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ABSTRACT

ADSORPTION OF BRANCHED POLYMER CHAINS ONTO SOLID
SUBSTRATES

Polymer thin films have a wide range of applications in photovoltaic materials,
biomedical coatings, and nanolithography. Thin films are prepared using either solution or
melt deposition techniques in which residual stresses are formed during the deposition.
Annealing process above glass transition temperature (Tg) of polymers to remove the
residual solvent whereas some of the polymer chains to adsorb onto the surface. Presence of
adsorbed polymer layer in thin films cause deviations from bulk behavior in physical
properties. In earlier studies, segment-substrate interactions are varied to manipulate the
enthalpic effect which in general favors adsorption. When each segment pins to the substrate,

polymer chains lose conformational entropy which works against adsorption.

In this study, we have elucidated the role of entropic effect by varying the polymer
architecture on the structure and growth kinetics of adsorbed layer by ellipsometry, X-ray
reflectivity, and atomic force microscopy. Linear polystyrene (PS), 4-arm star PS, comb PS,
and centipede PS of similar total molecular weight are used on hydrophilic SiOx and
hydrophobic SiH to determine the effect of architecture on adsorption. Quality of the

leaching solvent is also investigated for short and long leaching times.

Our results demonstrate that the normalized layer thickness increases as the
branching increases. Centipede PS always adsorb to give the thickest layers, whereas linear
PS forms the thinnest adsorbed layers. For all the polymers since the enthalpic interactions
are the same, the difference is the result of a reduction in the entropic loss for more branched
architectures. All polymers yield thicker adsorbed layers on SiH surfaces than on SiOx
surfaces due to stronger segment-substrate interactions. Toluene is found to be a better
solvent for leaching than chloroform despite the opposite claims in the literature. For the
first time, we have shown that just modifying the entropic contribution through polymer

architecture opens up a new path to control the formation of adsorbed polymer layers.
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OZET

DALLANMIS POLIMER ZINCIRLERININ KATI ALTTAS YUZEYINE GERI
DONUSUMSUZ ADSORPSiYONU

Ince polimer filmler fotovoltaik malzemeler, biyomedikal kaplamalar, nanolitografi
ve benzeri birgok uygulamada kullanilmaktadir. Filmler hazirlanma siirecinde iken olusan
artik stres ve uzaklastirilamayan ¢oziciden kurtulmak icin gergeklestirilen tavlama islemi
bazi polimer zincirleri yiizeye tersinmez olarak adsorbe olmasina ve fiziksel 6zelliklerin
yigm halindeki degerlerinden sapmasina sebep olur. Simdiye dek yapilan c¢aligmalarda
entalpik etkinin kuvveti degistirilmistir. Her bir segment alttas ile etkilestiginde polimer
zincirleri alttasa daha fazla mihlanmakta ve bu sebeple de konformasyonel entropi azalarak

adzorplanmaya kars1 bir etki olusturmaktadir.

Bu calismada polimer mimarisi sistematik olarak degistirilerek entropik kaybin
adsorbe tabakanin olusum kinetigi ve yapisini nasil etkiledigi elipsometre, X-isinlari
yansima, Ve atomik kuvvet mikroskopu kullanilarak belirlenmistir. Benzer toplam molekdler
agirhiga sahip lineer polistiren (PS), 4-kollu yildiz PS, tarak PS ve sentiped PS zincirleri
hidrofilik SiOx ve hidrofobik SiH yuzeyine adsorbe edilerek polimer mimarisinin adsorbe

zincir tabakasina etkileri kisa ve uzun yikama siiregleri i¢in belirlenmistir.

Dallanma arttik¢ca normalize tabaka kalinliginin her iki alttas yiizeyinde de artmasi
entalpik katki sabit oldugundan entropik kayiptaki farklara baglanmistir. Dallanmis
polimerler lineer zincirlere gore yigin halinde daha az konformasyonel entropiye sahip
oldugu i¢in kayiplar1 daha az olmustur. Tiim polimerler hidrofobik SiH ylizeyinde hidrofilik
SiOx ylizeyine gore daha kalin tabakalar1 daha kisa siirelerde olusturmustur. SiH {izerinde
adsorbe olmus tarak PS zincirleri harig, tiim adsorbe tabakalar y1gin yogunluguna sahip tek
bir tabaka ile modellenmistir. Toluen’in literatiirde belirtilenin aksine adsorbe olmamis
zincirleri uzaklastirmak i¢in kloroformdan daha iyi bir ¢oziicii oldugu tespit edilmistir. Bu
bulgularin 151831nda dallanma yani sadece entropik faktorler kullanilarak adsorbe tabakanin

olusumunun kontrol edilebilecegi ilk defa bu ¢aligmada gosterilmistir.
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1. INTRODUCTION

1.1.  Applications of Thin Polymer Films

Polymers have been used in a wide variety of areas because of their excellent
properties such as light weight, high mechanical and dielectric strength, high chemical
resistance and low manufacturing cost. These properties can be tuned by altering the
molecular building blocks and processing conditions. This unprecedented flexibility in
designing materials resulted in the replacement of many traditional metallic or ceramic

materials with their polymer counterparts.

Applying polymeric materials in thin film geometry opens up new directions for
high-tech materials such as in organic photovoltaic materials [1], water filtration membranes
[2], biomedical coatings [3], nanolithography [4], tissue engineering [5] and many others.
To create such thin films only micrograms of complex polymeric materials are enough, and

this reduces the manufacturing cost dramatically.

Controlling the dynamics and stability of thin films in nanoscale devices has a vital
importance to obtain maximum efficiency and maintain their performance over a long time
period. It is well known that physical properties of polymer thin films deviate from their
bulk behavior due to existence of adsorbed polymer chains on the substrate. Therefore, in
recent years, there is a huge interest to understand formation and structure of adsorbed

polymer layers from solution and melt.
1.2. Formation of Adsorbed Layer

In the above-mentioned applications, thin polymer films are coated on substrates
using solution casting, spin coating, or spraying. To reach equilibrium and to eliminate
residual stresses and solvents, films are annealed above their glass transition temperature

(Tg). During the annealing process, some of the polymer chains within the film irreversibly



adsorb onto substrate. Adsorption does not only happen for films in the melt state. On the
contrary, most of the early literature has dealt with the adsorption of polymer chains from
solution at room temperature. When a substrate is placed in a polymer solution, if dissolved
polymer chains have more favorable surface-segment interaction with the particles or the
substrate than the solvent, chains will adsorb to the surface. Irreversibly adsorbed layers
(IAL) can be obtained either in solution or in melt. For linear polymers, formation of 1AL
follows the same thermodynamic principles in both media. However, in solution the number
of components involved is larger and additional Flory-Huggins interaction parameters play
an important role. In solution chains adsorb and desorb faster and IAL reaches dynamic

equilibrium much faster than that in melt.

Polymer adsorption in solution is a well-studied topic both theoretically and
experimentally. From theoretical perspective, it was hard to take into account all
contributions such as solvent-polymer interactions, chain-chain contribution and especially
segment distribution near to substrate. Earlier theoretical work used assumptions to make
simplifications in the calculations such as using dilute and good solvent conditions.
Therefore, they claimed there is no reason to take polymer-polymer interactions into
account. However, formation of an adsorbed layer necessitates the polymer-polymer
interactions within the layer. Theories of Silberberg [6] and Hoeve [7] considered the
interactions between the polymer chains but they had specific assumptions about the
segment density distribution which neglect the contribution of tails. Later Roe [8] has
developed more sophisticated theory and calculated the segment density profile near the
surface but his theory simplified the contributions from each segment to be equal
independent of the distance from the substrate and he did not calculate distribution of

different conformations.

The most complete theoretical model is developed by Schuetjens and Fleer [9]. In
this theory, polymer adsorption is presented using quasi-crystalline lattice model. They were
able to calculate number of chains in train, tail and loop conformations in equilibrium. These
conformations are shown in Figure 1.1. Adsorbed segments of the polymer chain are called
as trains and the non-adsorbed segments between the pinned segments are called as loops.
Free ends of the chains are called as tails. They found that the segment density decays

exponentially close to the substrate and the decay is much slower as the distance from the



substrate becomes larger. They explained the segment density distribution with large fraction

of dangling tails in the adsorbed layer.

tail
loop

train

Figure 1. 1. Conformations of an adsorbed polymer chain on a solid substrate.

There are two main factors that govern the adsorption process; enthalpic gain and
entropic loss[10]. Polymer chains can only adsorb to the substrate if the segment—surface
interactions are stronger than solvent-substrate interactions in solution or if there are
attractive interactions between polymer segments and substrate in melt. However, when the
chain segments are pinned to the substrate, chain movements are restricted and as a result
polymer chains cannot search all the available conformations in bulk. This causes a decrease
in the conformational entropy of the chains. Therefore, the balance between entropic loss
and enthalpic gain mandates the equilibrium structure of the adsorbed polymer layer. If
segmental adsorption energy is low, adsorbed segments may gain enough energy by thermal
motion or solvent-polymer interaction and desorb from the substrate. Polymer desorption
happens in solution and at equilibrium, rates of adsorption and desorption are equal. In melt,
desorption is more difficult to observe unless another miscible polymer with stronger
segment-substrate interaction is brought into contact with the adsorbed polymer layer for a

long period of time above the Ty of both polymers.
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Figure 1. 2. Representation of balance between enthalpic gain and entropic loss for an

adsorbed chain.

Polymer adsorption occurs either through chemisorption or physisorption. In
physisorption, polymer chains are attracted to the surface via weak intermolecular
interactions. Usually, the strength of the segment-substrate interaction energy (adsorption
energy) is around a few keT, where kg is the Boltzmann constant and T is the temperature,
and a single segment-substrate interaction can easily be broken by thermal fluctuations.
However, when linear polymer chains adsorb, they make N1/2 contacts with the substrate and
the total adsorption energy is the sum of all the individual segment-substrate interaction
energies. Considering the number of monomer groups in a polymer chain, the adsorption
energy becomes so high that thermal fluctuations cannot break all these interactions
simultaneously and therefore these layers are called IAL. This does not imply that these
chains cannot be removed under any conditions, but it demonstrates at room temperature

these layers are very stable.

Adsorption energy depends on the monomer unit and the functional groups on the
substrate surface. For example, adsorption energy for poly(methyl methacrylate) (PMMA)
on SiOx surface is around 4ksT per segment due to strong hydrogen bonding whereas the
adsorption energy of PS on SiOx surface is around 1ksT per segment [11]. Therefore,

adsorption energy can be tuned either by changing the monomer structure or functional



groups on the substrate . In general, it is easier to control the hydrophilicity/hydrophobicity

of the substrate.

Since chemisorption requires the formation of a chemical bond between the segments
of a polymer chain and the functional groups on the substrate surface, activation barrier is
larger than that for physisorption. Chemisorption is simply irreversible, and it creates a
chemical bond between only two units. This results in a rather uniform chain structure
throughout the layer. However, in physisorption, depending on the arrival time of the
different polymer chains, one can obtain different chain conformations throughout the layer.
Early arriving chains find completely empty substrate sites and they try to make as many
segment-substrate interactions they can and this cause flattening of chains with train
conformation. Once many of the substrate sites are filled then the late comers cannot make
many segmental contacts due to excluded-volume barrier [12]. They can only make a few
contacts, and this causes the formation of mostly tail and loop conformations. Thickness of
the adsorbed layer depends on the relative fraction of chains with different conformations.
If adsorbed layer mostly composed of chains with train conformation, then the thickness of
the layer would be small. However, if loops and tails are contributing most to the adsorbed

polymer chains then the layer thickness would be larger.

Accurate estimation of adsorption energies is not straightforward. The most widely
accepted method introduced by Cohen-Stuart et al. [13] requires desorption experiments and
simultaneous collection of adsorption isotherms. In this method, two Flory-Huggins
interaction parameters are used to determine thermodynamic properties of the mixture; one
is for the free energy of mixing polymer and solvent and the other is free energy of polymer-
surface segmental contacts. High molecular weight adsorbed polymer chains on the surface
are desorbed and they are replaced by low molecular weight identical polymers. Through
rigorous calculations they showed that it is possible to determine segmental adsorption

energy.

Desorption of adsorbed polymers was studied experimentally by Granick and
coworkers in solution. They used protonated polystyrene (PS-h) and deuterated polystyrene
(PS-d) with similar molecular weights and polydispersities. Enthalpic gain from the PS-h

segment silica surface interaction was 1.8 ksT [14]. Adsorption of PS-d is slightly favored



compared to PS-h with 0.04 keT more enthalpic gain per segment [12]. When adsorbed mass
reached equilibrium for PS-h (Mw = 575 kg/mol), solution is replaced with PS-d (Mw = 550
kg/mol) solution of the same concentration. Surface coverage was monitored in-situ using
attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR).
Displacement of PS-h with PS-d was observed on the surface [15]. In this case, such a small
enthalpic gain per segment when PS-d adsorbs cause the desorption of PS-h since many
segments interact at the same time with the underlying substrate to reduce the overall energy

of the system.

1.3.  Effect of Adsorbed Layer on Physical Properties of Thin Polymer Films

Adsorption of polymers onto solid substrates does not have to happen only in dilute
solution, instead it can happen in melt state as well. Although theory of polymer adsorption
in dilute solution is studied in detail since 1980s, adsorption from melt has only attracted
interest in the last 10 years due to experimental challenges in characterization of a few nm
thick polymer layers with buried interfaces. Adsorption from melt pulled so much interest
since presence of adsorbed polymer chains in thin films causes deviation of physical
properties from bulk such as diffusion [16], crystallization [17], viscosity [18],
hydrophobicity [19] and Tg [20].

Since many segments of adsorbed chains in flattened layer with train conformation
pins to the substrate one would expect that the mobility of these chains are dramatically
reduced so that they have been called as dead layers for a long while in the literature. Due
to significant reduction of mobility in this layer, it is also expected that the non-adsorbed
chains may entangle with the adsorbed chains and the mobility of neighboring chains are
also slowed. Therefore, diffusion of polymer chains in the film should be slower. This
hypothesis was tested by Jiang and coworkers [16]. They have studied the effect of
irreversibly adsorbed chains in thin polymer films on diffusion in super critical carbon
dioxide (ScCO2) (Tc =36 °C and Pc = 8.2 MPa) with bilayer films of h-PS/d-PS using neutron
reflectivity (NR) [16]. Sorption of CO2 molecules has shown to plasticize glassy polymers
and decreases Tg value by enhancing chain mobility [21]. At the ridge condition Koga and

coauthors showed that the sorption of CO2 reaches a maximum and even at 36 °C one can



observe diffusion in bilayer films of PS [22]. They demonstrated that vertical diffusion
constant (Deff) depends on distance of the interface between the layers from the substrate.
Diffusion of PS chains is reduced an order of magnitude compared to that of PS in bulk for
0.6 Rg thick bottom layers. As the film thickness of the bottom layer increases, the diffusion
coefficient increases, and the bulk value is recovered for 3Rg thick bottom layers. Since the
thickness of the adsorbed chain layer is less than 1Rg, they have concluded that the mobility
of adsorbed chains is limited significantly, and this reduction disappears slowly as the non-
adsorbed chains are further away from the adsorbed chains. In the last few years this view is
challenged by Napolitano and coworkers by measuring the thermal expansion coefficient of
adsorbed PS layers with various thickness on SiOx using in-situ spectroscopic ellipsometry
measurements [23]. They found that the adsorbed layers with thicknesses less than 10 nm
showed an increase in thermal expansion compared to bulk and this implies that the layer is
not dead. They explained this observation with the packing frustrations due to increase in

free volume at the interface.

Napolitano and coworkers have elucidated the effect of film thickness on the
crystallization of poly(L-lactide) films capped between two conductive aluminum layers by
dielectric relaxation spectroscopy. Film thicknesses varied between 8 nm and 300 nm [17].
They have followed the time dependent changes in dielectric loss modulus for different film
thicknesses and found that the decrease in mobility as the films get thinner. This effect could
be either originated by the finite size (confinement) effects on crystallization or the
adsorption of polymer chains on the metal layers. They have resolved the contribution of
these two effects by careful investigation of Havriliak-Negami parameters. For film
thicknesses down to 25 nm they found that crystallization time (tc) is a function of 1/hc where
he is the film thickness. This behavior indicates the dominant contribution is the finite size
effect since overall sample volume decreases. However, for film thicknesses below 25 nm
they showed that the slope of tc vs hc curves increases significantly because of the
contribution from chain adsorption. For layers thinner than 10 nm crystallization is inhibited
for the time scale of the experiment [14][20]. They also found a gradient of mobility from
the substrate to roughly 15 to 20 nm away from the substrate at which the bulk value is
recovered. This behavior is also qualitatively consistent with the Koga and coworkers’

earlier results [13-24].



Viscosity of polymer thin films is studied by various research groups for years and
different results are reported using different measurement techniques. In general,
conclusions are drawn from the Tg measurements and depending on the direction of the Tg
shift either viscosity claimed to be higher or lower than the bulk value. It is believed that a
thin film consists of two layers; highly mobile liquid-like top layer which follows Arrhenius
dynamic closer to the free surface and bulk-like inner region just above the solid substrate
[25]. Solid substrate slows down dynamics by restricting configurational space available for
chains whereas free surface enhances segmental motion even below glass transition
temperature of polymer and dominate physical properties especially in thinner films.
Physical properties of thin films, including viscosity, change depending on balance between
these two competing effects. Effect of film thickness on viscosity is investigated using PS
thin films ranging from 2.3 nm to 79 nm. It is found that viscosity decreases especially at
lower temperatures as film thickness decreases and for films thicker than 50 nm viscosity
matches with bulk value [25]. Local viscosity of thin films is also studied by Koga and
coworkers using gold nanoparticles embedded 57 nm thick PS films above their bulk Tg
[18]. X-ray photon correlation spectroscopy (XPCS) measurements showed that local
viscosity at the center of the film is always higher compared to surface of the film. This is
explained with presence of irreversibly adsorbed polymer chains with limited mobility.
These hardly mobile chains restrict the mobility of neighboring chains through

entanglements and create a gradient of viscosity from substrate to the air surface.

Adsorbed polymer chains may also cause switch in hydrophilic/hydrophobic
character of thin polymer films. Moisture absorption capacity of poly(vinyl acetate)
(PVACc) (Mw = 350 kg/mol, Rg ~ 17 nm) with thickness ranging from 21 to 128 nm is
characterized with local dielectric spectroscopy (LDS) [19]. It is found that as adsorbed layer
thickness increases, water uptake decreases although PVAc is a hydrophilic polymer.
Because high interfacial monomer density in adsorbed layer reduces free volume and creates

less permeable environment for water molecules.

Tg value for thin films is also affected by the presence of adsorbed polymer chains.
It can be higher or lower than the bulk value depending on polymer/surface interactions.
Reduction of Tg in thin films is generally explained with presence of free surfaces. Priestley

and coworkers observed 10 orders of magnitude faster structural relaxation at a region 3 nm



below the free surface compared to bulk [26]. However, observation of a Tg reduction even
for capped films of poly(4-tert-butylstyrene) where free surface does not exist implies that
the excess free volume at the substrate side where polymer chains adsorb can make an impact
on Tg value [27]. In addition, Tg of thin 8-arm star PS films is found to be higher than the
bulk value due to better packing of star polymers at the interface compared to linear chains
[28]. These results clearly show that free surface is an important factor but not enough to
explain the change in Tg as a function of film thickness by itself. Free volume holes diffusion
model is suggested to explain interesting shifts in the Tg value of thin films. As the adsorbed
layer forms at the beginning, because of packing frustrations there is an excess free volume
near the substrate, and this cause a reduction in Tg [29]. Once the layer is annealed for long
time period, these holes diffuse to the air surface and annihilates. As the adsorbed layer
reaches an equilibrium to reach bulk density one should not see any Tg shift and this has

been proven by Napolitano and coworkers [30].

Tacticity of PMMA have a drastic effect on the Tg value of spin-cast film. Grohens
et al. [31] investigated the Tg of thin PMMA films by spectroscopic ellipsometry using
isotactic PMMA (i-PMMA) and syndiotactic PMMA (s-PMMA). They found that there is a
correlation between the density of the adsorbed layer at the substrate and measured Tg value.
I-PMMA adsorbs with higher density than s-PMMA. This change in the density of the
adsorbed layer causes an increase in Tg of i-PMMA film and decrease in the Ty value of s-
PMMA film.

1.4. Growth Kinetics and Structure of Adsorbed Polymer Layer

Deviations from the bulk behavior in thin films clearly show the presence of adsorbed
layer as explained in the previous section in details. Considering all these facts into account,
it is possible to tune material properties to the desired level by controlling the thickness and
density of the adsorbed layer. This can be achieved if the adsorbed layer formation
mechanism is resolved in detail. Although, adsorption of polymers from solution and melt
is extensively studied, we have only learnt so far how the enthalpic interactions can be varied
since almost all of the studies use different linear polymers on various substrates. [32]. It is
still not clear if we can gain control through variations in entropic contribution. Our main

target is to fill this large gap in the literature.
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Gin et al. [34] reported conformation of chains adsorbed onto the solid substrate from
the melt using initially 50 nm thick PS (Mw = 170 kg/mol) films on hydrogen passivated
silicon. They followed Guiselin method to prepare the adsorbed layer [35]. After annealing
spun-cast films above Ty under vacuum, thin films are washed with toluene to extract non-
adsorbed chains and characterized using NR and X-ray reflectivity (XR). Thickness of the
adsorbed PS layer found to be function of annealing time. At early times the growth of the
layer is linear with annealing time and once the surface sites are mostly occupied then the
growth becomes logarithmic. XR data demonstrated that there is a high-density region just
above the substrate with mostly train conformation and above this layer there is a layer with
bulk-like density composed of mostly loops and tails. Early arriving chains create flattened
conformation because of the trains and late arriving chains form loosely adsorbed layer due

to loops and tails.

Outer immobile chains

Loosely adsorbed layer
N\ AN\ Flattened layer
L

\ /

Inner flattened chains

Figure 1. 3. The interfacial sublayer consists of the loosely adsorbed chains and flattened

chains with different chain conformations.

Napolitano developed a kinetic model [32] for the growth of adsorbed PS chains on
SiOx. Experimental data indicated that there are two regimes as explained before and he has

fitted the experimental data with the following equations.

_ fho +ut for t < teross
hacs = {hcross + ITlogt/teross  fort> toposs (Eq. 1)



11

In these equations, tcross iS crossover time, it corresponds the time when early stages
of chain pinning are completed, similarly hcross is the thickness at which surface coverage is
completed. v and IT are growth rates at linear and logarithmic regimes, respectively. His
model is valid for different molecular weights as well. However, the effect of annealing
temperature is not taken into account. When PS (Mw = 955 kDa) films are annealed at 140
°C and 160 °C, the structure of the equilibrium adsorbed layer does not change but growth
rates of linear and logarithmic regimes increases as temperature rises [33]. Strength of the
intermolecular interactions between polymer segments and substrate are not included but it
is expected growth rate is influenced. Equation suggests and infinite growth however it is
experimentally known that the growth of the adsorbed layer reaches an equilibrium value

and stops. These are the main drawbacks of the model.

Durning et al. [34] showed that adsorbed layer growth kinetic is affected by
molecular weight of the polymer. Two different molecular weights of PMMA (Mw = 70
kg/mol and 345 kg/mol) are spin coated on silanol-bearing quartz surface and leached with
benzene to remove non-adsorbed chains. Time scale to reach equilibrium (teq) thickness is
power-law dependent to molecular weight, Mwo.o. There is a steeper growth curve for smaller
molecular weight and equilibrium adsorbed layer thickness (hary) is greater for higher

molecular weight. hary is correlated with N1/2 in accordance with random walk model.
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1.4. Aim of The Study

Adsorption of polymer chains onto solid substrates is mainly investigated using
linear chains from solution and recently in melt. The type of polymers and the surface energy
of the substrate were varied in these studies to change the contribution of enthalpic gain.
However, it is not clear how the contribution of entropic loss can be controlled. One way of
changing the entropy of the polymers without changing enthalpic interactions is to modify
the topology of the polymer. For example, linear PS and star-shaped PS chains have different
conformational entropies. Presence of a junction point and stretching of polymer segments
near the junction point yields lower conformational entropy for star polymers compared to
their linear analogs. When a star polymer is adsorbed on a substrate, it is expected to lose
less conformational entropy compared to linear polymer chain of same total molecular
weight. Since entropic loss term will be smaller one would expect a larger relative gain for
each segmental interaction and enhanced adsorption. Kosmas et al. calculated that number
of contacts on the surface is proportional with the N1/ for a linear chain, but it increases with
the number of arms for star polymers of the same total molecular weight[35]. Comb chains
behave like linear chains if ratio of molecular weights of side chain over the backbone
becomes closer to 1. If this ratio becomes large, they act like higher functionality star
polymers [35]. Ring polymers are in between star polymers with functionality of 3-4 and 5-
6. But this simulation is valid only for a single chain adsorption on substrate, effect of chain-

chain interactions is neglected.

Earlier work of Kawaguchi [36] focused onto adsorption of linear and comb polymer
chains of identical molecular weight from cyclohexane solution at theta temperature to
chrome plate using ellipsometry. They elucidated the adsorption and extension of these
polymers on the surface. Comb polymer forms a denser adsorbed layer but the linear chains
in adsorbed layer extends further into solution than comb polymers. Higher segment density
on the substrate for the comb polymer agrees well with the results of Kosmas [30]. Self-
consistent field theory calculations also predicted that comb polymers should form thinner
adsorbed layers than linear polymers since they do not have dangling tails [37]. They
assumed that the adsorption happens through the side chains not through backbone and this

is still a question that should be verified experimentally.
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In this work, our aim is to elucidate the effect of polymer architecture on the structure
and formation of adsorbed layer. We have used linear, 4-arm star, comb, and centipede PS
chains of roughly equal molecular weight to create adsorbed layers on hydrophilic and
hydrophobic surfaces. Growth kinetics and the structure of the equilibrium adsorbed layer
are characterized using ellipsometry and XR respectively. Understanding the role of
polymer architecture will enable us to modify the entropic contribution so that the formation
and structure of the adsorbed layer can be tuned. Hence, this study will open new pathways

to control the structure and properties of adsorbed layers.
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2. EXPERIMENTAL

2.1. Materials

Toluene (99.7 %, Merck), chloroform (99.7%, J. T. Baker), sulfuric acid (H2S04)
(51%, Merck), hydrogen peroxide (H202) (30%, Merck), and hydrofluoric acid (HF) (48%,
T. J. Baker) are used as received. Phosphorus doped n-type silicon wafers with 100 mm
diameter and 0.6 mm thickness are purchased from EI-Cat Inc. Silicon wafers are cleaned
with piranha solution and UV/Ozone (UV-03) treatment to obtain hydrophilic surface and
treated further with 2.5 vol. % HF solution to get hydrophobic surface.

Branched polystyrene (PS) chains are synthesized by David Uhrig using anionic
polymerization at the Center for Nanophase Materials Sciences (CNMS) at Oak Ridge
National Laboratory. All polymers have very narrow molecular weight distribution with
polydispersity index (PDI) values in between 1.03 and 1.08. Bulk glass transition
temperature (Tg) of each polymer is measured by differential scanning calorimeter (DSC).
Radius of gyration (Rg) values in melt state are either calculated using theoretical equations
from literature or hydrodynamic radius (Rn) in good solvent condition is measured using
dynamic light scattering and then scaled to melt condition to obtain Rg. Physical properties

of the branched PS chains used in this work are shown in Table 1.

Table 1. Physical properties of branched and linear PS chains

M total Mhn,arm
PDI Rg (nm) Tg (OC)
(kg/mol) (kg/mol)
Linear PS 484 - 1.05 15.4 107.0
Centipede PS 543 30 1.07 145 107.0
Comb PS 741 60 1.06 17.5 107.5
4-arm star PS 483 120 1.03 13.8 107.5
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Even though, equilibrium adsorbed layer thicknesses are normalized with the size of
the polymers, absolute molecular weights of the polymers chosen to be close to each other.
Linear PS (MW=484 kg/mol) and 4-arm star PS (MW=483 kg/mol) have identical total
molecular weights. Centipede PS (Mw=543 kg/mol) has in average 4.5 branch points with
molecular weight of side chains are 30 kg/mol. Therefore, molecular weight of centipede
backbone is 270 kg/mol. Comb PS (Mw=741 kg/mol) has two times longer side chains
which are 60 kg/mol, and backbone is 356 kg/mol.

2.2. Cleaning of Silicon Substrates

Surface science requires clean work environment, clean substrates and use of nearly
pure materials since very tiny amounts of contaminants can totally ruin the results for a few
nm thick layers. Therefore, substrate cleaning has to be performed effectively. Quality and
efficiency of cleaning should be optimized for the substrate and contaminant type on the
surface. There are many techniques for substrate cleaning, and they can be categorized into
two groups; wet cleaning and dry cleaning. Piranha treatment is chosen as a wet cleaning
technique, and UV-Ozone (UV/Os3) treatment is used as dry-cleaning technique. Both of

these treatments make the surface of a silicon wafer highly hydrophilic.

2.2.1. Piranha Cleaning

Piranha treatment is very reliable and effective method to remove organic molecules
from the surface of the solid substrates and it leaves hydroxylated surface behind. There are
multiple recipes in the literature [38][39]. In this work concentrated sulfuric acid (H2SOa) is

mixed with hydrogen peroxide (H202) with 7:3 volume ratio, respectively.

Great care and several precautions are required while handling with piranha solution
because it is highly corrosive. The reaction between H2SO4 and H20:2 is very exothermic but
once solution is stable then it is heated up to 90 to 100 °C to keep it active. Bubbles are
observed during the piranha treatment due to the oxidization of organic contaminants to CO2

as final product.
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Even though the exact cleaning mechanism is not established yet, it has been
speculated that there are two stages in piranha cleaning; dehydration and oxidation. In the
fast dehydration step hydrogen and oxygen are expected to be removed as water molecules
and organic residues on the surface are carbonized. Then the carbonized residues are

oxidized to COz2 in the oxidation step.

2.2.2. UV-Ozone Treatment

UV-0zone (UV-0s3) cleaning is a dry, easy, and inexpensive cleaning technique for
wide variety of substrates such as quartz, silicon, gold, nickel, aluminum, mica and glass. It
is effective to clean organic contaminants like oils, residual solvent, and hydrocarbons.
However, it is not useful to remove inorganic contaminants (dust and salts) and thick
polymer films, thus pre-cleaning is required using solvents, soap solutions or anything that
can remove inorganic contaminants before UV-Os treatment. It is not possible to remove
thick polymer films using UV-Oz due to crosslinking upon UV exposure. The details of how
UV-0s cleaning works given by Vig et al. [40] and the mechanism of UV-Os cleaning is
explained briefly below.

A low-pressure mercury discharge lamp generates UV radiation with 184.9 nm and
253.7 nm wavelengths. At each of these wavelengths different processes occur. At 184.9 nm
oxygen molecules (O2) are dissociated first into oxygen atoms (Eq. 2) and in the subsequent
step oxygen atoms react with oxygen molecules to yield ozone (O3) (Eq. 3). These two steps

together are called as ozone generation.

02—->0+0 (Eq. 2)
O0+02— 03 (Eq. 3)

At ozonolysis step, 253.6 nm UV light decomposes Oz molecules to Oz and

activated oxygen O+ (Eq. 4) which is highly energetic and hence very reactive.

03— 02+ 0~ (Eq.4)
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Activated oxygen is a very strong oxidizing agent and reacts with the organic
contaminants on the substrate surface. For polymers, chain scission occurs, and
hydrocarbons are converted to simple volatile byproducts. This is the last step where

decomposition of organic matters occurs.

After UV-Os treatment, silicon substrate is hydrophilic since surface is covered with
1 nm to 2 nm thick oxide layer. Hydrophilicity of the surface can be verified via contact
angle measurements. A well cleaned, hydrophilic surface enables water droplet to spread
almost completely and give contact angle close to zero. Contaminated surface yields higher

contact angle values.

UV-03 cleaning requires fine adjustment of key process parameters such as the
amount and the type of contaminant, distance between the source and sample, exposure time,
efficiency of precleaning, and the atmosphere between the source and the sample surface. It
is shown that UV- Os treatment produces a clean surface less than 1 minute if sample is pre-
cleaned[40]. In this study, UV- Oz cleaning is performed for 30 minutes at 10 mm away

from the UV source.

1.2.3. Hydrofluoric (HF) Acid Etching

Surface energy of the substrate is one of the key parameters for this study since
adsorption of polymers depends strongly on the surface-segment interaction energy. In order
to investigate the impact of surface energy on adsorption, surface energy of the silicon
substrate is varied by tuning the hydrophobicity. Piranha or UV-Os cleaned silicon wafers
are hydrophilic and they have high surface energy. HF etching modifies the silicon surface
from hydrophilic to hydrophobic nature. Even though HF is a weak acid (pKa = 3.15), it is
an excellent etchant to remove native oxide (SiOx) layer and widely used to create ultraclean
surfaces in semiconductor industry. HF etching yields relatively smooth surface with root-
mean-square (rms) surface roughness (orms) around 6 A [41]. Burrows et al. using X-ray

photoelectron spectroscopy (XPS) and ion scattering spectroscopy measurements
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demonstrated that silicon surface after HF treatment is mainly terminated by hydrogen and

fluorine content is minimal [42].

Piranha treated silicon wafers are kept in 2.5% volume percent HF solution in
distilled water for 30 seconds. All HF treatments are made using freshly prepared solutions
with the same HF concentration and treatment time to obtain consistent results. HF etched
silicon wafers are coated with polymer solutions using spin-coating as soon as HF treatments
are finished to ensure no appreciable amount of native oxide layer is regrown. This time

between the HF treatment and spin-coating is in general less than 30 seconds.

2.3. Adsorbed Layer Preparation

All the branched polymers are dissolved in toluene which is a good solvent for PS
[43]. After polymers are completely dissolved, solutions are filtered using 0.22 um or 0.45
um syringe filters to remove any dust. Piranha or HF-cleaned silicon wafers are placed into
spin coater and held steady with vacuum. Then solutions are dropped onto the wafers using
glass pipette and spun cast for a minute between 2000 revolution per minute (rpm) and 3500
rpm depending on the target film thickness. Spin coating is a well-known technique to
deposit uniform thin polymer layers on solid substrates where Newtonian fluid rotates with
constant angular velocity. Fast evaporation of volatile solvent leaves a polymer layer on the
flat surface due to viscous force and surface tension [44]. Thickness of thin polymer films
can be controlled via rotation speed, evaporation rate and solution concentration.
Meyerhofer’s equation (Eq. 5) [45] indicated that, increase in viscosity (or concentration) of
the solution results in an increase in layer thickness whereas increase in rotation speed

causes thickness decrease.

dh 2pw?h3
—=———"—E Eq.5
m 3n (Eq.5)

Here, w represents angular speed, p is mass density, n stands for viscosity, h is
thickness of fluid layer (not dry) and E is evaporation rate. In this study, rotation time is kept

constant for 60 seconds, solution concentrations are varied in accordance with desired initial
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film thickness. For each polymer, solution concentration versus film thickness plot is
established at a fixed rotation speed using four different concentration values and then film

thicknesses are controlled based on the concentration.
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Figure 2. 1. Schematic representation of experimental procedure for the preparation of an

adsorbed layer.

After spin coating, polymer thin films are annealed under vacuum at 150 °C between
30 minutes and 192 hours. Long annealing process above the Tg of the polymer in general
ensures complete chain relaxation and eliminates residual stress and residual solvent
remaining from the deposition process. Here annealing is used to promote adsorption of
polymer chains to the substrate. Upon completion of annealing, samples are removed from
the oven and quenched on an aluminum plate to room temperature very rapidly. Then
samples are kept in toluene for 10 minutes and dried. This leaching process is repeated 5
times with fresh toluene in each step. During leaching non-adsorbed chains are removed
from the substrate so that samples only contain adsorbed polymer chains. Once toluene
leaching is finalized samples are annealed again under vacuum at 130 °C for 2 hours to
remove residual toluene in the film. At this step samples are characterized and later the same
leaching protocol is followed using chloroform to remove loosely adsorbed PS chains from
flattened chains if there are any [46].



20

2.4. Characterization of Bulk Polymers and Adsorbed Layers

Tg value of a polymer is a very crucial parameter for determining the temperature at
which annealing should be done to ensure complete chain relaxation. Bulk Tg values for each
PS architecture are determined using differential scanning calorimeter (DSC). Radius of
gyration (Rg) values are used for normalization of equilibrium adsorbed layer thickness so
that different PS architectures with different molecular weights can still be compared. Rg
values are calculated using well-known formulas from the literature and also Rg of polymer
chains are estimated from the Rn values measured in good solvent condition using
MALVERN ZS — ZETASIZER at Ko¢ University Surface Science and Technology Center
(KUYTAM).

Quantitative characterization of adsorbed polymer layers that have 1 nm to 20 nm
thickness is quite challenging. In order to follow the growth kinetics of the adsorbed layers
ellipsometry (Film Sense-1 Multi-Wavelength Ellipsometer, Version 1.50, Bogazici
University) is used. The thickness, roughnesses at the air surface and the substrate interface,
and the density of the adsorbed layers are determined by X-ray reflectivity (XR) (Bruker D8
Advance X-Ray Diffractometer, Ko¢ University Surface Science and Technology Center
(KUYTAM)) measurements. Atomic force microscopy (AFM), (Bruker Dimension Icon
AFM, Kog¢ University Surface Science and Technology Center (KUYTAM)), is used to
examine surface morphology of the adsorbed layers.

2.4.1. Differential Scanning Calorimetry

Differential scanning calorimeter (DSC) is an instrument to measure thermal
properties of polymers such as melting temperature (Tm), crystallization temperature (Tc),
Tg and enthalpy changes associated with these transitions. The principle of DSC

measurements is summarized briefly here.

There are 2 aluminum pans, one of them is a reference pan which is kept empty and
the other one is a sample pan that is filled with polymer and then pressed. The mass of the

polymer in the sample pan is recorded to DSC software for calculations. The main principle
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IS maintaining the temperature of sample and reference pans the same upon heating or
cooling. When polymers undergo a physical transition such as first-order phase transition
depending on the enthalpy change either more or less heat is required to maintain the
temperature. For endothermic changes (i.e. melting) more heat is needed and heat flows to
the sample pan whereas for exothermic changes (i.e. crystallization) less heat is required so
heat flow to the sample pan is reduced. The difference in the heat flow between sample and
reference pans yields a curve of heat flux versus temperature. By multiplying calorimetric
constant (K) and the area of peaks for a given transitions, the enthalpy of transition can be

derived.

The TA Instruments Q2000 DSC is used to measure Tg for linear, comb, centipede
and 4-arm star polystyrene samples. In the first heating step, samples are heated from room
temperature to 150 °C with a rate of 10 °C/min to remove the thermal history. After the first
heating, samples are cooled back to the room temperature with the same rate. The second
heating run is performed using the same temperature range and heating rate as in the first
heating run. Tg of polymers are obtained from the plot of heat flow versus temperature curve
in second heating run. At the glass transition temperature cooperative segmental motions
begin and a glassy polymer gets into melt state. The heat capacity of the polymer changes
during this transition and Tg is determined from the middle point of the tangent that connects

the two straight lines drawn from the beginning and end of the transition.

2.4.2. Dynamic Light Scattering

Dynamic light scattering offers a quick determination of polymer and nanoparticle
sizes in solution from a little amount of sample volume. Incident laser beam illuminates the
polymer solution and as a result light is scattered in every direction. This scattering yields a
speckle pattern due to wave interferences. At each shot a speckle pattern is collected and
speckle patterns obtained at different times are correlated using an autocorrelator. Diffusion
coefficient of particles and relaxation times can be obtained from the decay of
autocorrelation function. Since diffusion of the particles or polymers in solution is directly

related to the size, hydrodynamic radius (Rn) is obtained from DLS measurements. Small
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particles diffuse faster and creates fast decaying intensity fluctuations whereas large particles

exhibit slower diffusion and slow decaying autocorrelation functions.

Incoming laser light passes through the attenuator and hits the solution. DLS
measurements are done using a Malvern Zetasizer equipped with 4 mW He-Ne laser with
633 nm wavelength. Scattered light passes through focusing lenses and reaches the detectors
located at 90° or 173° from the incident laser beam, to detect backscattering. Intensity
fluctuations are observed from the computer connected to detectors by comparing intensity
fluctuation of the beam with itself within microseconds. Intensity distribution is calculated
from data signal processor (correlator) and number/ volume/ intensity distribution of

particles is found.
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Figure 2. 2. Schematics of DLS set up and measurement.

Once hydrodynamic radiuses are determined by DLS measurements, Rg values are
estimated from the Rn values. The ratio of R¢/Rn in general provides information about
shape of the samples; 0.78 for spherical nanoparticles, between 1.5 and 2.1 for coils and

bigger than 2 for nanotubes [47].
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2.4.3. Ellipsometry

As a well-established optical measurement technique, ellipsometry is a fast and non-
destructive method to measure thickness and refractive index of thin films. The change in
polarization state of light beam reflected from the sample is measured and this change in
beam polarization depends on film thickness. In this study, Film Sense FS-1 Multi-
Wavelength Ellipsometer is used. Ellipsometric data is acquired using 4 different
wavelengths at 465 nm (blue), 525 nm (green), 590 nm (yellow), and 635 nm (red)
simultaneously. Wavelength and polarization state of incident beam is set, polarization state
of reflected beam is measured with a method called DOAP (Division-of-amplitude

photopolarimeter). This method can be expressed as a matrix equation in Equation 6,

| = AS (Eg. 6)

where 1 is a 4x1 matrix showing four different intensities measured by detector, A is 4x4
instrument calibration matrix and S is a 4x1 vector consist of stokes parameters, where

polarization of light is expressed by four different stokes parameters So, S1, S2 and Sa.
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Figure 2. 3. Interaction of incident light with sample and resulting polarization change in

an ellipsometry measurement.
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Ellipsometry data is quantitatively analyzed using a model-based fitting. A
multilayer model is created in which the refractive index information for substrate and
polymer layers are used as inputs and the thickness of the layers are used as fit parameters.
Marquardt-Levenberg algorithm is used to find the global minimum during the fit process.
The difference between fit and measured data is denoted as fit difference and this difference

is kept as small as possible.

2.4.4. X-ray Reflectivity

Specular X-ray reflectivity (XR) is a nondestructive surface characterization
technique. It provides information about the structure of thin films in perpendicular direction
to the film surface. Thickness and density of layers as well as roughnesses at various

interfaces can be obtained with high accuracy and spatial resolution.
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Figure 2. 4. Geometry of an specular X-ray reflectivity experiment.

When the incidence angle of the X-ray beam is equal to the reflection angle it is
called specular reflectivity. In this case there is only one component of the momentum
transfer wave-vector which is in the z-direction (gz). Hence the collected structural
information yields the electron density variation in the perpendicular direction to the film
surface. Structural information in x- and y-directions is averaged out during the
measurement. Technique is capable of discriminating very minor changes in the shape of

electron density profile and therefore it is very sensitive for structural changes in the z-
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direction. Qz depends on the incidence angle (0) as well as the wavelength (1) of the X-ray

source as shown in the following formula;

41t Sin6
= (Eq.7)

dz = —,

In a typical XR measurement wavelength is fixed and reflectivity is measured as a
function of gz by increasing the incident and reflection angles simultaneously. Reflectivity
is defined as the number of reflected X-ray photons collected by a scintillation counter
divided by the number of incident X-ray photons over the sample. At incidence angles below
the critical angle (6c), all the X-ray photons are totally externally reflected, and the
reflectivity ratio is equal to 1. At angles above Oc, X-ray beam starts to penetrate into the
sample and reflectivity ratio decreases first sharply then with close to g-2 dependence. This
dependence is valid for smooth surfaces based on Porod’s Law [48]. As the incident angle
increases, penetration depth increases very rapidly around critical angle and above qc it can
reach micrometers. In addition to penetration depth, probed length scale also decreases with
increasing incidence angle. Since the X-ray instruments utilizes fixed beam height, the
footprint of the beam on the sample decreases as the incidence angle increases. Therefore, it

IS important to have isotropic and uniform samples for the measurements.

If a thin film consists of layers with different electron densities, a phase difference
related to the thickness of the layer occurs between the reflected beams from different
interfaces. Refracted beams are reflected from each layer/layer interface as well as air
surface/layer and layer/substrate interfaces. All these reflected beams constructively and
destructively interfere with each other to create Kiessig fringes as shown in Figure 2.5. The
period of Kiessig fringes (Ag:) is related to the phase difference and hence yields information
about the thickness of the layer. Film thickness can be determined using fringe spacing
between neighboring maxima and minima. There is an inverse relationship between the

thickness of the layer, di, and the fringe spacing as is shown in equation 8.

2
dp, = A:Z (Eq. 8)
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As the fringe spacing becomes smaller, then the layer becomes thicker or vice
versa. This simple equation does not take into account the dynamic effects in the vicinity

of the critical angle and to obtain more precise thickness information without a detailed fit

one needs to use Bragg’s equation[49].
sin?0; = 62 + (n; + An)? 1% / 4d? (Eq. 9)

where ¢i is the position of the maximum or minimum of the ith interference fringe, 6c is the

critical angle, n is an integer, An = 1/2 and 0 for the maximum and minimum, respectively.

Finally, A is the X-ray wavelength (1.54 nm) and d is thickness.
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Figure 2. 5. A typical X-ray reflectivity profile that summarizes the model parameters and

what they determine in a measurement.

Another important information can be extracted from a reflectivity measurement is
the electron density of the layers. Electron density is directly related to the mass density and
the number of electrons in the molecule. As can be seen from equation 10, as the number of

electron or mass density increases, the electron density of the molecule increases as well.
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SLD = Zizibi (Eq. 10)
Vi

Scattering length contributions (bi) are summed for individual atoms, N is the number
of atoms in unit cell and division by volume of unit cell gives scattering length density
(SLD). SLD value is proportional to electron density. Qualitatively, observing the critical
angle value and the amplitude of the Kiessig fringes give hints about the electron density of
the layers within the film. The critical angle is determined by the layer with the highest
electron density in the sample. Quite often thicker polymer layers on silicon wafers yield
also small oscillations before the critical angle for the silicon and these oscillations give
information about the critical angle for the polymer layers and therefore their electron
densities. When the Kiessig fringe amplitude is large, the electron density difference
between the layers (contrast) is large as well. When the contrast becomes weaker, Kiessig

oscillations are damped.

Critical angle for total reflection, where intensity starts to decay, gives an idea about
density of the film and amplitude of oscillation provide information about density contrast
within the film. Smaller amplitude of oscillation means density difference is less and bigger
amplitude implies there is great density contrast in the film. Physical density can be directly
correlated with electron density of the film for XR measurements because scattering derives
from electron density in the film. There is a relation between SLD of the film and the critical

angle.

ge = (16 7 SLD)12 (Eq. 11)

In our measurements, SLD value for the layer reveals the packing of the chains next
to the substrate, if there is a mixture of components then the relative fraction of each
component. Therefore, SLD value obtained from XR measurements is very critical for our
work. XR measurement depends on the roughness at the air surface and buried interfaces.
An rms roughness much greater than 5 nm can kill all the Kiessig fringes and therefore make
the measurement useless. Below 5 nm XR measurement is very sensitive to the changes in

roughness and through fitting roughness values at each interface can be determined with
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accuracy. In general, fast decay of the curve indicates the presence of rough interface or

surface whereas decay proportional to g-4 indicates sharp and very smooth interfaces.

2.4.5. Atomic Force Microscopy

Atomic force microscopy (AFM) is a well-established method for determining the
morphology of thin films. 3-Dimensional topology of the surface reveals microstructures on
the surface such as nucleation and growth, presence of ordered patterns and surface
roughness. In certain cases, the thickness of the films can also be obtained by forming a

scratch and obtaining an AFM image around the scratch.

In this study AFM is used in intermittent-contact (tapping) mode, where cantilever
oscillates vertically around its resonance frequency. Resonance frequency is set in
accordance with tip properties. Cantilever frequency changes during oscillation because tip
is exposed to attractive and repulsive forces with the sample surface. To keep the amplitude
and drive frequency identical, the distance between tip and sample is adjusted during

scanning.
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Figure 2. 6. A representation of AFM measurement in tapping mode.

Vertical resolution of AFM instrument is around 1 A and technique yields precise
surface morphology. However, the lateral resolution depends on the radius of the tip and in
general it is around 10 nm. Resolution of the AFM is limited by mechanical vibration and
random electrical fluctuations. These noises are eliminated using a vibration isolation

stage.

Roughness of thin films influences wetting, lubrication, friction and adhesion
properties for many technological applications. In this project, surface roughness of the
branched thin polymer films is measured using AFM and XR measurements. Roughness is
evaluated quantitively by amplitude values in z-direction in AFM measurement and there
are several roughness definitions in the analysis software. The most commonly used
definitions are roughness average (cav), and oms [50]. Roughness from the XR
measurements are obtained by fitting the XR data as mentioned earlier. REFLFIT software

provides full width at half maximum (fwhm) values which are 2.35 times the value of orms.
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Even though cav is widely used roughness analysis because it is arithmetic average
of the absolute values of height deviations from the mean line, in this work we have
reported orms values to be able to make comparison with XR results. cav is calculated by

the following formula,
1 L
Ogv = Efo |Z(x)| dx (Eq. 12)

L is the length of the profile on the x-axis used for measurement and Z(x) is the

variation of the height from the profile line for each data point.

orms IS the root mean square of deviations from the mean height. Since the square of
the amplitude is used for the calculation, it is more sensitive for valley and peak deviations

compared to cav. orms vValues are always larger than cav values.

Crms = /%folezcdex (Eq. 13)

AFM and XR measurements yield rms roughnesses but it is very rare these values
are in exact agreement. There are many reasons for that but the most important one is that
the band widths of these two techniques are different. Since XR technique has a larger
frequency band width it tends to yield larger rms roughness values compared to the AFM
measurements [51]. In general, XR technique probes a larger area on the sample due to large
coherence values of the technique whereas AFM probes smaller local areas. Our

measurement also show that XR roughness is always higher compared to AFM roughness.
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3. RESULTS AND DISCUSSION

3.1. Growth kinetics of adsorbed layers

Growth kinetics of adsorbed branched PS layers at 150 °C for various annealing times
is followed by ellipsometry. Adsorbed layer and normalized (dads/Rg) adsorbed layer
thicknesses for initially 50 nm thick linear PS (Mn=484 kg/mol) chains on SiH substrate is
shown in Figure 3.1 as a function of annealing time. After each sample is annealed for given
amount of time, they are all leached in toluene for 10 minutes (min) and this leaching process
is repeated five times with fresh toluene. Therefore, measured thickness values are obtained
after 50 min leaching in toluene. Adsorbed layer thickness increases rapidly as annealing
time increases till 8 hours (h), but then no change in thickness is observed. Average thickness
after 8 h is calculated as 12.4 nm. Rg value for this linear chains is measured as 15.4 nm
using DLS and this yields normalized equilibrium adsorbed layer thickness (dadseq/Rg) as

0.8. This value is in agreement with the literature [52].

® adsorbed layer thickness < normalized thickness

16.0
L 1,10
_ o
= ® =
£120 - °o + ® e o S
5 L 090 7
= 7,
e °© DN £
= AN o O e
g o L 070 B
S N
2 E
2 o s
2 401 L 0.50 ~
0.0 . . . 0.30
0 50 100 150 200

Annealing time (hour)
Figure 3.1. Adsorbed layer (filled spheres) and normalized adsorbed layer thickness (empty

diamonds) as a function of annealing time for linear PS chains on SiH substrate.
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To investigate the effect of surface energy, same experimental procedure is repeated
on SiOx surface for linear PS. The results shown in Figure 3.2 indicates that the growth
kinetics of linear PS chains on hydrophilic surface is quite different than that on hydrophobic
surface. Initially, there is no sharp increase as in the case of hydrophobic surface. Adsorbed
layer thickness gradually increases upon increasing annealing time, and it saturates around
96 h. Equilibrium adsorbed layer thickness is 4.1 nm which is one third of the dadseq on
hydrophobic surface. Normalized thickness reaches at most 0.3 and this value is slightly
lower than reported values for the same system in the literature. Results from these two
figures together demonstrates interaction energy between hydrophobic PS chains and

hydrophilic surface is smaller than that on hydrophobic substrate.
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Figure 3. 2. Adsorbed layer thickness (filled spheres) and normalized thickness (empty

diamonds) as a function of annealing time for linear PS chains on SiOx substrate.

Once adsorbed layer growth for linear PS chains is validated then the same
methodology is applied to different PS architectures. Initially 50 nm thick 4-arm star PS

(Mn=483 kg/mol) films spun-cast on SiH surface are annealed at 150 °C under vacuum for
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various times and leached with toluene. Since both polymers have identical total molecular
weight, it is reasonable to draw conclusions on the effect of branching. Adsorbed layer
thickness for 4-arm star PS increases from 8.7 nm to 13 nm rapidly in the first 8 h and then
no remarkable change is observed (Figure 3.3). The shape of the growth curve is very similar
to the shape of the growth curve for linear PS on SiH which suggests a similar growth
kinetics. Equilibrium thickness is found as 12.8 nm and dads.eq/Rg value is 0.89. This value is
slightly higher than that of linear PS chains.
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Figure 3.3. Adsorbed layer (filled spheres) and normalized thickness (empty diamonds) as a

function of annealing time for 4-arm star PS chains on SiH substrate.

When the same 4-arm PS layer is adsorbed on a SiOx substrate, our expectation is to
find a similar growth pattern as in the case of linear PS on SiOx surface. These two polymers
are expected to have the same enthalpic interaction energy due to segment-substrate
contacts. However, the entropic penalty will be different in each case since linear chains will
lose more conformational entropy per chain for pinning of each segment than the

corresponding star polymers. In a 4-arm star PS, 4 linear PS chains merge at the core. Around
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the core, chains repel each other and they are stretched near the junction point similar to
polymer brushes. The conformation of the chains are far from Gaussian coil conformation.
As the end of the chain is far away from the junction point, the stretching decreases. This is
the main reason for lower conformational entropy for star chains in general. When the star
polymers are adsorbed and their segments pin to the surface, the reduction in conformational
entropy is not as severe as for linear chains and adsorption should be more favorable for star
polymers. Kinetic growth of adsorbed layer for 4-arm star PS on SiOx is shown in Figure
3.4. Adsorbed layer grows gradually till 120 h and then the thickness value remains same.
The shape of the growth curve is similar to that of linear PS on SiOx surface. Equilibrium
adsorbed layer thickness is around 6.5 nm which is larger than that of linear PS on SiOx.
Normalized equilibrium thickness is calculated as 0.46. This value is 50% higher than that

for linear PS chains.
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Figure 3.4. Adsorbed layer (filled spheres) and normalized thickness (empty diamonds) as a

function of annealing time for 4-arm star PS chains on SiOx.
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Star polymers are branched polymers with one junction point. There are other types
of branched polymers for which the number of junction points is larger than 1. For example,
comb and centipede polymers may have multiple junction points and investigation of their
adsorption can possibly tell us the importance of number of junction points. Of course,
depending on the density of junction points the conformation of comb and centipede will
change and backbone stretching will contribute as well. Adsorption of comb PS (Mn=734
kg/mol) on SiH surface is illuminated following the same experimental protocol. Comb PS
with total Mn of 734 kg/mol and Mnam of 58.5 kg/mol is synthesized and used for the
adsorption studies as well. It has 6.3 branches and the Mn of the backbone was 365 kg/mol.
Adsorbed layer thickness results obtained by ellipsometry are plotted in Figure 3.5.
Thickness of the adsorbed layer starts from 9.7 nm at 1 hour and rises to 15.7 nm at 32 h of
annealing. Adsorbed layer thickness does not change much beyond 32 h of annealing and
equilibrium adsorbed layer thickness is 16.2 nm. The value of dadseq/Rg is calculated as 0.93

which is larger than that of linear PS and 4-arm star PS chains.
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Figure 3.5. Adsorbed layer (filled spheres) and normalized thickness (empty diamonds) as a

function of annealing time for comb PS chains on SiH.
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When the same comb PS is adsorbed onto SiOx surface, adsorbed layer reached its
equilibrium thickness of 8.5 nm which yields dadseq/Rg value of was 0.49 (Figure 3.6).
Adsorb layer thickness reached its equilibrium value in 64 h and this was faster than linear

PS and 4-arm star PS.
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Figure 3.6. Adsorbed layer (filled spheres) and normalized thickness (empty diamonds) as a

function of annealing time for comb PS chains on SiOx.

Centipede PS with total Mn of 540 kg/mol and Mnarm of 28.1 kg/mol is synthesized
and used for the adsorption studies as well. It has 4.5 branches and arms are paired on both
sides of the main backbone. Therefore, the Mn of the backbone was 287 kg/mol. Backbone
and arms of centipede PS are shorter than comb PS. Hence, centipede PS has a higher
branching density than the comb PS. Figure 3.7 shows at 32 h centipede PS adsorbed layer
formation reaches its first plateau around 13.6 nm and then there is a small increase at 120
h to attain average equilibrium thickness of 15.3 nm. Rg is estimated as 14.5 nm using DLS
and normalized thickness of 1.04 is the highest among these four different PSs on SiH

surface.
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Figure 3.7. Adsorbed layer (filled spheres) and normalized thickness (empty diamonds) as a

function of annealing time for centipede PS chains on SiH.

Adsorption of centipede PS on SiOx surface is also measured with ellipsometry and
thickness values after toluene leaching are summarized in Figure 3.8. Adsorbed centipede
PS layer on SiOx surface grows to its average value more gradually than on SiH which is
similar to other PS samples. However, the time it takes to reach equilibrium value was almost
same on both surfaces. This behavior is different than the other samples. Equilibrium
adsorbed layer thickness is obtained as 9.1 nm after 96 h. Normalized thickness of 0.6 is the

highest between all samples and factor of 2 larger than the linear PS on SiOx.
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Figure 3.8. Adsorbed layer (filled spheres) and normalized thickness (empty diamonds) as a

function of annealing time for centipede PS chains on SiOx.

Figures 3.9 and 3.10 demonstrate the normalized thickness values for all PS samples
together on both surfaces and the most important result from the ellipsometric measurements
is that normalized thickness of the adsorbed layer increases as the branching of the polymer
increases. Since normalized thickness value is already taking size differences between
different PS samples into account, we could claim that the differences in entropic
contribution play an important role in adsorption and one can alter the growth of adsorbed

layer by tuning the entropic factor through change in polymer architecture.
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Figure 3.9. Normalized thicknesses as a function of annealing time for linear PS, 4-arm star

PS, comb PS and centipede PS chains on SiH.
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41

3.2. Layer Structure of Adsorbed Layers

3.2.1. Branched Adsorbed PS layers on SiH

The layer structure of adsorbed PS films was investigated using X-ray reflectivity
(XR) measurements, and the surface morphology was monitored by atomic force
microscopy (AFM). The information about the layer thickness, interface and surface
roughnesses, and the electron density vs depth profile are obtained by fitting the XR data
using REFLPAK software [53]. REFLPAK uses XR scattering length density (SLD) values
instead of electron density values. Both electron density and SLD values are related to the
mass density of the polymer and number of electrons that the repeating unit has. Therefore,
the distribution profile of mass density in the perpendicular direction can be derived. SLD
value of PS in bulk, SiOx and Si are calculated as 9.6x10-6 A-2, 1.88x10-5 A2, and 2x10-5 A-
2, consecutively. SLD values of Si and SiOx are kept constant through fitting process.
However, SLD value of branched PS layers are used as a fit parameter and the value is

obtained from the best model fit.

Logarithm of reflectivity is plotted against momentum transfer wave-vector in z-
direction (qgz) for linear PS adsorbed layers on SiH as a function of annealing time (Figure
3.11). Annealing time for each reflectivity profile is given next to the curve. Real data points
are shown as empty circles and the reflectivity from the best fit models are shown with solid
lines. The agreement between these two demonstrates the goodness of the fit. Minima of
Kiessig fringes shift gradually towards lower gz-values as the annealing time increases to 16
h. Lower gz values in reciprocal space corresponds to larger length scale in real space. Hence,
the thickness of the adsorbed layer increases up to 16 h. Between 16 h and 192 h, the minima
values shift slightly towards right or left, and this indicates that the thickness of the layer
does not change much around an average value. The absence of damping in fringe amplitude
shows that the roughness does not increase with increase in annealing time. One can
calculate the thickness of the adsorbed layer from the spacing between the consecutive

minima or maxima. For example, the thickness of the adsorbed layer after 192 h annealing
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calculated to be 10.6 nm from this rather crude calculation. However, more accurate
modeling analysis yields 10.8 nm. This demonstrates that even simple calculations from the

raw data can give pretty accurate thickness values.
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Figure 3.11. XR data (open symbols) and best fit model curves (lines) as a function of
momentum transfer wave vector in the perpendicular direction to the surface, (qgz), for linear
PS on SiH from 1 h to 192 h of annealing at 150°C. Adjacent curves have been shifted
vertically by log(10)-3 for clarity.

It is not possible to obtain quantitative information about roughness and SLD values,
instead only qualitative information about these parameters can be acquired from the visual
inspection of the raw reflectivity curve. SLD values of the layers and the roughness values
at each interface can only be determined from the fitting. SLD profiles obtained from the
real space models which provided the best fits are plotted as a function of depth in Figure
3.12. An SLD profile demonstrates the change in mass density along the z-direction. We can
see layers with different densities in Figure 3.12. SLD profile for 1 h annealing indicates
that the model has three different layers. Between depth of -2 nm and 2 nm, there is a semi-
infinite Si slab for which the SLD value is 2 x 105 A2. Then there is a layer with SLD value



43

of 1.6 x 105 A2. The SLD value for native SiOx layer is 1.88 x 105 A-2and obviously this
layer is not a pure SiOx layer. However, the SLD value of the layer is extremely high for a
polymer layer as well. Koga and coworkers [54] found that the flattened PS chains form a
layer denser than that of chains in bulk and the density difference is around 20% at most.
This gives an upper bound for the SLD value of PS chains around 1.2 x 105 A2 which is
markedly lower than the apparent SLD value of the layer. The SLD value of 1.6 x 10-5 A2
indicates the possibility of a layer composed of both linear PS chains and SiOx. Even though
SiOx layer is etched by HF treatment, it is very well known that SiOx layer regrows rather
quickly if the substrate is exposed to oxygen or air for a prolonged time. The initial linear
PS films were spun-cast within 20 to 30 seconds after the HF treatment. Hence, we are not

expecting SiOx layer formation during this period.

Most likely explanation for the presence of the SiOx in the layer is that during the
early annealing times for the spun-cast layer, adsorbed PS chains do not cover the whole
substrate. There are bare Si regions on the surface which are exposed to air after toluene
leaching and SiOx layer regrows in these regions. Since apparent SLD value obtained by
fitting is a linear combination of the SLD values of SiOx and the PS, we have calculated the
volume fraction of PS in this layer as 0.4 after 1 h annealing. Finally, there is a layer of PS
between the depths of 3 nm and 11.5 nm, which yields thickness of 8.5 nm. The dashed
horizontal line indicates the bulk SLD value of 9.6 x 10-6 A-2 for PS. This PS layer has almost
bulk-like SLD. The same model fits the data quite well for measurements up to 8 hours of
annealing. There are two layers composed of adsorbed polymer chains. One is next to the
substrate and it is mixed with regions of SiOx and the second one on top of this layer consists

of only adsorbed PS chains.

As the coverage of the adsorbed chains increase, it is expected to find much less SiOx
since there will be smaller regions for it to regrow. SLD profile for 16 h annealing
demonstrates a decrease in the SLD of the mixed layer and concurrent increase in thickness.
This decrease in SLD suggests a decrease in the volume fraction of SiOx and an increase in
the volume fraction of the adsorbed PS chains. If we assume again that the literature value
for the flattened PS layer from Koga’s work is correct than the volume fraction of the

adsorbed PS chains in this layer becomes 1. If we were able to fit all the reflectivity data for
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longer annealing times using the same model, then the model would be satisfactory.
However, this two-layer model is not necessary for data after 64 h annealing. A single layer
model is able to provide excellent fits to the data with adsorbed PS chains having bulk SLD
value. If the SLD value of the adsorbed PS chains assumed to be same as bulk SLD in the
mixed layer, then the volume fraction of PS chains become 0.3 for 1h annealing and 0.74 for
16 h annealing. Overall, our model shows a single layer of adsorbed PS chains on SiH

substrate which is not consistent with results of Koga and coworkers [54].
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Figure 3.12. Scattering length density (SLD) as a function of depth for linear PS from 1 h to
192 h of annealing at 150 °C on SiH.

Adsorbed layer thicknesses obtained by the best fits are compared with the ones
obtained from ellipsometry measurements in Figure 3.13 for linear PS. There is an excellent

agreement between the two techniques and the difference between the two is at most 10 %.
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Figure 3.13. Adsorbed layer thickness as a function of annealing time measured by

ellipsometry (filled spheres) and XR (empty diamonds).

XR curves measured for the adsorption of 4-arm star PS on SiH substrate at 150 °C
are shown in Figure 3.14 for various annealing times and corresponding SLD profiles are
shown in Figure 3.15. Spacing of Kiessig fringes shows an increase in the thickness of the
adsorbed layer up to 32 h and then a slight decrease followed by no change after 72 h.
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Figure 3.14. XR data (open symbols) and best fit model curves (lines) as a function of gz for
4-arm star PS on SiH from 2 h to 168 h of annealing at 150°C. Adjacent curves have been

shifted vertically by log (10)-4 for clarity.

SLD profile for 4-arm star PS adsorption measurements on SiH substrate
demonstrates similar structural features with the linear PS. At very early stages of annealing
there are two layers one with the regions of adsorbed 4-arm star PS and empty areas filled
by regrowing SiOx and another layer on top composed of adsorbed 4-arm star PS chains.
Volume fraction of 4-arm star PS chains in the mixed layer is 0.2 after 2 h of annealing and
then it increases to 0.3 at 4 h of annealing. Once all the substrate surface is covered by the
adsorbed chains and no SiOx exists then a single layer model gives reflectivity curves
overlaps well with experimental curves. The SLD of this single polymer layer is around the
bulk SLD value for the 4-arm star PS chains. After the adsorbed layer thickness reaches an
equilibrium, single layer with bulk density is sufficient to define the structure. This layer is

quite smooth with rms roughness value, ormsxr, of 0.4 nm.
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Figure 3.15. The SLD as a function of depth for 4-arm star PS from 2 h to 168 h of annealing
at 150 °C on SiH.

The similarities of the adsorbed layer structure for 4-arm star PS and linear PS
suggest that the architecture affected only equilibrium adsorbed layer thickness, not the layer
structure. To gain more insight about the impact of architectural changes on the layer
structure, adsorption of comb PS on SiH surface at 150 °C is investigated. Reflectivity
profiles at various annealing times between 1 h and 120 h are illustrated in Figure 3.16.
Initial thickness of the film is 10.6 nm after an hour and at equilibrium adsorbed layer
thickness is 17.4 nm. In terms of absolute thickness, comb PS forms the thickest adsorbed
layer. However, it has the highest molecular weight and therefore the largest Ry value
between the branched PSs and its normalized thickness is not the highest. The normalized
thickness of adsorbed layer at equilibrium is 1. Reflectivity curves show Kiessig fringes at
high gz-values are dampened more compared to linear and 4-arm star PS adsorbed layers.
Even though comb PS adsorbed layer has the highest ormsxr value between all the samples

it is 0.6 nm and the layer is considered to be quite smooth.
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Figure 3.16. XR data (open symbols) and best fit model curves (lines) as a function of gz for
comb PS on SiH from 1 h to 120 h of annealing at 150°C. Adjacent curves have been shifted
vertically by log (10)-4 for clarity.

From 1 to 4 h of annealing, adsorbed layer has bilayer structure, there is a 1.2 nm
thick region with SLD value of 1.6x10-s A-2 as previously observed for linear and 4-arm star
PS on SiH. At 8 h, there is a bilayer structure, but bottom layer has a smaller SLD value
(1.06x10-5s A-2) compared to earlier annealing times. Adsorbed layer has single layer
structure starting from 16 h. It means that almost all the surface sites are covered by adsorbed
PS chains between 8 h to 16 h. For a single layer model structure SLD values for the adsorbed

PS chains are very close to bulk SLD value.
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Figure 3.17. SLD as a function of depth for comb PS from 1 h to 120 h of annealing at 150
°C on SiH.

XR curves for centipede PS on SiH are shown in Figure 3.18. Adsorbed layer
thickness increases rapidly in the first 8 h of annealing and then fluctuate around 16 nm as
can be seen from the shift of the fringe minima. Since the molecular weight of centipede PS
is smaller than the comb PS, the normalized thickness for equilibrium adsorbed centipede

PS layer is the highest. Surface of the centipede PS adsorbed layers found to be smooth with

orms, xR Value in average 0.54 nm.
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Figure 3.18. XR data (open symbols) and best fit model curves (lines) as a function of gz for
centipede PS on SiH from 1 h to 120 h of annealing at 150°C. Adjacent curves have been
shifted vertically by log (10)-3 for clarity.

SLD profiles belong to adsorbed centipede PS layers plotted in Figure 3.19
demonstrates a familiar picture to linear and 4-arm star PS SLD profiles. In the first 16 h of
annealing there is a bilayer structure. Bottom layer is the mixture of adsorbed centipede PS
chains and SiOx regions and the top layer is composed of adsorbed centipede PS chains with
bulk density. At 1 h, bottom layer is 2.5 nm thick and has a SLD value of 1.76 x 105 A-2.
This SLD value corresponds to volume fraction of 0.14 for adsorbed centipede PS chains in
the bottom layer. The amount of adsorbed polymer chains in the bottom layer is the lowest
for centipede PS. Upon increasing annealing time, bottom layer thickness and SLD decreases
and layer structure can be fit by a single layer with bulk SLD value at 32 h of annealing.
This annealing time coincides well with the time it takes to reach equilibrium adsorbed layer

in ellipsometry measurements.
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Figure 3.19. SLD profiles for centipede PS from 1 h to 120 h of annealing at 150 °C on SiH.

XR measurements indicates that the formation and structure of adsorbed layers
composed of different branched PS chains are similar. Normalized thickness varies
depending on the architecture, but the layer structure is not affected much. AFM
measurements on the surface morphologies of 120 h annealed, toluene leached linear PS, 4-
arm star PS, and centipede PS adsorbed layers on SiH showed crms,arm 0f 0.275 nm, 0.511
nmand 1.26 nm respectively. The agreement between AFM and XR measurements for linear
and 4-arm star PS is good however there is a discrepancy for centipede PS. Since both
techniques are sensitive to different bandwidths, and measurements are done on different

length scales, it is not surprising to have a difference between the two.
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Figure 3.20. AFM height images for a) linear PS, b) 4-arm star PS, and c) centipede PS after

they are annealed for 120 h at 150 °C and toluene leached.
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3.2.2. Layer Structure of Adsorbed Polymer Chains on SiOx

As explained in the introduction, the interaction energy between the polymer
segments and the surface plays an important role in the formation of the adsorbed layer. It is
possible to change either the polymer or the type of surface to form a different adsorbed
layer. We have used Si surfaces covered with native oxide to understand the role of enthalpic
interactions on the structure of adsorbed layer. Experimental adsorption protocol used for
SiH substrates are repeated for linear PS, 4-arm PS, comb PS and centipede PS on
hydrophilic SiOx surface. Since PS is a hydrophobic polymer with advancing contact angle
of 99°, one would expect that the interaction energy per segment between PS and SiOx
surface is much less compared to that between PS and SiH surface. For linear polymers,
thickness of the adsorbed layer found to be lower on SiOx surface than on SiH surface.
Assuming entropic contribution will not change dramatically, our expectation is to see
thinner adsorbed layers on SiOx surface. The layer structure of adsorbed layers is
characterized using XR. Due to time constraints XR data is only collected for a few samples

for each PS architecture.

XR curves collected for the adsorption of linear PS on SiOx after 4 h, 32 h, and 196
h annealing at 150 °C are shown in Figure 3.21. When the XR data is compared with that
belong to SiH surface, the most important difference is the frequency of Kiessig fringes and
therefore the thickness of the layers. Adsorbed linear PS chains on SiOx surface form thinner
layers than on SiH surface. At 168 h of annealing the thickness of the adsorbed layer is 5 nm
which corresponds to normalized thickness of 0.32 However, at the same annealing time on
SiH surface (Figure 3.15) adsorbed layer is 12.2 nm thick and this value gives normalized
thickness of 0.79. SLD profiles in the inset shows that the adsorbed linear PS chains are
occupying single layer with SLD value increasing with annealing time. This suggests that
the layer initially is not formed completely and only around 32 h all the empty surface sites
are filled by the polymer. As the chains continue to adsorb density of the layer increases and

the surface roughness of the adsorbed PS layer decreases.
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Figure 3.21 XR data (open symbols) and best fit model curves (solid curves) as a function
of gz for linear PS on SiOx for 4 h (black), 32 h (red), and 168 h (blue) of annealing at
150°C. Adjacent curves have been shifted vertically by log(10)-s for clarity. SLD profiles
obtained from the best fits for 4h (black), 32 h (red) and 168 h (blue) are shown in the inset.

XR data for adsorption of 4-arm star PS chains on SiOx surface and corresponding
SLD profiles (inset) are shown in Figure 3.22. 4-arm star PS chains have a silane core and
the number of free ends is 4. As is evident from the XR data, increase in number of free ends
from 2 (linear) to 4 gives rise to a thicker layer at 168 h. Again, at early times the SLD of
the adsorbed 4-arm star PS layer is less than the bulk value and the layer is quite rough.
These two important information points out an incomplete layer. At the beginning there is
not a continuous layer instead there are patches of polymer and empty spaces in between
these patches. SLD value of the layer reaches bulk SLD value for PS at 32 h and the

roughness at the air surface decreases. Hence, at this point we can imagine that the layer is
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completely formed and there are no more patches. SLD profile for 168 h indicate that the

layer thickness increases without any change in the SLD value and surface roughness.
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Figure 3.22. XR data (open symbols) and best fit model curves (solid curves) as a function
of gz for 4-arm PS on SiOx for 4 h (black), 32h (red) and 168 hours (blue) of annealing at
150°C. Adjacent curves have been shifted vertically by log(10)-3 for clarity. SLD profiles
obtained from the best fits for 4 h (black), 32 h (red) and 168 h (blue) are shown in the inset.

When more branched comb PS is adsorbed, there is a major difference at early
annealing times. Adsorbed layer after 4 h of annealing already reached its bulk SLD value
as shown in the inset of Figure 3.23. This implies that the stronger adsorption of comb PS
on SiOx surface compared to linear and 4-arm star PS architectures. Theoretical work of
Kosmas et al. [35] indicated that the number of contacts a chain can make during the
adsorption depends on the architecture. Linear polymers can make the less number of
contacts, then star polymers with 3-or 4-arms. Ring polymers can make more contacts than
these two and star polymers with higher functionality can pin with a greater number of
contacts. In this scale of number of contacts comb polymers can be anywhere depending on

a ratio of branch molecular weight over backbone molecular weight. As this ratio gets closer
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to zero, number of contacts will be close to linear chains and as this number becomes larger,
number of contacts will be similar to star polymers with higher functionalities. For the comb
PS used in this study, the ratio is 0.16. This value is not large, but we do not have tabulated
values to know exactly where this value will be placed on the scale. However, our data shows
that the thickness of the adsorbed comb PS layer at 4 h is larger than both linear and 4-arm
star PS. Adsorbed comb PS layer has already formed completely in the first 4 h of adsorption
and the thickness remains to be larger than that of linear and 4-arm star PS throughout all

the adsorption times.
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Figure 3.23 XR data (open symbols) and best fit model curves (solid curves) as a function
of gz for comb PS on SiOx for 4 h, 32 h and 168 h of annealing at 150°C. Adjacent curves
have been shifted vertically by log (10)-3 for clarity. SLD profiles obtained from the best fits
for 4 h (black), 32 h (red) and 168 h (blue) are shown in the inset.

Adsorption of centipede PS on SiOx surface follows a very similar path to adsorption
of comb PS. Even at 4 h there is a complete layer and this layer is slightly thinner than the

comb PS adsorbed layer. However, for the longest annealing time of 168 h, centipede PS
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layer becomes thicker than the comb PS adsorbed layer. At this point we should emphasize
that the total molecular weight of comb PS is 1.5 times larger than that of centipede PS.
Therefore, normalized thickness of centipede PS adsorbed layer is even larger than the
absolute thickness value. SLD values at longer annealing times are lower than the bulk SLD
value for PS. This decrease in SLD after 4 h suggests the rearrangement of the chains on the

surface and increase in the loop and tail conformations and decrease in train conformation.
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Figure 3.24. XR data (open symbols) and best fit model curves (solid curves) as a function
of gz for centipede PS on SiOx for 4 h (black), 32 h and 168 h of annealing at 150°C.
Adjacent curves have been shifted vertically by log(10)-3 for clarity. SLD profiles obtained
from the best fits for 4 h (black), 32 h (red) and 168 h (blue) are shown in the inset.

In summary, at early times there is an incomplete layer formation for linear and 4-
arm star PS on SiH and SiOx surfaces. Simultaneous SiOx growth on SiH substrate during
adsorption obscures the expected low SLD value for PS layer in the SLD plots. However,
volume fraction values around 0.15 to 0.3 for the first adsorbed layer indicates these layers
are far from being complete. As the adsorption time increases, adsorbed layer continues to

grow and complete layers with bulk-like density form. The same is true for comb and
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centipede PS chains as well with one important difference at earlier adsorption times. Both
polymers are adsorbed with bulk-like densities within the first 4 h of annealing. Later on,
adsorbed comb and centipede layers grow in z-direction without a change in their mass

densities.

Examining ellipsometry and XR data proves surface energy is one of the main
parameters that dictates the extent of polymer adsorption. In each case, hydrophobic PS
chains of different architectures adsorb to form thicker layers on SiH substrate. AFM height
images of adsorbed polymer layers on different surfaces confirm this finding. AFM height
images of initially 50 nm thick linear PS films that are annealed at 150 °C for 168 h and
leached with toluene using same washing conditions show smoother surface on SiOx
compared to SiH. The value of orms, Arm is 0.26 nm on SiOx, whereas it is 0.45 nm on SiH

surface.

T ] 0.0 4: Height 20um
0.0 4: Height 20m

Figure 3.25. AFM height images in intermittent-contact mode for adsorbed linear PS layers

after 168 h annealing and toluene leaching on SiOx (left), and on SiH (right).

Surface morphologies of 4-arm star PS adsorbed layers on SiOx and on SiH are

shown in Figure 3.26. Overall, on both surfaces the surface roughness of the adsorbed layer
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is very small. On SiH, the layer has lot of small holes but none of them extends deeper than
2 nm. The reason for the formation of holes is not clear. One may imagine these holes may
indicate very early stages of dewetting. However, the fact that PS sticks better to SiH surface
due to net attractive interaction as well as large molecular weight of PS chains weakens this

hypothesis.

1.9 nm
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-1.4nm

0.0 4: Height 2.0ym

Figure 3.26 AFM height images in intermittent-contact mode for adsorbed 4-arm star PS
layers after 120 h annealing and toluene leaching a) on SiOx (left), and b) on SiH (right).

AFM height images for the adsorption of centipede PS chains on SiOx and SiH are
shown in Figure 3.27. Adsorbed layer for centipede PS after 120 h annealing on SiOx has a

very smooth surface but on SiH there are many bumps which makes the surface rough.



60

0.0 4: Height 20um

|
pA i i
\/ " A H 10

: : /
o\, v,""“‘ ‘ ‘L'l‘ 3 ha! ‘ e | q“ A .‘.‘1_ [ Pl s ' / ' {
| UL—‘”J‘J‘ E il “"-;fu"‘~"ﬁ’ﬁ"'/ - i .MVJ . 0 — / \/\:\\ ]/ \ o : j/ \ / ,\

— I S S B

Lo 02 04 08 08 1 12 14 18 18 wm L 02 04 ' 08 02 1 12 14 18 18 um

Figure 3.27 AFM height images in intermittent-contact mode for adsorbed layer of centipede
PS after 120 h annealing and toluene leaching a) on SiOx (left), and b) on SiH (right).

3.3. Effect of Solvent Leaching

Solvent polymer interactions play a crucial role for extracting non-adsorbed and
loosely adsorbed chains during leaching process. Although PS is accepted as a non-polar
polymer with small dipole moment [55] (Table 2) when solvent molecules penetrate into the
film, polar interactions as well play an important role. Chloroform and toluene are the most
used solvents for leaching studies of linear PS thin films in the literature. Chloroform is a
more polar solvent and its polarity causes spinodal dewetting of adsorbed PS layers much
earlier compared to toluene leaching [56]. However, Koga and coworkers claimed that to be
able to remove all the loosely adsorbed chains to probe flattened layer chloroform leaching

is essential [57].
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Table 2. Dipole moments of materials used.

Dipole Moment (n/D)

Polystyrene 0.375 +£0.0010
Toluene 1.04 +0.02
Chloroform 1.75+0.03

Flory-Huggins interaction parameter between chloroform and PS, yps-cHcis, is
smaller than that between toluene and PS. Hence, chloroform is known to be a better solvent
for PS as compared to toluene. Surface morphology and layer structure are expected to be
affected by solvent-polymer interactions. Despite the calculated values Unni et al.
experimentally demonstrated that the toluene is a better solvent for leaching studies done on

adsorbed linear PS layers.

We have tested the effectiveness of these two solvents on our adsorbed layers. Same
leaching procedure is applied on adsorbed centipede PS layer after 96 h annealing on SiH
using chloroform and toluene. After annealing is finished, samples are rapidly quenched to
room temperature and leached with fresh solvent for 10 minutes and this process is repeated
5times. XR curves show that there is a 13.3 nm thick residual adsorbed layer remained after
toluene leaching of initially 50 nm thick film. Air surface seems to be smooth with rms
roughness of 0.97 nm. Whereas, same leaching experiment with chloroform left 16.2 nm
thick centipede PS adsorbed layer with rms roughness of 1.6 nm. SLD profile indicates no
difference between the SLD values of the adsorbed layers obtained after different solvent

leaching.
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Figure 3.28. XR data (symbols) and best fit model curves (solid curves) as a function of q:
for adsorbed centipede PS layer on SiH after 96 h of annealing at 150°C and washed with
toluene (black) and chloroform (red) leached. Adjacent curves have been shifted vertically
by log (10)-3 for clarity.

Thickness change after each leaching step is followed by ellipsometry and results are
plotted in Figure 3.30. Leaching the annealed polymer films 5 times with fresh solvent and
for 10 minutes is a standard protocol in the literature. However, data in Figure 3.30 reveals
that most of the non-adsorbed chains are washed away in the first leaching step and in
consecutive leaching steps thickness of the layer decreases very slightly. Another important
difference to note is that toluene leaching removes more adsorbed chains than chloroform

leaching.
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Figure 3.29. Variation of thickness as a function of number of leaching steps for centipede

PS layer on SiH upon leaching with toluene (dash line) and chloroform (solid line).

Further leaching is usually required to remove loosely adsorbed polymer chains for
reaching to flattened polymer layer. Gin et al., claimed that 120 days of toluene leaching is
necessary to obtain only flattened layer [54]. Jiang et al. on the other side reported that the
flattened layer can be obtained after shorter period of chloroform leaching [56]. Personal
conversations with Jiang pointed out that only two weeks of chloroform leaching is sufficient
to reach flattened layer but the same results are not reproduced in our lab. Therefore,
prolonged leaching in both solvents is tested for linear PS, 4-arm star PS, comb PS and
centipede PS on SiH adsorbed layers obtained after 120 h annealing. Comparing the layer
thicknesses up to 7 days demonstrated that toluene leaching removes more adsorbed chains
and remaining adsorbed layer is always thinner after toluene leaching. Because of this reason
further leaching experiments are only done using toluene. Thickness change upto 36 days of
leaching is monitored by ellipsometer (Figure 3.30). Desorption kinetics of linear PS and 4-
arm star PS seem to be very similar. Comb PS and centipede PS have similar desorption
kinetics as well. It’s a remarkable observation because their desorption kinetics show a

similar trend to their adsorption kinetics. After extensive leaching in toluene adsorbed
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centipede PS remains to be the thickest layer and adsorbed linear PS forms the thinnest layer

between all the samples.
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Figure 3.30. Adsorbed layer thickness change of 120 h annealed linear, 4-arm star PS, comb

PS and centipede PS adsorbed layer on SiH during prolonged leaching time.

XR data (Figure 3.31) and SLD profiles (Figure 3.32) are shown for linear PS after
first and prolonged leaching. Thickness of adsorbed layer is 11.6 nm after 50 minutes of
toluene leaching and 4 nm after 36 days. SLD profile shows that there is a single layer with
bulk-like density after first leaching but two layer structure become more dominant as

leaching time increases.
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Figure 3.31. X-Ray Reflectivity data and best fit model curves as a function of wavevector
in the direction of normal to the surface, (gz) for linear PS on SiH for 120 h annealed linear

PS adsorbed layer on SiH, after 50 min, 7 days chloroform, 36 days toluene.
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Figure 3.32. SLD profiles as a function of depth for 120 hours annealed linear PS adsorbed

layer on SiH, after 50 minutes leaching with toluene, 7 days leaching with chloroform and

36 days leaching with toluene.

AFM images of linear PS after 50 minutes of toluene (a), 7 days of chloroform (b)

and 36 days of toluene (c) leaching are shown in Figure 3.33. The surface of adsorbed layer

is very smooth after 50 min of toluene leaching and 7 days of chloroform leaching. Lots of

holes are observed after 36 days of toluene leaching with maximum 2 nm depth.
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Figure 3.33. 3D AFM images of 120 hours annealed Linear PS on SiH a) 50 min toluene

leached b) 7 days chloroform leached and c¢) 36 days toluene leached.
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XRR data and best model fits for adsorbed centipede PS layers after 50 min toluene,
7 days of chloroform and 36 days of toluene leaching are shown in Figure 3.34. The increase
in fringe spacing clearly reveals that most of the loosely adsorbed polymer chains are
washed away.. After first toluene leaching for 50 min, 16.1 nm thick adsorbed layer remains
from originally 50 nm thick centipede PS film. Chloroform leaching for 7 days decreases the
adsorbed layer thickness to 11.5 nm and after 36 days of toluene leaching only 7.9 nm thick
adsorbed layer remains. SLD profiles given in Figure 3.35 demonstrates that after each
washing process the layer can be modeled using a single layer of bulk SLD. Only layer
thicknesses change after each leaching and the air surface is smooth in each case.

Comparison with adsorbed linear PS, adsorbed centipede PS has more stable structure.
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Figure 3.34. X-Ray reflectivity data (open symbols) and best fit model curves (solid curves)
as a function of g for adsorbed centipede PS on SiH after 50 min leaching with toluene
(black line), 7 days leaching with chloroform (red line) and 36 days leaching with toluene

(green line). Adjacent curves have been shifted vertically by log (10)-3 for clarity.
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Figure 3.35. SLD profiles as a function of depth for 120 hours annealed centipede PS
adsorbed layer on SiH, after 50 min leaching with toluene (black line), 7 days leaching

with chloroform (red line) and 36 days leaching with toluene (green line).

AFM images of adsorbed centipede PS after 50 minutes of toluene leaching (a), 7
days of chloroform (b) and 36 days of toluene (c) is shown in Figure 3.36. Consistent with

XR data, AFM images show very smooth surfaces after each leaching process.
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Figure 3.36. 3D AFM images of 120 h annealed centipede PS on SiH a) 50 min toluene

leached b) 7 days chloroform leached and c¢) 36 days toluene leached.
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5. CONCLUSIONS

The most important result of this work is to prove that adsorbed layer formation and
structure can be changed by modifying polymer architecture. Being able to control the
character of the adsorbed layer with changes in entropic part paves the way for new pathways

to tune the physical properties of thin polymer films.

Ellipsometry measurements on the time evolution of adsorbed PS layers showed that
shape of the growth curves and overall adsorbed layer thickness depends on the architecture
of the polymer. Equilibrium adsorbed layer thickness increases with increasing branching.
Centipede PS yields the thickest adsorbed layers on hydrophilic and hydrophobic surfaces.
Centipede adsorbed PS layer has twice as much thicker than the linear PS adsorbed layer on
SiOx surface. Our results demonstrated that the adsorbed layer thickness increases in the
following order: linear PS < 4-arm star PS< comb PS < centipede PS. When one moves from
linear to centipede, conformational entropy of the polymer decreases in bulk and during the
adsorption process centipede polymer does not lose as much entropy as a linear polymer
does. Even though the enthalpic gain per segment is identical, the differences in the entropic
loss get smaller for more branched architectures and hence, branched polymers adsorb to
form thicker layers. The number of contacts a polymer can make also depends on the
architecture of the polymer as shown by Kosmas et al. theoretically [35]. However, in this
study we are not able to extract any experimental information about the number of contacts

each polymer can make.

Variation in surface energy of the substrate has a significant effect on the adsorbed
layer. Adsorbed layer thickness is always larger on SiH surface than on SiOx surface. This
is not surprising since hydrophobic PS chains have a stronger segment-surface interactions
with SiH surface compared to hydrophilic SiOx surface. Adsorption kinetics is also different
on these surfaces. On SiH surface, adsorption is very fast, slope of the growth curve is very
steep, and equilibrium adsorbed layer is formed after 8 h to 16 h of annealing. However, on
SiOxadsorption process is slower, growth curve shows a gradual increase of thickness over
64 h to 100 h before reaching equilibrium value. Surfaces of the adsorbed layers are always

smoother on SiOx compared to on SiH.
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Independent of the polymer architecture, adsorbed layer after long annealing times
always modeled with a single layer of uniform and bulk-like density on both surfaces. This
is at least not consistent with the earlier literature. However, at earlier annealing times we
have observed the existence of second layer next to the substrate on SiH. This layer is formed
by the mixture of adsorbed PS chains and islands of growing SiOx. Once the surface sites
are all covered by adsorbed PS chains we haven’t detected the presence of SiOx and single
layer is sufficient to describe our data. It is important to note that at intermediate annealing
times when the SLD of this mixed layer decreases, one can assume this is an adsorbed layer
with higher density. On SiOx surface, XR data is always modeled using a single layer of bulk
density for each architecture. Despite all of the different architectures almost have the same

structure, their overall thicknesses and growth Kinetics are different.

Lastly, it is found that solvent quality plays an important role in desorption process.
Although it is claimed in the literature that chloroform can extract the loosely adsorbed
chains in a few days where toluene leaching requires months, our experiments demonstrate
that toluene extracts much more non-adsorbed and loosely adsorbed chains compared to
chloroform under the same conditions. This fact is confirmed for each architucture and each

annealing time on both hydrophilic and hydrophobic surfaces.
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