can be highly sensitive to internal molecular conformation,
through extended π-conjugation.33, 35 For example, Urquhart et al.33 demonstrated the sensitivity
of NEXAFS spectroscopy to chain conformation and aggregation in poly(3-hexylthiophene-2,5diyl) (P3HT).
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In this work, we use NEXAFS spectroscopy to measure the internal molecular
conformation of TPD within different sample preparations. This material has been extensively
studied as a stable organic glass.23,

36

Characteristic spectroscopic energy shifts and spectral

broadening are used together with DFT simulations to determine the internal molecular
conformations in TPD glasses.
4.4.2

Experimental
4.4.2.1 Sample Preparation
N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD, 99%) was purchased from

Sigma Aldrich and used without purification. Silicon monoxide coated transmission electron
microscopy (TEM) grids (Ted Pella, USA) were used as substrates for PVD deposited TDP thin
films. The formvar support layer was removed using chloroform solvent before deposition. Indium
foil (5x5 square mm) was used as a substrate for examination of TPD in powder form.
TPD thin films were grown by PVD on silicon monoxide coated TEM grids. Deposition
occurred from a resistively heated tungsten boat, at pressures below 10-7 torr. The film thickness
and rate of the deposition were monitored with a quartz crystal microbalance, and a rate of 0.7 0.9 Å/s was used for all depositions. The total sample deposited thickness was 90 nm. The substrate
temperature during deposition was held at specific temperatures from -11 to 56 ± 0.5 °C with a
Peltier thermoelectric module. The substrate temperature was measured with a thermistor, which
provided feedback to a TC-48-20 thermoelectric temperature controller (TE Technologies Inc).
Three films were prepared, with substrate temperatures during deposition of -11.0 ˚C, 25.0 ˚C and
56.0 ˚C. Taking the Tg for TPD as 330 K,36 these deposition temperatures correspond to 0.79 Tg,
0.90 Tg and 1.0 Tg when represented relative to the glass transition temperature. TPD powder
samples were prepared by pressing the powder into clean indium foil surface.
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4.4.2.2.

X-ray Absorption Spectroscopy

Scanning Transmission X-ray Microscopy (STXM) was used to acquire NEXAFS spectra
for the PVD grown TPD films. Experiments were performed on the ambient STXM microscope
at the Spectromicroscopy (SM) beamline (10ID-1) at the Canadian Light Source.37 The beamline
exit slits were set to 35 microns with low energy grating, which corresponds to resolving power
(E/DE) of around 3000.37 Left circularly polarized photons were used. The energy scale of spectra
recorded on the SM beamline was determined by introducing CO2 into the STXM microscope
chamber with the TPD sample in place. The calibration of monochromator energy scale was based
on the two vibronic peaks of gaseous carbon dioxide (CO2): carbon 1s →3s (ν=0) and carbon 1s
→3p (ν=0) transitions in CO2, which were set to the literature values of 292.74 eV and 294.96 eV,
respectively.38 Carbon 1s NEXAFS spectra extracted from different sample regions in the STXM
microscope are reported as optical density (OD = -ln (I/Io)) versus energy, where Io was taken
through a broken window of the SiO coated TEM grid. The post-edge of background subtracted
NEXAFS spectra were calibrated to the background subtracted atomic cross-section of carbon.39
Carbon 1s NEXAFS spectra of the TPD powder compound was recorded on the SGM
beamline (11ID-1) at the Canadian Light Source in total electron yield (TEY) detection mode.40
The beamline exit slit was set to 25 microns with the low energy grating, which corresponds to a
resolving power more than 5000. TEY detection on the SGM was used because it was not possible
to obtain a sufficiently thin samples of the powder for transmission measurements in the STXM.
TEY spectra were normalized by taking the ratio of the sample current (I) and the gold reference
current (IR), where the gold reference spectrum was acquired in a separate scan. The energy scale
of the SGM spectrum of TPD powder was calibrated by shifting the Carbon 1s(C-H) →π*Aromatic
transition (at ~285.20 eV) to match the energy of same band in the NEXAFS spectra of TPD thin
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films measured in the STXM, for which a precise gas phase calibration was obtained. Data
presented below shows that the Carbon 1s(C-H) →π*Aromatic transition energy does not vary
between different sample preparations.
Spectral analysis was performed using aXis 200041 and spectra were plotted for
presentation using OriginPro software package.42 Fits to determine NEXAFS peak energies were
performed using Sigma plot v10.0,43 and fits to characterize spectroscopic data as a plane (e.g. z =
ax + by + c) were performed with published python codes.44
4.4.3

Computational Methods
DFT simulations were used to model how Carbon 1s →π *Aromatic transition energies45 vary

with the internal molecular conformation, as determined by specific dihedral angles within the
TPD molecule. The molecular structure of TPD (Scheme 1) shows the following variables: the
angle of the terminal phenyl or tolyl groups (v1); the angle between the two phenyl rings
compromising the biphenyl group (v2); and relative angle and planarity of the tertiary amine group
(v3).

Scheme 1: Schematic of the TPD molecule, with the terminal phenyl/tolyl (v1), biphenyl
(v2) and amine plane (v3) dihedrals indicated
The equilibrium geometry of TPD and the geometry and total energy of TPD with varied
geometries were obtained through geometry optimization with the program Gaussian 1646 using
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density functional theory calculations with the MO62X model and the 6-31+G(d,p) basis set. The
equilibrium geometry was obtained from an unrestricted geometry optimization; no imaginary
frequencies were found.
To examine the effect of internal molecular conformation, calculations were performed to
determine the total energy with respect to phenyl group rotation. Dihedral angles v1 and v2 were
fixed while all other structural variables were varied to minimize the total energy of the molecule.
Calculations were performed with these dihedral angles varied as a set between 20° and 70° in 5°
steps for the phenyl/tolyl dihedral angle (v1) and between 20° and 90° in 5° steps for the biphenyl
dihedral angle (v2). Dihedral angles of less than 20° lead to unphysical results due to steric
interference.
DFT simulations of NEXAFS spectra were obtained using the program deMon2k version
6.0.147,48 using the PBE functional. The transition potential (TP-DFT) method and the half-corehole approximation were used to simulate the effect of the core hole.49 Diffuse functions (IGLOIII)50 and extensive augmentation (XAS-I)49 were used for the core excited atom, and equivalent
core potentials were used on all other atoms except hydrogen, which was a triple zeta basis
function. Simulations were obtained for each carbon atom in the TPD molecule and summed to
obtain an overall molecular NEXAFS spectrum.
4.4.4

Results
Figure 4.1a (top) presents the Carbon 1s NEXAFS spectra of a TPD thin film (prepared by

PVD at 0.79 Tg) and TPD in powder form. The width of features in the NEXAFS spectrum of the
powder are narrower on account of the higher resolving power of those data (E/ΔE of 5000 versus
3000). Minor shape differences between these spectra are attributed to the difference in detection
mode, as transmission detection has better fidelity to the absorption cross section than TEY
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detection. Figure 4.1b (bottom) presents a close-up of the π* region of these NEXAFS spectra.
The first band at ~285 eV is assigned as the Carbon 1s(C-H) →π*Aromatic transition, originating
from phenyl ring carbon atom sites that have C-H bonding. The second band at ~286.2 eV is
assigned as the Carbon 1s(C-R) →π*Aromatic transition, where the “C-R” notation refers to the
NEXAFS transition originating from phenyl ring carbon atom sites that are bonded to a substituent.
Carbon 1s(C-R) →π*Aromatic transitions are shifted to higher energy on account of the inductive
effect of the group bonded to the C-R site.51 A small shift in the energy of the Carbon 1s(C-R)
→π*Aromatic band (e.g. C-R π* band) is perceptible between the powder and thin film spectrum,
while the Carbon 1s(C-H) →π*Aromatic band (e.g. C-H π* band) appears at nearly constant energy,
albeit with energy resolution differences. We use the notation C-H/C-R π* band to refer to the
experimental peak, which can be formed from multiple Carbon 1s(C-H/C-R) →π*Aromatic
transitions.
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Figure 4.1:(a) Carbon 1s NEXAFS spectra of different forms of TPD: TPD film prepared
by PVD at 0.79 Tg (black trace) and TPD powder (red trace), obtained with left circular polarized
light. (b) Close-up of the NEXAFS spectra changes in Carbon 1s →π* region
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Figure 4.2 presents the experimental carbon 1s NEXAFS spectra of a series of TPD thin
films that were deposited onto substrates held at temperatures corresponding to 0.79 Tg, 0.90 Tg,
and 1.0 Tg. The full spectra (Figure 2a, top) are similar on account of the consistent thickness of
the samples and the use of transmission detection. Figure 2b (middle) presents the carbon 1s
NEXAFS spectra of the C-H and C-R π* region, while Figure 2c (bottom) focuses on the small
changes present in the C-R π * band. The TPD film sample deposited onto a substrate at 1.0 Tg has
a broader C-R π* band than that band in the spectra of samples deposited onto substrates held at
0.79 Tg and 0.90 Tg. As the apparent width and the energy of the C-R π* band can be interpreted
subjectively on the basis of data presentation, the results of Gaussian fits of this band are presented
in Table 1. These fit data show that the film deposited at 1.0 Tg has a broader C-R π* band (0.572
eV) than the 0.79 Tg and 0.90 Tg samples (0.462 eV and 0.449 eV, respectively), and that the
energy of this band appears at slightly lower for the sample deposited at 1.0 Tg (286.120 eV) than
in the samples deposited at 0.79 Tg and 0.90 Tg samples (286.130 eV and 286.133 eV,
respectively); the latter difference is small relative to the estimated uncertainty (20 meV).
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Figure 4.2: (a) Carbon 1s NEXAFS spectra of TPD films prepared by physical vapor
deposition at different substrate temperatures: 0.79 Tg (black trace), 0.9 Tg (red trace) and 1.0 Tg
(blue trace), obtained with left circular polarized light. (b) Close up to show spectral changes in
Carbon 1s (C-H→π* Aromatic (C-H π* band; 285 eV) and Carbon 1s(C-R) →π*Aromatic (C-R π* band;
~286.2 eV) regions and (c) a close up of the Carbon 1s(C-R) →π*Aromatic (C-R π* band; ~286.2
eV) region.
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The difference in the C-R π* band between the TPD thin film and TPD powder spectra is
much larger; this band is narrower (0.358 eV compared to 0.449 - 0.572 eV) and shifted to higher
energy (286.290 eV, from 286.120 - 286.133 eV) in the powder. The significance of these results
will be discussed below.
TPD
Sample
0.79 Tg
0.90 Tg
1.0 Tg
TPD
Powder

Energy
(eV) (xo)b
286.130
286.133
286.120

Width
(eV) (2)b
0.462
0.449
0.572

Fit Parameters
Pre-exponential
factor (a)
0.608
0.666
0.754

286.290

0.358

0.462

Background
(yo)
0.453
0.462
0.342
0.498

R2
0.9847
0.9948
0.9721
0.9903

Table 4.1: Gaussian fits of the experimental C-R π* band for TPD powder and TPD thin
films. a. Sigma plot (version 10.0)43 was used to fit the C-R π* band; band to a single Gaussian
1 𝑥𝑥−𝑥𝑥𝑜𝑜 2
�
𝜎𝜎

peak, using a four-parameter fit, 𝑓𝑓(𝑥𝑥) = 𝑦𝑦𝑜𝑜 + 𝑎𝑎 𝑒𝑒 −2�
positions and widths is estimated at 20 meV.

b. The uncertainty in the energy

DFT simulations of the NEXAFS spectra are used to understand how the spectra evolve
with internal conformation, in particular the C-R π* band. Figure 3 presents a simulation of the
Carbon 1s NEXAFS spectrum of TPD calculated by TP-DFT calculations. This simulation was
performed with a representative fixed geometry (v1 = 40°; v2 = 30°; v3 = 39° that is similar to the
calculated equilibrium geometry of TDP (v1 = 39.9º - 40.7º; v2 = 38.0º; v3 = 39.2º – 39.6º). The
individual atomic contributions of different chemical moieties in TDP (terminal phenyl, terminal
tolyl, and central biphenyl group) are presented with different vertical offsets. This simulation is
compared to a representative experimental carbon 1s NEXAFS spectrum of TPD, which is
presented with a 1.5 eV energy shift to account for the well-known energy difference between
experiment and calculation.
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Figure 4.3: TP-DFT simulations of the carbon 1s NEXAFS spectra of TPD at a selected
geometry (v1 = 40°; v2 = 30°). Contributions from chemically inequivalent atoms in the terminal
phenyl, terminal tolyl and central biphenyl groups are indicated by separate traces, as well as the
total simulated spectrum (sum). (top) Experimental carbon 1s NEXAFS spectrum of a TPD thin
film (deposited on a substrate at 25º C or 0.90 Tg). The energy scale of these plots is offset by 1.50
eV to align the experimental spectra with the calculated data.
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The TP-DFT simulation shows how the lower energy C-H π* band (~285.0 eV) and the
higher energy C-R π * band arise from individual carbon 1s →π * transitions that reflect the local
chemical environment of each carbon atom in the molecule. The experimental spectrum is broader
than the TP-DFT simulation on account of the presence of vibronic character (e.g., Carbon 1s(ν=0)
→π*(ν=1, 2, etc) transitions) that are not considered in the TP-DFT simulations. For comparison,
references 52 and 53 present a discussion of vibronic effects in benzene53 and polystyrene,52 which
have similar vibronic character as the phenyl and tolyl moieties in TPD. While vibronic structure
is significant in the C-H π* band, the TP-DFT simulation in Figure 3 also shows the importance
of small chemical shifts to the overall shape of this band.
The TP-DFT simulation also shows a series of Carbon 1s(C-R) →π*Aromatic transitions
attributed to different moieties bonded to the phenyl ring.51 The shift in the Carbon 1s(C-R)
→π*Aromatic transitions due to phenyl-phenyl bonding in biphenyl group is relatively small, so the
transitions for these sites appears within the C-H π* band. There are two well separated C-R π*
features: one associated with C-R bonding of the biphenyl group to the amine group (bottom trace,
~287.45 eV) and a second that is a degenerate combination of the C-R bonding of the tolyl/phenyl
bonding to the amine group. The C-R π* transitions associated with the amine group (e.g., C-R(N)
sites) are well separated from the C-H π* band and form the experimentally observed C-R π* band.
The experimental NEXAFS spectra shown in Figures 4.1 and 4.2 show a small but distinct
variation in the C-R π* band between different sample preparations. We hypothesize that these
shifts are due to changes in the internal conformation of the TPD molecule. Scheme 1 shows a
series of likely conformational variables, where the TPD molecule can show conformational
flexibility by rotation of the terminal phenyl or tolyl groups (v1), rotation of the biphenyl dihedral
angle (v2) or rotation of the amine group (v3) plane. A comparison of DFT-calculations with solid-
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state NMR measurements of a melt-quenched TPD sample shows that the DFT-optimized structure
reasonably reflects the TPD structure in the condensed amorphous state.54 A comparison of XRD
and NMR show considerable variability in the dihedral angles of the phenyl and tolyl rings in the
solid state.55,54 Variable temperature XRD shows that significant rotational movement of the
terminal phenyl/tolyl rings persists down to 150 K.55 Further, XRD and NMR results show that
TPD amine group is planar. 55-56
To examine the dependence of the C-R π* band on the internal molecular conformation,
DFT calculations were performed to examine the total energy of TPD as a function of the
phenyl/tolyl substituent dihedral angles (v1) and the biphenyl dihedral angles (v2). The tertiary
amine plane angle (v3) was not varied, as this tends to a consistent inclined position (~39º). For
reference, our geometry optimization calculations of TDP (unrestricted optimization, no imaginary
frequencies) predict that the terminal phenyl/tolyl groups have dihedral angles (v1) in the range
39.9º - 40.7º, the benzene rings in the central biphenyl group have the dihedral angle (v2) of 38.0º,
and the tertiary amine groups (v3) are planar but rotated by ~39.2º – 39.6º with respect to the
benzene ring of the biphenyl group.
This energy surface plot is presented in Figure 4.4. The minimum energy is observed for
v1 = 40°, and v2 = 40°, which is consistent with the equilibrium structure calculation. There is a
higher barrier to rotation of the phenyl and tolyl groups on account of steric interference from the
tolyl’s methyl groups. A wider variation in the biphenyl dihedral is possible in the TDP samples,
while rotation of the terminal phenyl/tolyl groups will be more tightly circumscribed by the
significantly higher slope of this energy surface.
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Figure 4.4: Calculated total energy of TPD as a function of the phenyl/tolyl dihedral angle
(v1) and the biphenyl dihedral angle (v2). Energies were provided from DFT geometry optimization
calculations with fixed dihedral angles.
The surface presented in Figure 4.4 shows the constraints in which molecular conformation
can vary in the formation of the TPD glass. This energy plot does not account for intermolecular
interactions in the molecular solid, as we expect that intramolecular interactions will also
contribute to the structural landscape of molecular solids.
TP-DFT simulations were performed to explore the effect of this internal molecular
conformation on the NEXAFS spectra of the TPD samples. Figure 4.5 presents the simulated
carbon 1s NEXAFS spectra of TPD at a series of phenyl/tolyl dihedral angles (v1 = 30°, 40° and
50°; top, middle, and bottom set of traces) and then at a series of biphenyl dihedral angles (20° ≤
125

v2 ≤ 60°). The energy of the C-H π* band and the C-R(Me) π*Aromatic transitions are relatively
consistent for these conformations. These data show clear shifts in the C-R(N) π*Aromatic transitions
associated with phenyl/tolyl C-R(amine) bonding (indicated by an asterisk) and the C-R(N)
π*Aromatic transitions associated with C-R(biphenyl-amine) bonding (indicated by a pound sign).
The peak that arises from the C-R(N) sites on the phenyl / tolyl groups (*) is more intense than
that from the biphenyl C-R(N) sites (#) on account of the number of atoms in each site (4:2 ratio).
Considerable variation in the energy of these C-R(N) π*Aromatic transitions as a function of v1 and
v2 dihedral angles is observed.
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Figure 4.5: (bottom) TP-DFT simulations of the carbon 1s NEXAFS spectra at a series of
phenyl/tolyl dihedral angles (v1 = 30°, 40° and 50°) and biphenyl dihedral angles (20° ≤ v2 ≤60°).
(top) Experimental carbon 1s NEXAFS spectrum of a TPD thin film (deposited on a substrate at
25º C or 0.90 Tg). The energy scale of these plots is offset by 1.50 eV to align the experimental
spectra with the calculated data.
127

To better illustrate the shifts in the C-R(N) π* band as a function of molecular
conformation, these transition energies are plotted as a function of v1 and v2 dihedral angle in
Figure 4.6.

Figure 4.6: Energy of the Carbon 1s (C-R) →π*Aromatic transition for amine bonding sites
on the biphenyl group (top) and phenyl/tolyl groups (bottom) as a function of biphenyl (v2) and
terminal phenyl/tolyl dihedral angles (v1). The x-axis is set to match the experimental energy scale.
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The top pane of Figure 4.6 presents the energy of the Carbon 1s(C-R(N)) →π*Aromatic
transition originating on the biphenyl group C-R(N) atoms, and the bottom pane the energy of the
Carbon 1s(C-R(N)) →π*Aromatic transition originating on the terminal phenyl/tolyl C-R(N) atoms.
In both cases, these energy surfaces are nearly planar, and were fit to the equation of a plane (z =
ax + by +c) using a python code.44 The results of this fit are presented in Table 2. As shown by the
slopes obtained from this fit, the biphenyl dihedral angle (v2) has a weaker effect on the C-R(N)
π* peak energies, in part from distance of this dihedral angle from the core excited atom sites.

Biphenyl Carbon 1s(C-R(N) →π*Aromatic transition
z = 0.014414 (v1) + 0.005216 (v2) + 286.7182a
Phenyl / tolyl Carbon 1s(C-R(N) →π*Aromatic transition
z = -0.009039 (v1) + 0.000272 (v2) + 288.0381a

Table 4.2: Results of a fit to determine the parameters of a plane defining the energy of
the Phenyl/tolyl C-R(N) carbon 1s(C-R) →π*Aromatic transition and the biphenyl carbon 1s(C-R)
→π*Aromatic transition as a function of v1 (phenyl/tolyl dihedral angle) and v2 (diphenyl dihedral
angle). A published python code was used for this fit.44 The energy scale is set to match the
experimental scale. (a) The energy scale has been recalibrated to the experimental energy scale by
the subtraction of 1.5 eV. The energy scale accuracy is estimated as 20 meV.
4.4.5

Discussion

The experimental results presented in Figures 4.1 and 4.2 show that the width and energy
of the C-R(N) π* band varies between different TPD sample preparations. Specifically, the CR(N) π* band appears at higher energy for the powder TPD sample, while the position and breadth
of the C-R(N) π* band varies modestly for TPD thin film deposited at different substrate
temperatures. The C-R(N) π* band is the narrowest in the TPD powder sample, then next narrowest
for the sample deposited with a substrate temperature of 0.90 Tg and 0.79 Tg. The width of the C129

R(N) π* band is somewhat broader in the TPD samples deposited at higher substrate temperatures
of 1.0 Tg.
We hypothesize that the differences in density observed between more stable glasses
(which show greater density) and less stable glasses (which show lower density) are related to
molecular packing, which is indirectly related to the internal conformation of the molecule. Our
experimental approach is sensitive to internal molecular conformation, thus providing new
experimental information on the structure of molecular glasses.
TP-DFT simulations show how the C-R(N) π* band varies with the internal molecular
conformation. In this regard, the narrower C-R(N) π* band in the TPD powder and the 0.90 Tg thin
film sample is consistent with a narrower range of conformations of the TPD molecule, while the
broader C-R(N) π* bands for TPD samples deposited at higher substrate temperatures indicate a
broader range of molecular conformations in these films. Nevertheless, the range of dihedral angles
is not high.
The energy of the C-R(N) π* band can be used to determine the internal molecular
geometry of TPD. The sensitivity of NEXAFS to internal conformation is well known,35 and recent
studies using TP-DFT calculations have shown sufficient precision to extract structural
information on the conformation of the P3HT chain with different degrees of regio-regularity and
annealing.33 Calculated Carbon 1s →π* transition energies align well with experiment, once the
fixed offset between calculated and experimental energy scales is accounted for. From this, the
internal conformation can be extracted from measured transition energies. This approach is used
here to measure the internal conformation of TPD in powder and thin film samples.
The offset between experiment and calculation is determined from the data in Figure 4.3.
The ~285 eV (experimental energy scale) of the C-H π * band does not vary appreciably with
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internal molecular conformation (per Figure 4.5), so it is used to align experimental and
computational energy scales. As discussed above, the experimental C-H π* band broadens to
higher energy due to vibronic transitions, and perhaps broadened to a lesser extent due to nuclear
motion effects (see ref. 57). To avoid vibronic and possible nuclear motion broadening effects, we
have aligned the experimental maxima – which corresponds to the adiabatic Carbon 1s(C-H; ν=0)
→π*Aromatic(ν=0) transition – to the maximum in the calculated C-H π* band. Previous results
from the high resolution carbon 1s NEXAFS spectra of polystyrene show that the maxima in
experiment and calculation align,52 we expect a similar alignment for other substituted benzene
species.
An offset of 1.50 eV (± 0.05 eV) is required to align these scales in Figure 4.3, where the
uncertainty reflects the breadth of the C-H π* band maxima. For clarity of the following analysis,
we have recalibrated the calculated energy scales in Figure 4.6 and Table 2 to match the
experimental energy scales by subtraction of 1.50 eV. These data show the predicted relationship
between the C-R(N) π* band energy and internal conformation, based on TP-DFT calculations.
A quick review of the experimental data in Figures 4.3 and 4.5 shows a potential
complication of this analysis: the C-R(N) π* band consists of transitions from two different sites,
and that the phenyl/tolyl C-R(N) π* contributions are twice as intense as the biphenyl C-R(N) π*
contributions on account of the ratio of C-R(N) atoms (4:2). As shown in Figure 4.5, the C-R(N)
contributions from these sites respond differently to changes in the TPD dihedral angles.
As a starting point, we use the equations in Table 2 to calculate the Carbon 1s(C-R(N))
→π*Aromatic transition energies for the calculated equilibrium geometry of TPD (v1 = 39.9º - 40.7º;
v2 = 38.0º): the carbon 1s(C-R(N) phenyl / tolyl) →π*Aromatic transition would appear at 286.18 eV
and the Carbon 1s (C-R(N) biphenyl) →π*Aromatic transition at 286.00 eV (both on experimental
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energy scales). This is in good agreement with the experimental results for the C-R π* band
presented in Figure 2.
We can now use the equations in Table 2 to predict the dihedral angles in TPD, based on
the measured C-R(N) π* band energies. If we assume that both C-R(N) π * transitions occur at the
same energy (as tabulated in Table 2), then a direct solution for the angles v1 and v2 can be obtained.
These results are presented in Table 3, with the uncertainty originating from the calibration energy
scale calibration. These results are reasonable for the TPD thin film samples (dihedral angles of
41.6 – 47.6°), which are somewhat higher than the calculated equilibrium values for TPD (v1=
39.9º - 40.7º; v2 = 38.0º). The TDP powder results are very different (v2 = ~120º), suggesting that
the two C-R(N) transitions do not occur at the same energy.

Species
0.79 Tg
0.90 Tg
1.0 Tg
Powder

C-R energy
(eV)
286.13
286.133
286.12
286.29

v1 (°)a
45.5°
46.2°
47.5°
31.0°

v2 (°)a
46.2°
47.6°
41.6°
119.6°

Table 4.3: Calculation of Dihedral Angles – Single C-R π* Energy Assumption. A The
uncertainty of these dihedral angles is estimated from the uncertainty in the estimate of the offset
between experimental and calculated energy scales (50 meV) and the precision of the C-R fits (20
meV): v1 angles are ± 7° and v2 angles ± 28°. This uncertainty reflects the calibration of the set of
angles, and not a unique uncertainty for each angle measurement.
A closer examination of the C-R(N) π* band for the 0.79 Tg sample in Figure 4.2 suggests
that this band may be split into two, with weaker lower energy component at 285.9 eV and a
stronger higher energy component at 286.10 eV. We expect a 2:1 ratio between the phenyl / tolyl
C-R(N) π* band and the biphenyl C-R(N) π* band, so the weaker peak could be attributed to the
biphenyl C-R(N) π* contribution. This is a suggestion, and beyond what can be reasonably claimed
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from the data. Using these energies in the equations in Table 2, we obtain dihedral angles v1 = 48º
and v2 = -3º. This is close to an equilibrium v1dihedral, and nearly planar for the biphenyl v2
dihedral. The range of biphenyl v2 dihedral results is not unreasonable, given the low barrier to
rotation observed in Figure 4.4.
The difference between the TDP powder and thin film C-R π* bands – and the predicted
dihedral angles – are harder to rationalize. In truth, we know little about the structure of this TPD
powder; this is an ‘as received’ sample, following synthesis and purification by the chemical
supplier’s contractor. The density of the powder form of TPD is known to be less than that of
25

vacuum deposited TPD thin films (1.145 g/cm3 for the powder; 1.153 g/cm3 for thin film), where
increased density is correlated with increased stability. Taken with this density data, wider
divergences in the dihedral angles are expected for less stable forms of TPD such as the powder
sample.
The internal conformation of TPD is expected to be affected by molecular packing, arising
from the PVD process. For vacuum deposited films, molecules on the surface are highly mobile
and can reach a more stable configuration before being buried.
4.4.6

Conclusions

We have acquired the carbon 1s NEXAFS spectra of thin films of TPD prepared by PVD
on substrates with temperatures ranging from -11 ºC (0.79 Tg) to 56 ºC (1.0 Tg) as well as a
powdered PVD sample. Small but significant changes are observed in the C-R(N) π* band in these
spectra. TP-DFT calculations were used to explore the sensitivity of the C-R(N) π* band to the
internal molecular conformation in TPD. The calculations show a strong dependence of the CR(N) π* band energy on characteristic dihedral angles that define the internal conformation of
TPD. As TP-DFT calculations have an excellent precision and reliable calibration for π*
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transitions, the internal conformation of TPD was determined by combining experiment and
theory. Our results show that the internal conformation of TPD in PVD deposited thin films is
similar but slightly more twisted than that obtained from DFT calculations of an isolated molecule.
The most stable TPD samples (prepared at 0.79 Tg and 0.90 Tg) have a smaller range of internal
conformation dihedral angles, as shown by the narrower C-R(N) π* band, as well as a decrease in
the phenyl/tolyl rotation and an increase in the biphenyl rotation. The internal conformation arises
from the dynamics of molecular reorganization during deposition, and the increased density of the
more stable TPD films relates to closer packing, either reflected by or facilitated by the changes in
internal conformation of TPD in the glass.
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5
5.1

MOLECULAR ORIENTATION OF VAPOR DEPOSITED ORGANIC
GLASSES: A NEXAFS STUDY
Description
Chapter 5 deals with the measurement of molecular orientation in stable glasses by linear

dichroism (LD) in the Near Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy of
stable organic glasses. LD is used to measure the orientation of the molecules in the organic
samples.1 LD-NEXAFS is used to study the orientational preference in stable organic glasses of
N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) deposited by physical vapor deposition
(PVD). In the literature, ellipsometry and Grazing Incident Wide Angle X-ray Scattering
(GIWAXS) studies have been used to study the formation of some stable organic glasses with the
presence of some orientation order. During these studies, glasses were grown by PVD at varying
substrate temperature.
The main objective of this work is to investigate the molecular orientation among TPD
samples prepared at different substrate temperatures by LD-NEXAFS spectroscopy, which
correspond to different degrees of stability. A characteristic but weak LD have been observed
among the samples when deposited at substrate temperatures ranging between 0.79 Tg – 1.0 Tg with
glancing substrate geometry by using linear horizontal (LH) and linear vertical (LV) polarized
light. This geometry is sensitive to molecular orientation relative to the substrate. These LD
differences become zero when the substrate temperature is held at 1.0 Tg during the deposition
process. This is an indication of an isotopically oriented sample when deposited on a substrate held
at the glass transition temperature.
Another series of LD-NEXAFS experiments were performed with normal substrate
geometry, where the photon polarization can only be projected in the plane of the substrate. This
geometry is sensitive to molecular orientation about the surface normal. No LD has been observed
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among the glasses prepared at variable substrate temperatures, indicating that these glasses have a
random orientation around the substrate normal.
Overall, it is suggested that pancake shaped TPD molecules have their flat extent oriented
preferentially along the substrate surface when prepared at lower deposition temperatures ~ 0.79
Tg and its flat extent is oriented along the substrate normal at little higher temperatures during
deposition ~ 0.98 Tg and these glasses are randomly oriented when deposited onto a substrate at ~
1.0 Tg.
5.2

Description of Candidate Contribution
The author of this thesis was the primary investigator of this research work, and she

developed the research concept of this study, preparation of the samples, experimental data
acquisition, interpretations of the results, and writing of the document. J. Wang helped with the
experimental set-up. S. G Urquhart provided guidance throughout the experiments, process of data
analysis and actively involved in the editing process of the documents.
5.3

Relation of Contribution to Research Objectives
A weak orientation order of the films deposited on substrate temperature ranging between

0.79 Tg - 1.00 Tg has been revealed by LD-NEXAFS spectroscopy. The presence of weak
orientation order is related with the stability of glasses. These results confirmed the orientation
order as previously examined by ellipsometry and GIWAXS,2-3 providing a pathway to potential
X-ray microscopy orientation mapping experiments. These outcomes helped in achieving our goal
of structural characterization of organic glasses by using NEXAFS spectroscopy. The
experimental work in this study is explained in detailed below and will be in the format of
manuscript that is being prepared for publication.
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5.4

Revealing the molecular Orientation of Vapor Deposited Organic Glasses by NEXAFS
Amara Zuhaib and Stephen G. Urquhart* Department of Chemistry, University of
Saskatchewan, Saskatoon, SK, Treaty Six Territory, Canada S7N 5C9
Abstract
Anisotropic molecular orientation plays a vital role in opto-electronic device performance

in both crystalline and glassy system. Over the last decade, kinetically stable organic glasses have
been achieved by physical vapor deposition. These glasses have shown weak orientation order that
depends on the substrate temperature during physical vapor deposition by using ellipsometry and
GIWAXS.2-3 This work uses the orientation sensitivity (linear dichroism) in the Near Edge X-ray
Absorption Fine Structure (NEXAFS) spectroscopy of molecular glasses to study orientational
order in molecular glasses of N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD). Glasses
grown at substrate temperatures ranging from 0.79 Tg (11.0 ºC) – 1.0 Tg (58.0 ºC) (where Tg is
the glass transition temperature) showed characteristic but weak linear dichroism differences in
their NEXAFS spectra. A significant angular dependence of the Carbon 1s(C-H) →π*Aromatic
transition at 285.0 eV revealed that glass molecules adopted a weakly ordered geometry on the
substrate surface. This article will explore the prospects for NEXAFS analysis of orientation
preference in molecular glasses, and the unique information that this method can provide
5.4.1

Introduction
Organic glasses have gained enormous attention due to their extensive use in organic

optoelectronic devices.4-5 Organic glasses are used to form an active layer in organic light emitting
diodes (OLEDs) that are being used in many million cellphone displays.6 The use of a glassy
material within the active layers is advantageous over crystalline counterparts. Usually, glasses are
macroscopically homogeneous which means that glassy thin films can be fabricated over a large
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surface areas without grain boundaries.5 One of the advantages that a glass has over its crystalline
counterpart is the lack of grain boundaries that can act as traps for charges in polycrystalline films
and thus reduce the efficiency of a device.5 Glasses are also ideal for devices requiring smooth
films covering large areas. Recently, dense organic glasses with high stability, low enthalpy and
high glass transition temperatures have been deposited by physical vapor deposition.7,8,9-10 The
density of these vapor deposited glasses is equivalent to the density of a glass aged for a 104 years
of time.11 Multiple routes have been adopted to prepare organic glasses, for example rapid
cooling,12 cryo-melting and quench cooling.13
Since the last decade there has been continuous efforts in controlling the molecular
orientation in organic glasses.10, 14-15 Molecular orientation of organic glasses plays a vital role in
understanding the both electrical and optical characteristics of the electro-optic devices.14, 16 Some
methods have been developed to improve the efficiency of these organic electronic devices by
controlling the molecular orientation. In some cases an external magnetic field has been applied to
obtain anisotropic films of solution-process field effect transistors with substantial enhanced
charged mobility.17 It has been observed that molecule with horizontal orientation provides better
electrical characteristics to the film due to better π-π overlapping and enhances the charge
transport.4, 9
The last decade has seen a great progress in manipulating the structure of organic glasses
prepared by PVD. In 2007 dense organic glasses have been grown by PVD.7 These glasses have
displayed high stability when the films are grown at substrate temperature ~ 0.85 Tg. These glasses
have also showed tunable molecular orientation when films are grown at different substrate
temperatures during the deposition process.2-3, 18

143

The effect of substrate temperature on the molecular orientation during the PVD process
has been extensively studied by the Ediger group.17, 19 The shape and structure of the organic glass
molecules play a vital role in its molecular orientation.10 An ellipsometry study of linear/rod
shaped molecule for examples N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), N,N’Di(1-napthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine

(NDP)

and

1–4-Di-[4-(N,N-

diphenyl)amino] styryl-benzene (DSA-Ph) has shown an orientation where the long axis of the
molecule lie in the plane of the substrate when films were grown at low substrate temperature ~
0.6 Tg while at high substrate temperature ~ 0.95 Tg the long axis of the molecules adopted an out
of plane orientation with respect to the substrate plane.2,19 These orientations can be best
understood by the figure 1.8 in chapter 1, where orientation order parameter (Sz) is calculated by
using the optical constants obtained by variable-angle spectroscopic ellipsometry. At specific
Tsubstrate/Tg, Sz is calculated by using P2(Cosϴz), where ‘ϴz’ is the angle of long molecular axis
relative to substrate normal and P2 is the second Legendre polynomial. For perfect horizontally
aligned molecules the value of Sz is -0.5, and for perfect vertically aligned molecules the value of
Sz is 1 with respect to the sample surface. While a value of Sz “0” represents a randomly oriented
sample.10 In this case a value of Sz -0.4, at 0.6 Tg represent molecules which tend to orient parallel
to the substrate while a value of Sz 0.2, at 0.95 Tg represent a molecule which tend to orient slightly
perpendicular to the substrate. While a value of Sz = 0, at 1.0 Tg represents a randomly oriented
molecule.
Gujral et al.3 used GIWAXS to study the structural anisotropy of TPD glasses grown at
different substrate temperature during the PVD process. These results indicated the in plane and
out of plane molecular orientation of the TPD molecules along the substrate plane as represented
in figure 5.1, based on the substrate temperature. Spectroscopic ellipsometry and GIWAXS have
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shown the presence of partial orientation order in the samples of TPD films when films are
prepared at low substrate temperature during the PVD process.3 Recently, a molecular simulation
study has been performed to explore the molecular orientation dependence of organic glasses on
the substrate temperature. This study has also revealed the presence of in plane molecular
orientation once the films are deposited ~ 0.85 Tg substrate temperature, while at high substrate
temperature around 1.0 Tg, these molecules are randomly oriented during the deposition process.20
NEXAFS spectromicroscopy is a synchrotron based soft X-ray characterization tool that
provide high-contrast and real-space images with domain distribution around 30 nm length
scales.21 NEXAFS spectroscopy is a distinct method to characterize electronic states and chemical
composition and bonding of vast variety of molecular materials.1,

22-24

This is also an ideal

technique for probing the molecular orientation of organic materials.22-23,

25-26

NEXAFS

spectroscopy can propose a three-dimensional (3-D) view of the molecular orientation relative to
the substrate surface based on linear dichroism.24
Carbon 1s to π* transitions in unsaturated organic molecules are highly sensitive to
functional group orientation.1 The intensities of these resonances depend on the angle (θ ) between
the electric field vector of linearly polarized X-ray light (E) and the transition dipole moment
(TDM) of the of the electronic transition as shown by the equation.27 The maximum projection of
the E-vector onto the corresponding TDM will result in maximum peak intensity. On the contrary
if the angle between these two is 90º then no peak can be observed. The electronic TDM for
excitations from 1s core orbitals into unoccupied π* orbitals of unsaturated aromatic organic
compounds is oriented perpendicular to the aromatic ring plane.28 If the TDM for a transition is
known, then the orientation of a molecule can be determined from linear dichroism.29 In case of
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unsaturated organic molecules the orientation of π* orbitals can be determined by using the linear
dichroism characteristic of linearly polarized light.28, 30
Recently, Bishop et al.,31 characterized the molecular packing of organic glasses by
GIWAXS along with NEXAFS spectroscopy to determine the molecular orientation of
posaconazole at free surface. These glasses were prepared by cooling the liquid. Linear dichroism
in these spectra revealed, that at free surface the molecules of liquid cooled glasses are highly
oriented.
Here in this study, we use LD-NEXAFS to study the molecular orientation present in the
PVD grown films of TPD molecules when films are prepared at different substrate temperature.
TPD is a non-planar molecule due to the twists of the phenyl rings, there is some π* character in
all directions. There is a need to understand π* orientation in TPD molecules first to fully
understand the of TPD molecule during film growth. The lowest energy geometry of an isolated
TPD molecule is obtained by geometry optimization with the program Gaussian 16 as described
in Chapter 432, and presented in figure 5.1.
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π* ellipse along z-direction
Mz

Mx

π* ellipse along x-direction

My
π* ellipse along y-direction

Figure 5.1: Schematic of the lowest energy configuration of a TPD molecule obtained by
ab initio geometry optimization calculations and TPD molecule showing the Mx, My, and Mz
molecular axes, defined along x, y and z axes of the molecule.
As TPD is a non-planar aromatic molecule, there will be transitions with π* character in
all directions. Each transition has a singular TDM vector, but the sum of these transitions can be
represented by a TDM ellipse. The geometry of TPD and the π* TDM ellipse is defined as follows.
First, the unit vectors Mx, My and Mz are defined relative to the molecular geometry, where long
axis of TPD (e.g., defined by the axis between the two nitrogen atoms (blue colored) at the end of
the two central phenyl rings) is defined as the Mx axis (molecular x-axis), indicated by yellow
colored line. The short axis in the TPD plane is defined as the My axis, indicated by blue color.
The normal axis of TPD is defined as the Mz axis indicated by red color. This axis is orthogonal
to Mx and My and is normal to the plane of the TPD molecule. By visual inspection of the TPD
geometry, the π* intensity will be strongest along Mz and weakest along Mx, and intermediate
along My. While this TDM is more complicated than that of a single aromatic molecule, it still can
be used for orientation measurement.
Characteristic spectral intensity variations among Carbon 1s(C-H) →π*Aromatic transitions
at 285.0 eV have been observed within the samples when analyzed with linear polarized light with
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two different directions of the polarization vector. From this data, we can propose a 3-D orientation
structure of TPD molecules on the substrate surface when deposited at different substrate
temperatures. This research could lead us to explore the prospects for NEXAFS analysis of
orientation order in molecular glasses, and the unique information this method can provide.
5.4.2

Experimental Section

5.4.2.1 Samples and Sample Preparation
Samples: N,N’-Bis (3-methylphenyl)-N,N’-diphenylbenzidine (TPD, 99%) was purchased
from Sigma Aldrich Canada and used without purification. Silicon monoxide (SiO) coated
transmission electron microscopy (TEM) grids were purchased (Ted Pella, USA) and used as
substrate. TEM grids were used after the Formvar layer was removed by using chloroform solvent
according to manufacturer instructions.33 Once, dried then these grids were used as substrate for
the deposition of TPD films.
Sample preparation: The evaporation of TPD thin films on the substrate TEM grid was
performed by PVD from a resistively heated tungsten boat, at a pressure of ~ 10-7 torr. The film
thickness and rate of the deposition were monitored with a quartz crystal microbalance; a rate of
0.7-0.9 Å/s was used for all depositions and the total sample deposited thickness was optimized at
90 nm unless otherwise noted. During the deposition, the substrate temperature was held a specific
temperature in the range of -11 to 58 ± 0.5 °C (0.79 Tg – 1.0 Tg) with a Peltier thermoelectric
module. The temperature was measured with a thermistor. A variable temperature range was
selected to explore the effect of substrate temperature on the orientation behavior of the deposited
films. A substrate holder was specially designed to deposit the films at low substrate temperature
was discussed in chapter 2.
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5.4.2.2 Optical Microscopy and X-ray Spectromicroscopy Characterization
Samples were initially characterized by polarized optical microscopy (Nikon Eclipse
ME600, with a Q-Imaging CCD camera). Images were acquired in bright field illumination to
select a good sample for further characterization.
Scanning Transmission X-ray Microscopy (STXM) was used to acquire X-ray
transmission images and NEXAFS spectra. STXM experiments were performed at the
spectromicroscopy beamline (10ID-1) at the Canadian Light Source with the linear polarization
control of the elliptically polarized undulator source.34 X-ray linear dichroism (XLD) microscopy
imaging was done by recording images at the energy range 270.0 - 340.0 eV. During these STXM
experiments, XLD microscopic study is performed for obtaining the NEXAFS spectra to study
molecular orientation by using two different substrate geometry. The orientation of the X-ray
linear polarization can be varied arbitrarily from horizontal to vertical through the elliptically
polarized undulator settings. In one case the sample holder is oriented normal to the X-ray
propagation direction, where the X-rays are interacting with an angle of 90º with the sample
surface, E-vector is oriented within the sample plane as represented in figure 5.2 (a). In other case,
a glancing angle sample holder is used where the X-ray beam is making an angle of 30º from the
sample surface and 60º from the sample normal as represented in figure 5.2 (b). There is an outof-substrate projection of E-vector for horizontally polarised X-rays. The interaction of incident
X-rays with these two (normal and glancing angle) holders is shown in the following figure 5.2 (a)
and (b).

149

a

E-field

b

E-field

Substrate plane

Figure 5.2: Experimental geometries for X-ray linear dichroism microscopy study. The
photon propagation direction is shown in black; the orange arrows show the electric field (E) vector
of linear horizontal (LH) and linear vertical (LV) polarised X-rays (a) STXM in a normal
transmission geometry (photon propagation parallel to the z axis), where X-ray polarisation can
only be projected in the xy plane of the substrate (inset). This geometry can probe orientation
around the z axis, e.g., within the xy plane. (b) STXM in a glancing angle transmission geometry,
where the sample plane is rotated relative to the photon propagation direction. Here, the X-ray
propagation direction is at an angle of 30º from the sample xy plane and 60º from the sample
normal (z axis). The X-ray polarization can be projected within the plane (LV) or predominately
out of plane (LH), so this geometry is sensitive to orientation with respect to the xy plane.
The E-vector of X-rays is always remains perpendicular to the direction of propagation of
the incident X-ray beam. All the spectra are obtained by keeping the sample position fixed only
X-ray linear polarization orientation changed from LH to LV. The glancing angle sample holder
geometry can give a projection of the horizontal E-vector, out of the plane of the sample. This
geometry is sensitive to orientation with respect to the substrate plane. While in case of normal
150

substrate holder this geometry is sensitive to molecular orientation within the plane of the
substrate.
All spectra were acquired in transmission mode and NEXAFS spectra extracted from
different sample regions in the STXM microscope are reported as optical density (OD = −ln(I/Io))
versus energy, where Io was taken from the broken window of the SiO coated TEM grid. The
beamline exit slits were set to 35 microns correspond to resolving power (E/ΔE) around 3000 on
the low energy grating for TPD film samples.34 TPD samples showed a reasonable stability
towards radiation damage.
The pre-edge and post-edge of the background subtracted experimental spectra were
calibrated to the background subtracted atomic cross-section of carbon.35 In this way spectral
variations can only arise from conformational and packing changes and are independent of sample
thickness. Spectral analysis were performed using aXis 200036 and spectra were plotted for
presentation using OriginPro software package.37 The calibration of the energy scale in the
NEXAFS spectra at carbon 1s edge was performed by introducing CO2 into the STXM microscope
chamber with the TPD sample in place, it allowed us to obtain a NEXAFS spectrum of TPD sample
and CO2 gas to be recorded concurrently. The monochromator energy scale was calibrated to the
following peaks in the NEXAFS spectrum of gaseous CO2: carbon 1s →3s and carbon 1s → 3p
transitions, which were adjusted to the value of 292.74 eV and 294.96 eV respectively.38
5.4.3

Results and Discussion
Two sets of experiments are performed to study LD-NEXAFS by using two different

substrate holders. All the spectra are obtained by rotating the linear X-ray polarization angle with
respect to a fixed sample position. The polarization angle was moved to 0º linear horizontal
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polarized (LH) light to 90º linear vertical polarized (LV) light o study LD-NEXAFS spectroscopy
of organic glasses deposited at variable substrate temperature during PVD.
Figure 5.3 (a) below represents the NEXAFS spectra of TPD film grown at 0.79 Tg
substrate temperature during deposition, recorded using the glancing angle sample holder. The first
major π* peak is observed at ~ 285.0 eV which is due to Carbon 1s(C-H) →π*Aromatic transition
originating from phenyl ring carbon atom sites that have C-H bonding. The second π* peak which
is observed around 286.2 eV is due to Carbon 1s(C-R) →π*Aromatic transitions, where the “C-R”
notations refers to the NEXAFS transition originating from phenyl ring carbon atom sites that are
bonded to a substituent. The broader peaks in the σ* region of the spectra are not well resolved
and not considered in detail. In this study Carbon 1s(C-H) →π* Aromatic transitions at 285.0 eV have
been investigated for LD-NEXAFS spectroscopy studies. The spectrum obtained with the LH
polarized light shows a more intense peak at ~285.0 eV as compared to a spectrum obtained with
LV polarized light as shown in figure 5.3 (a). The intensity of Carbon 1s(C-H) →π*Aromatic peak
depends on the angle between electric vector of the polarized light and the TDM of the molecule.
In this experiment, the LH polarized light is sensitive to out of the plane molecular orientations,
as compared to the LV polarized light which is sensitive to in plane molecular orientation. This
result means that the π* TDM ellipse is more strongly directed towards the normal of the sample
substate, where the stronger π* part of the TPD TDM ellipse is mapped along the z-axis of the
TPD molecule as represented in figure 5.1. This means that the z-axis with π* TDM ellipse of TPD
molecules have some preferential orientation normal to the substrate. This represents the xy
geometry of TPD is predominantly lies within substrate plane.
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Figure 5.3: (a) Over plot of NEXAFS spectra of PVD sample of TPD films deposit at 0.79
Tg (-11 ˚C) substrate temperatures, recorded with LH and LV polarized light using the glancing
angle sample holder. (b) Over plot of NEXAFS spectra of PVD sample of TPD films deposit at
0.79 Tg (-11 ˚C) substrate temperatures, recorded with LH and LV polarized light using a normal
substrate holder. A spectrum obtained with LH polarized light is represented with black color while
a spectrum obtained with LV polarized light is represented with red color.
This sample is analyzed on the glancing angle holder and the Carbon 1s(C-H) →π*Aromatic
intensity variations gave the indication of presence of some LD within the sample. On the contrary
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the spectra obtained with normal substrate holder for the sample prepared at 0.79 Tg substrate
temperature during deposition have shown almost same and equal Carbon 1s(C-H) →π*Aromatic
peak intensity by using both LV and LH polarized light as represented in figure 5.3 (b). This is an
indication of presence of no LD with this experimental geometry. The experimental results with a
normal substrate holders showed that the Carbon 1s(C-H) →π*Aromatic peak intensity is same when
spectra are obtained with LH and LV polarized light. This experimental geometry is not sensitive
to any out of plane π* orientation. The presence of same spectra suggested that the molecule is
randomly oriented with respect to rotation about the sample normal. The TPD molecule has a
pancake-like shape, and there is a tendency for the flat extent of the molecule to be oriented in the
substrate plane when films are prepared at 0.79 Tg substrate temperature during deposition.
Figure 5.4 (a) represents the NEXAFS spectra of TPD glasses prepared at a higher substrate
temperature of ~ 0.98 Tg (56.0 ˚C) during deposition. These spectra were obtained by using the
glancing angle substrate holder. It is observed that the spectrum obtained with the LV polarized
light showed slightly more intense Carbon 1s(C-H) →π*Aromatic peak at ~ 285.0 eV when the Evector was in the plane of the substrate as compared to LH polarized light where the E-vector was
slightly out of the plane of the substrate. This is opposite to the data shown in figure 5.3 (a), where
a strong Carbon 1s(C-H) →π*Aromatic peak at ~ 285.0 eV was observed by using a LH polarized
light. The slight increase in intensity of π* peak with the LV polarized light indicated that TPD
have changed its orientation with the increase in substrate temperature during deposition. This
result indicated that with the rise of substrate temperature the long molecular axis of the TPD
became weakly and preferentially oriented perpendicular to the substrate. A high absorption peak
for the Carbon 1s(C-H) →π*Aromatic transition at ~ 285.0 eV is expected due to more sensitivity of
TDM of π*-TPD (Tz) with the vertical polarized light, and a less intense peak have been observed
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with the LH polarized light at same transition energy. Overall, we are able to see some LD among
the sample prepared at 0.98 Tg substrate temperature during deposition. Figure 5.4 (b) represents
the NEXAFS spectra obtained with normal substrate holder prepared at 0.98 Tg substrate
temperature during deposition. The spectra obtained with LH and LV polarized light showed
almost same Carbon 1s(C-H) →π*Aromatic peak at 285.0 eV. This experimental geometry is not
sensitive to any out of plane π* orientation. The presence of same spectra suggested that the
molecule is randomly oriented with respect to rotation along the sample normal. This time the flat
extend of the molecule is oriented slightly perpendicular to the substrate when TPD film is
prepared at 0.98 Tg substrate temperature during deposition.
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Figure 5.4: (a) Over plot NEXAFS spectra of TPD films deposit at 0.98 Tg substrate temperatures
during deposition, recorded with LH and LV polarized light using a glancing incidence substrate
holder. (b) Over plot NEXAFS spectra TPD films deposit at 0.98 Tg substrate temperatures during
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deposition, recorded with LH and LV polarized light using a normal substrate holder. A spectrum
obtained with LH polarized light is represented with black color while a spectrum obtained with
LV polarized light is represented with red color.
Figure 5.5 (a) represents the NEXAFS spectra of TPD films prepared at 1.0 Tg (58.0 ˚C)
substrate temperature during deposition, recorded with the glancing incidence sample holder,
recorded with LH and LV polarized light. This temperature 58.0 ˚C is also reported as the Tg of
the TPD.2 The spectra obtained with both LH and LV polarized light showed the same intensity
for Carbon 1s(C-H) →π*Aromatic peak at ~ 285.0 eV, almost no linear dichroism has been observed.
It has been observed earlier that when TPD films are prepared at 1.0 Tg substrate temperature
during deposition have almost zero orientation order as shown in figure 5.1.2 Overall, there is no
preferential orientation order of the TPD molecule either along or normal to the substrate plane
has been observed. Same spectral results were obtained when sample was analyzed on normal
substrate holder by using both LH and LV polarized lights shown in figure 5.5 (b). At 1.0 Tg
substrate temperature during deposition the overall π* ellipse is possibly same along x, y and zdirection due to random orientation of the molecule. There is no LD observed among the spectra
obtained with LH and LV polarized light with both the different substrate holders. These results
strengthen our arguments of random orientation of TPD molecules at 1.0 Tg substrate temperature
and no preferential orientation of TPD molecule has been observed on the substrate or along the
surface normal.
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Figure 5.5: (a) Over plot NEXAFS spectra of PVD sample of TPD films deposit at 1.0 Tg
substrate temperatures during deposition, recorded with LH and LV polarized light using a
glancing incidence substrate holder. (b) Over plot NEXAFS spectra of PVD sample of TPD films
deposit at 1.0 Tg substrate temperatures, recorded with LH and LV polarized light using a normal
substrate holder. A spectrum obtained with LH polarized light is represented with black color while
a spectrum obtained with LV polarized light is represented with red color.
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Based upon literature, a sample prepared at ~ 0.85 Tg substrate temperature is more highly
oriented as compared to a sample prepared at 0.95 Tg substrate temperature during deposition. To
further understand how the LD talks about these oriented sample in this work, here the LD
differences (LH-LV) have been calculated for all the samples prepared at different substrate
temperatures on the glancing substrate holder. At low substrate temperature 0.79 Tg during
deposition process, a higher value of LD difference revealed a highly oriented sample with more
stability,2 while a less LD difference was observed among a sample prepared at 0.98 Tg substrate
temperature during deposition, represents a less oriented sample. On the other hand, a value of
zero LD difference indicted a randomly oriented sample when prepared at 1.0 Tg substrate
temperature during deposition. We can relate these values with the orientation order calculated
earlier with ellipsometry for TPD samples, where a high value of orientation order was obtained
for the samples prepared ~ 0.70 Tg while samples prepared at higher substrate temperature ~ 0.90
Tg showed a very small orientation order.2 Figure 5.6 represents the graphical representation of the
LD differences when the samples are prepared at different substrate temperatures during
deposition. A summary of LD differences in the form is table is presented in supporting
information.
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Figure 5.6: Linear Dichroism (LD) difference among the sample prepared at 0.79 Tg and
0.98 Tg substrate temperature during deposition.
Overall, the results obtained by using glancing angle and normal substrate holders suggest
3-D mapping of TPD orientation in the films when grown at different substrate temperatures
during the deposition which is represented in the following figure. Figure 5.7 (a) represents a
prefererential in plane orientation of TPD molecules along the substrate surface, when the samples
are prepared at 0.79 Tg substrate temperature during deposition. Figure 5.7 (b) represents a
preferential out of plane orientation along the surface normal when the samples are prepared at
0.98 Tg substrate temperature during deposition. Figure 5.7 (c) represents the random orientation
of the TPD molecules along the surface normal and substrate surface when the samples are
prepared at 1.0 Tg substrate temperature during deposition
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Figure 5.7: Pancake-like shape of TPD molecules where molecules are preferentially (a)
lie in plane, (b) out of plane and (c) randomly oriented on the substrate surface.
5.4.4

Angle Dependent NEXAFS Spectroscopy
Angle dependent NEXAFS spectroscopy of the highly oriented sample was acquired to

monitor spectral variation as a function of angle of linear polarized light. For angle dependent
study a sample with highest LD difference was selected. The results from the Figure 5.2 (a) showed
that the maximum linear dichroism has been observed among the samples prepared at 0.79 Tg
substrate temperature during deposition on a glancing angle substrate and LH polarized light is
sensitive to out of plane Carbon 1s(C-H) →π*Aromatic transitions. It was decided to map the intensity
of these transition by using angle dependent NEXAFS study. So, we have selected a new sample
prepared at 0.79 Tg substrate temperature during deposition with same sample thickness to study
the angle dependent NEXAFS spectroscopy. A range of different polarization angles 0° (LH; 30°
off of the surface normal) 15°, 30°, 45°, 60°, 75° and 90° (LV; in the plane of the sample) of linear
polarized light were used to see the effect of polarization on the absorption intensity of Carbon
1s(C-H) →π*Aromatic on a glancing angle substrate holder as shown in figure 5.8. A slight angular
dependence of Carbon 1s(C-H) →π*Aromatic (~ 285.0 eV) showed resonant structures and Carbon
1s → σ* (~304.00 eV) revealed that glass molecules adopted a weak orientation on the substrate
surface. As expected, based on above observations, at 0° (LH) a maximum absorption peak has
been observed at ~ 285.0 eV which gradually reduced to lower value when angle reached 90°
(LV).
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Figure 5.8: Angle resolved NEXAFS spectra obtained with 0˚ to 90˚ polarized light. A
maximum intense Carbon 1s(C-H) →π*Aromatic peak has been observed with 0˚ and a minimum
intense peak with 90˚ has been observed on a glancing angle substrate holder, when the sample is
prepared at 0.79 Tg substrate temperature during deposition.
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A graphical representation of Carbon 1s(C-H) →π* Aromatic intensity at ~285.0 eV with
respect to glancing angles from 0º to 90º is illustrated below in the figure 5.9 which give us a clear
picture of the Carbon 1s(C-H) →π* Aromatic intensity variation on a glancing angle substrate holder
with the gradual change in the glancing angle of linear polarized light. This study compliments the
presence of preferential in plane orientation of TPD molecules along the substrate surface when
deposited at low substrate temperature. Also, this study shows that the LD effect is complex due
to the non-planar nature of the TPD molecule because the Carbon 1s(C-H) →π* Aromatic never goes
to zero. These TPD glasses showed some preferential order but are not ordered.
Comprehensive fitting of these NEXAFS data to obtain a quantitative measure of the
preferred orientation and degree of order of the films were not performed. This model would
require a quantitative model for the π* TDM ellipse tensor, which would depend on the internal
molecular conformation of the TPD molecule. Chapter 4 shows that the internal conformation of
TPD depends on the deposition conditions of the glass film and would therefore be variable in this
case. These results show that with some assumptions on the shape of the TPD TDM ellipse and
additional angle dependent NEXAFS measurements, a full model of the preferred orientation
direction and the degree of orientation could be obtained.
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Figure 5.1: The intensity difference at ~285.0 eV when the angle resolved NEXAFS
spectroscopy was done by varying the polarization angle from 0º to 90º of the linear polarized light
on a glancing angle substrate holder. This sample was prepared at 0.79 Tg substrate temperature
during deposition.
Based on literature, GIWAXS and spectroscopic ellipsometry revealed a face-on packing
at low substrate temperatures around 0.80 Tg and the glasses prepared on substrates near 0.90 Tg,
adopted slightly vertical orientation of the molecules. LD-NEXAFS results confirmed the same
results. Basically, these three techniques can talk about the anisotropy present within the films. In
case of a very thin films, it is impossible to determine both refractive index ‘n’ and height ‘h’ of a
thin film if h < 10 nm. The spatial resolution of ellipsometry lies in several microns and GIWAXS
resolution is around 5 microns. On the other LD-NEXAFS spectroscopy has a spatial resolution ~
30-50 nm range. This could help us to determine the order and disorder in organic electronic
devices.
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5.4.5

Conclusions
NEXAFS is sensitive to preferential molecular orientation of TPD molecules when film is

deposited at different substrate temperatures during the deposition process. A variable orientation
has been observed among TPD glass film samples when films are prepared at varying substrate
temperature ranging from 0.79 Tg to 0.98 Tg during deposition. Our results have indicated a
preferential orientation of TPD molecules where the flat extend (long axis) of the molecule tends
to lie in the plane of the substrate when films are prepared at low substrate temperature of 0.79 Tg
during deposition. On the other hand, at high substrate temperature of 0.98 Tg during deposition,
TPD molecules have shown a preferential out of plane orientation of the flat extend (long axis) of
the molecules along the substrate normal. At 1.0 Tg the TPD molecule does not show any
preferential orientation within or out of plan. Additionally, by using two different experimental
conditions we can map the 3-D orientation of TPD molecules in the films prepared at different
substrate temperatures during deposition. Our NEXAFS results obtained by using LH and LV
polarized light on glancing and normal substrate holder suggested that in these films TPD
molecules have a pancake-like shape where the flat extent of the TPD molecule can adopt
preferential orientation both in plane and out of plane with respect to the surface plane based on
the substrate temperature during deposition.
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Appendix

Substrate Temperature

(˚C)

Substrate
Temperature
Tg (K)

Linear
Dichroism Difference
(LH-LV)

(K)
-11

260

0.70

0.73

56

329

0.98

-0.31

58

334

1.00

0.0

Table A5.1: Linear Dichroism (LD) difference among samples prepared at different
substrate temperatures during deposition when Carbon 1s(C-H) →π*Aromatic intensity difference is
obtained with X-rays of two different polarizations of light on a glancing substrate holder
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6

DISCUSSION
Molecular orientation control plays a vital role in organic device efficiency. A part of this

research work deals with the molecular orientation control by using an external electric field and
substrate temperature control during physical vapor deposition (PVD). NEXAFS spectroscopy has
been used to examine the molecular orientation in different samples.
The goal of this thesis is to deepen into the understanding for the factors responsible for
the formation of stable organic glasses at variable substrate temperatures during PVD by using
NEXAFS spectroscopy as an investigative tool. This technique has been used to understand the
related factors responsible for the stability of organic glasses. Since last few decades PVD has
been extensively used to grow thin films, but in 2007 it was discovered that PVD grown organic
glasses can gain kinetic stability and high density due to high surface mobility under particular
experimental conditions.1 It was observed that substrate temperature during deposition plays a key
role in tuning the molecular orientation within the molecular glass. In general, the stability of PVD
grown glass is equivalent to the stability gained after aging for thousands of years.
After every passing day the demand of OLEDs is increasing, and vapor deposited glasses
act as active element in these devices. The stability of these vapor deposited glasses is directly
linked with the efficiency of electro-optic devices. Therefore, a further understanding of stability
can help to improve the additional application of organic electronics.
This research work started with polar organic molecules 1-chlorotriacontane and 1triacontanol, which were used as a model system to control the molecular orientation by using an
electric field during the film deposition process. Due to the polarity of these molecules an electric
field can induce orientation in direction parallel to the applied field. An electric field of 500 V/mm
- 4400 V/mm was applied for controlling molecular orientation during deposition. Specially
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designed gold electrodes were fabricated on a non-conductive substrate (glass and Si3N4) to
establish a stable electric field during the film deposition.
Initial experimental results of this work revealed the presence of flat films on the glass
substrate by using a polarized optical microscope. A comprehensive detailed orientation
mechanism study was proposed by NEXAFS spectroscopy. Therefore, an X-ray compatible
transparent substrate Si3N4 was required. Electrodes were fabricated in a same manner as on glass
substrate. Once the sample preparation procedure started, it was not possible to apply a stable
electric field across the sample due to electrical conductivity present within the substrate. After
multiple efforts the sample conduction issue was not resolved. This issue was likely due to intrinsic
conduction within the Si3N4 substrate which could not be avoided. A possible solution was
lithographically designed electrodes on a fragile substrate seems very expensive and challenging
task. Secondly, by depositing a layer of non-conductive SiO between specially fabricate gold
electrodes would require costly development by the membrane vendor. By keeping all these
factors, it was decided to move to another project. The outcome of this project gave an insight
about the film growth on Si3N4 substrate, also a successful experimental set-up was designed for
applying electric field on glass the substrate during PVD film growth. Chapter 3 of the thesis talks
about all the experiments and methodologies which has been adopted to attain the goal for
controlling the orientation during the film growth.
The limitations for molecular orientation control by using electric field led us to adopt
another method by tuning substrate temperature for controlling the molecular orientation during
PVD film growth. Over the past fourteen years, organic glasses have gained enormous attention
PVD can be used to prepare organic glasses with exceptional thermal stability. The stability of
these PVD grown organic glasses is under high focus. Spectroscopic ellipsometry and GIWAXS
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has already showed the high stability and anisotropic nature of TPD molecules after the PVD film
growth. Enhanced surface mobility and molecular rearrangements to obtain stable configurations
are linked with the high stability of organic glasses.2-4 It is proposed to utilize the NEXAFS
sensitivity towards orientation order and internal conformation to further understand the factors
related with the stability of PVD grown films. Based on extensive literature work on TPD films, it
was decided to use TPD as a model system to study the NEXAFS sensitivity towards orientation,
and internal conformation.
Chapter 4 investigated how the NEXAFS spectroscopy is sensitive to internal molecular
conformations with is related with the stability of the organic glasses. A comprehensive
spectroscopic investigation has been done among the TPD powder and TPD film samples to see
how the density differences are related with internal molecular conformations by using NEXAFS
spectroscopy.
Differences in glass density have been correlated with thermodynamic stability for TPD
thin films grown by PVD at specific substrate temperatures below Tg. Carbon 1s NEXAFS
spectroscopy is used to examine the different TPD sample preparations in which differences in the
thermodynamic stability of the glass are known. DFT simulations of the NEXAFS spectra of TPD
allow us to attribute spectroscopic differences with changes in the internal conformation of the
TPD molecule and relate this conformation to the stability of the TPD glass.
In the first series of experiments presented in Chapter 4, TPD films are prepared at variable
substrate temperatures ranging from -11 ºC (0.79 Tg) to 56 ºC (1.0 Tg) by physical vapor deposition
process. TPD powder samples are prepared by pressing the powder in the form of a thin layer at
room temperature. Small but significant changes are observed in the Carbon 1s(C-R) →π*Aromatic
band of TPF film prepared at 0.79 Tg and TPD powder sample. In this work experimental results

172

are justified with TP-DFT calculations. The sensitivity of the Carbon 1s(C-R) →π*Aromatic band to
the internal molecular conformation is explored in TPD. TP-DFT calculations have shown a strong
dependence of the Carbon 1s(C-R) →π*Aromatic band energy on characteristic dihedral angles that
define the internal conformation of TPD. So, both experimental and theoretical results were
combined to evaluate the internal conformation of TPD. These results showed that the internal
conformation of TPD in PVD deposited thin films is similar but slightly more twisted than that
obtained from DFT calculations of an isolated molecule. A narrower Carbon 1s(C-R) →π*Aromatic
band has been observed in case of TPD film prepared at 0.79 Tg, which is related with narrow range
of dihedral angles with the decrease in the phenyl/tolyl (v1) rotation but an increase in the biphenyl
rotation (v2) as shown in the scheme 1 in chapter 4. The internal conformation arises from the
dynamics of molecular reorganization during deposition.
The observed and calculated results helped in understanding the exceptional stability of
PVD grown glasses. These results indicated different dihedral angles among samples prepared at
different substrate temperatures. The knowledge acquired from this NEXAFS spectroscopy study
along with the aid of DFT simulations provided a direct experimental measurement of the internal
conformation of molecules forming a stable glass. This study also revealed that the increased
density of the stable TPD films is related to closer packing. We can use this study in future to
understand the internal conformation of different stable glasses.
Chapter 5 investigates an extensive molecular orientation study on PVD grown TPD films
prepared at different substrate temperature. TPD films have remarkable stability and have ability
to tune their molecular orientation depending on the substrate temperature during the PVD process.
Lately, some orientation order has been observed in the films of organic glasses.2
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The orientation sensitivity (linear dichroism) in the NEXAFS spectroscopy of molecular
glasses to study their orientational order has also been explored in this research work. Glasses
grown at substrate temperatures ranging from 0.79 Tg – 0.98 Tg showed small but characteristic
linear dichroism differences in their NEXAFS spectra on a glancing substrate holder. A significant
angular dependence of important resonant structures π* (~285.0 eV) revealed that glass molecules
adopted weakly ordered geometry on the substrate surface when deposited at 0.79 Tg. The presence
of LD is related with the stability of organic glasses. High LD difference is indicative of high
stability.
Two major sets of experiments are designed by using different substrate (glancing substrate
and normal substrate) holders are utilized to obtain the NEXAFS spectra shown in Chapter 5.
Glancing substrate holder is utilized to give a projection of out of plane electric field vector for
linear horizontal polarized light for NEXAFS spectroscopy. The spectrum obtained with the
horizontal polarized light showed more intense π* peak when the electric field vector is slightly
out of the plan as compared to the vertically polarized light where the E vector is in the plan of
substrate. The peak at ~ 285.0 eV originates from the excitation of carbon 1s electrons belongs to
the carbon atom of the six aromatic rings present in the TPD molecule. The prominent increased
intensity of the aromatic rings π* resonance with the LH polarized light indicated that the π orbitals
are oriented perpendicular to the plane of phenyl rings.5 This also indicated that TPD molecule has
some preferential in-plane orientation with respect substrate and suggested a pancake shape for
TPD molecules. These results proved a preferential, lateral orientation of the TPD molecules at
low substrate temperature. At high substrate temperature (near Tg) of 56 ºC molecules have shown
a perpendicular orientation indicated by a prominent increased intensity of the aromatic rings π*
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resonance with the LV polarized light. While at Tg no linear dichroism has been observed which
is an indication of random orientation on the substrate.
Results with normal substrate holder indicated no LD among the samples prepared at
different substrate temperatures which suggested a random orientation of TPD molecules along
the surface normal.
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7 CONCLUSIONS
Molecular orientation control plays a vital role in electro-optic devices. During the research
a method for controlling the molecular orientation by using an electric field during the film growth
by PVD has been developed. Substrate temperature during deposition also plays a crucial role in
controlling the molecular orientation. A major part of the research deals with the film preparation
by tuning the substrate temperature during deposition and their orientation study by using
NEXAFS spectroscopy.
This research project is designed to understand how the molecular orientation control is
linked with the stability of organic glasses films when grown by PVD. NEXAFS spectroscopy is
used as a primary investigative tool to study molecular orientation in these films. A detailed and
comprehensive study has been done to further understand the stability of organic glasses once
grown at tuneable substrate temperature during deposition. This is first time a thorough study has
been done on TPD molecule by using NEXAFS
Internal molecular conformation plays a crucial role in determining the stability and
increased density of stable organic glasses. A comprehensive NEXAFS study with the aid of TPDFT revealed that most stable TPD sample have smaller range of internal conformation dihedral
angles as shown by narrow Carbon 1s(C-R) →π*Aromatic band with the decrease in phenyl/tolyl
rotation. During the deposition process the internal conformation arises from the dynamics of the
molecular reorganization. High density stable films revealed closer molecular packing as indicated
by smaller dihedral angles.
The orientational sensitivity of NEXAFS was explored to determine the molecular
orientation in TPD films by using linear dichroism. This study revealed the presence of weakly
oriented molecular films when grown at low substrate temperature during deposition and a pancake
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like shape of the TPD molecule has been revealed. While at Tg, randomly oriented molecules have
been detected. A distinct angular dependence of important resonant structures π* (~285.0 eV)
revealed that glass molecules adopted a weakly ordered geometry on the substrate surface.
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FUTURE WORK
NEXAFS spectra are well renowned for finding intramolecular effects i.e., electronic

structure, molecular orientation, different bonding/chemical environment, and molecular
conformation. My research work in Chapter 4 and Chapter 5 revealed some new information
regarding

the

internal

molecular

conformation

of

N,N’-Bis(3-methylphenyl)-N,N’-

diphenylbenzidine (TPD) glass films grown by physical vapor deposition (PVD) at variable
substrate temperatures, also a 3-D model for the preferential molecular orientation in TPD glasses
when films are obtained at varying substrate temperatures during deposition has been concluded.
In our group Perera et al. studied the temperature dependence in NEXAFS spectra in nalkanes crystals and showed the narrowing of the spectra is due to restricted thermal motion when
samples are analyzed at cryogenic temperature as represented in the figure 8.1.1 They have also
showed the broadening in spectra at room temperature is related with disorder and nuclear motion
within the sample.

Figure 8.1: Carbon 1s NEXAFS spectra of orthorhombic n-C28H58 at cryogenic (93 K) and
ambient (298 K) temperatures, recorded with circular left polarization. This figure is reprinted from
reference 1 with permission.
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The following Figure 8.2 from chapter 4 represents the small spectral changes observed
around ~286.2 eV due to Carbon 1s(C-R) → π*Aromatic transitions, when the samples were prepared
at temperature range of 262 K to 331 K, corresponding to 0.79 Tg to 1.0 Tg. These changes arise
due to different dihedral angles present in different conformations present in the films deposited
at variable substrate temperatures. Smaller dihedral angles resulted in the closer packing of
molecules in high density films obtained at 0.79 Tg substrate temperature during deposition.2 All
of these NEXAFS spectra were taken at room temperature, but it is anticipated that spectra
obtained at lower temperature could improve the study of TPD internal conformation.
The NEXAFS sensitivity towards internal conformation and restricted thermal motions
resulted to further explore the NEXAFS spectra of the TPD films at cryogenic temperatures which
could possibly be more sensitive to structure and internal conformation. The previous work in our
group has been done on crystalline samples1 and this is the first time we are proposing a cryogenic
study on PVD grown films of organic glasses.
It is expected to observe prominent spectral differences within the sample when spectra are
taken at 298 K and cryogenic temperatures. Cryogenic temperatures will restrict thermal
broadening in the sample.1 We are expecting to see a narrowing or energy shift in the Carbon 1s(CH) → π*Aromatic transitions at ~ 285.0 eV and possibly at Carbon 1s(C-R) → π*Aromatic transitions
at ~286.2 eV. The narrowing of the band will indicate the absence/removal of any thermally
populated states at cryogenic temperature. We are expecting to see prominent sensitivity towards
internal conformation due to the presence of narrower band and any energy shift will be easier to
distinguish.
A brief experimental methodology to obtain these spectra is described here. A 90 nm film
of TPD will be grown by PVD by the method described in Chapter 4. TPD films will be prepared
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at 0.79 Tg, 0.90 Tg and 1.0 Tg substrate temperature during deposition and then NEXAFS spectra
will be obtained at the SGM beamline (11ID-1) at the Canadian Light Source (CLS).3
Based on previous observations nuclear motion effects in an n-alkane solid are mainly due
to zero-point motion (present in all temperatures) and thermally populated vibrational modes.1
With the rise in temperature the thermally populated modes will increase.1 In our samples prepared
at 0.79 Tg, 0.90 Tg and 1.0 Tg almost no prominent spectral broadness and energy shift was observed
around 285.0 eV2 among the samples, which we related with presence of almost same thermally
populated vibrational modes as shown in the figure 4.2. These spectra were obtained STXM
microscope.
Once the sample is analyzed between two different temperatures i.e., room temperature
and cryogenic temperature, it is expected to observe more prominent spectral differences between
the samples, due to the small differences due to internal conformation. These spectral variations
may lead us to know about the stability of organic glasses due to different structure and internal
conformation.
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