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Design and Development of Material-based Resolution Enhancement 

Techniques for Optical Lithography 

 

Xinyu Gu, Ph.D. 

The University of Texas at Austin, 2011 

 

Supervisor: C. Grant Willson 

 

The relentless commercial drive for smaller, faster, and cheaper semi-conductor 

devices has pushed the existing patterning technologies to their limits. Photolithography, 

one of the crucial processes that determine the feature size in a microchip, is currently 

facing this challenge. The immaturity of next generation lithography (NGL) technology, 

particularly EUV, forces the semiconductor industry to explore new processing 

technologies that can extend the use of the existing lithographic method (i.e. ArF 

lithography) to enable production beyond the 32 nm node. Two new resolution 

enhancement techniques, double exposure lithography (DEL) and pitch division 

lithography (PDL), were proposed that could extend the resolution capability of the 

current lithography tools. This thesis describes the material and process development for 

these two techniques. 

DEL technique requires two exposure passes in a single lithographic cycle. The 

first exposure is performed with a mask that has a relaxed pitch, and the mask is then 

shifted by half pitch and re-used for the second exposure. The resolution of the resulting 

pattern on the wafer is doubled with respect to the features on the mask. This technique 

can be enabled with a type of material that functions as optical threshold layer (OTL). 

The key requirements for materials to be useful for OTL are a photoinduced isothermal 



 viii 

phase transition and permeance modulation with reverse capabilities. A number of 

materials were designed and tested based on long alkyl side chain crystalline polymers 

that bear azobenzene pendant groups on the main chain. The target copolymers were 

synthesized and fully characterized. A proof-of-concept for the OTL design was 

successfully demonstrated with a series of customized analytical techniques. 

PDL technique doubles the line density of a grating mask with only a single 

exposure and is fully compatible with current lithography tools. Thus, this technique is 

capable of extending the resolution limit of the current ArF lithography without 

increasing the cost-of-ownership. Pitch division with a single exposure is accomplished 

by a dual-tone photoresist. This thesis presents a novel method to enable a dual-tone 

behavior by addition of a photobase generator (PBG) into a conventional resist 

formulation. The PBG was optimized to function as an exposure-dependent base 

quencher, which mainly neutralizes the acid generated in high dose regions but has only a 

minor influence in low dose regions. The resulting acid concentration profile is a 

parabola-like function of exposure dose, and only the medium exposure dose produces a 

sufficient amount of acid to switch the resist solubility. This acid response is exploited to 

produce pitch division patterns by creating a set of negative-tone lines in the overexposed 

regions in addition to the conventional positive-tone lines. A number of PBGs were 

synthesized and characterized, and their decomposition rate constants were studied using 

various techniques. Simulations were carried out to assess the feasibility of pitch division 

lithography. It was concluded that pitch division lithography is advantageous when the 

process aggressiveness factor k1 is below 0.27. Finally, lithography evaluations of these 

dual-tone resists demonstrated a proof-of-concept for pitch division lithography with 45 

nm pitch divided line and space patterns for a k1 of 0.13. 
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Chapter 1: Introduction 

1.1 HISTORY OF THE INTEGRATED CIRCUITS (IC) 

Before desktop computers and laptop computers and video gaming systems and 

cell phones and digital cameras and MP3 players and GPSs and ATMs and iPhones and 

the Internet──before all these, and the electronic heart of all these, is a tiny device 

known as the integrated circuit (IC). 

The integrated circuit was invented in 1959 independently by Jack Kilby at Texas 

Instrument and Robert Noyce at Fairchild Semiconductor. Before the IC, complete 

circuits were constructed by wiring individual components (transistors, diodes, resistors, 

capacitors, inductors, etc.) together, which limited the density and complexity of devices. 

Jack Kilby formulated the idea of putting individual electrical components onto a single 

piece of semiconductor material, and built a simplified version of his circuit using wire 

bonds for interconnection. However, the wiring was much of a tweezers’ work by hands. 

A more advanced version of this idea was developed by Robert Noyce roughly 6 months 

later. In his design, no wire was required to interconnect components on the monolithic 

semiconductor material, and in fact, metal strips were formed by vacuum deposition 

through a mask, or by plating the entire surface and then removing unwanted metal using 

photoengraving techniques [1]. On May 26, 1960, the first working integrated device was 

produced in Fairchild Semiconductor based on Noyce’s monolithic approach and 

Hoerni’s planar transistor process [2]. 

The impact of integrated circuits on the semiconductor device manufacturing has 

been astounding. In 1962, just two years after the invention of the integrated circuit, the 

semiconductor industry surpassed one billion dollars in revenue, and by the mid-1960s, it 

was commonly recognized that yield and reliability could be controlled so that IC’s could 
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be used for ordinary electronic applications. As of 2010, the total revenue in the 

semiconductor industry was nearly $300 billion [3]. From a cost perspective, in 1968, a 

single transistor cost roughly $1; by 2010, the cost of each transistor was 10
7
 times 

cheaper than that in 1968. The number of transistors in a single chip has also increased 

tremendously since the IC was commercialized. The first Intel 4004 in 1971 contained 

2,300 transistors; by 2009, the total transistor count in the new Intel Core-i7 is 

731,000,000. This exponential increase in the density of basic components in microchips 

was observed in 1965 by Gordon Moore, the co-founder of Intel. He predicted, based on 

this observation, that “the number of transistors incorporated in a chip will approximately 

double every 24 months.” This is commonly known as Moore’s Law. 

 

  

Figure 1.1: A representation of Moor’s law. (Source: Intel Corp.) 

The chip industry strives to keep pace with Moore’s law to meet the increasing 

demand for cheaper and faster IC products. To date, the growth trend has met the 

prediction. During the progress of the IC miniaturization, each new generation of 

microchip is realized through the development of new materials and processes. 

Nehalem 

Core i7

Sandy Bridge 
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Photolithography, as one of the most critical processes in the manufacturing of integrated 

circuits, has been tremendously improved over the years. 

1.2 THE LITHOGRAPHIC PROCESS 

Photolithography, also known as photoengraving techniques in the early days, is a 

process used to transfer an image from a master pattern on a mask to a substrate. In the 

1950s, this technique already existed in the printing industry and was used to print circuit 

boards. In 1955, Andrus and Bond [4] used this technique to fabricate intricate transistors 

on silicon wafers. In May 1960, Noyce led his team to build the first planar integrated 

circuit, in which the photoengraving technique was used, for the first time, to define 

transistor structures and wiring topography. Since then, photoengraving (now called 

photolithography) has been significantly improved to produce finer structures and now is 

capable of patterning 32 nm features with current processing technologies. Figure 1.2 

shows an Intel CPU manufactured with 32 nm technology. Nevertheless, the basic 

principle of photolithography has remained unchanged. 

 

     

Figure 1.2: Noyce's first working integrated circuit (left) (Courtesy of Fairchild 

Semiconductor Corp.); Intel's Sandy Bridge CPU with 32 nm processing 

technology (right). (Source: Intel Corp. via LanOC Reviews) 
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Typical lithographic processes are shown in Figure 1.3. The desired patterns are 

stored in the mask (also known as reticle) in a form of binary arrangement of opaque and 

transparent regions. The opaque region is usually created by coating a highly absorbing 

material onto selected areas. Illumination is applied on the mask, and only in the 

transparent regions does light pass through. The transmitted light is absorbed by a 

photosensitive film on the surface of the substrate to be patterned. The photosensitive 

substances are known as photoresists for their photosensitivity and etch resistant 

properties. The exposed portion of the photoresist undergoes a photochemical reaction, 

which alters the solubility of the film. If the photoresist becomes soluble in a developer, 

the resist is positive tone; if the exposed film becomes insoluble, the resist is negative 

tone. After development, the remaining photoresist serves as a barrier or a shield against 

a subsequent plasma etching. The open regions of the photoresist can then be transferred 

into the underlying film. This process allows pattern transfer of the resist pattern into 

metals and oxides, which cannot be patterned directly by irradiation. 
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Figure 1.3: A schematic representation of conventional photolithographic processes for 

positive and negative tone photoresists. 

Photolithography dictates the minimum dimension of the individual components 

on a unitary circuit. Therefore, the advancements of photolithography directly drive the 

IC miniaturization. 

1.3 PUSHING THE RESOLUTION LIMITS 

With the relentless commercial drive for smaller, faster, and cheaper semi-

conductor devices, existing technologies have been pushed to their limits for IC 

miniaturization. Photolithography, as one of the most crucial processes in semiconductor 

manufacturing, is inevitably facing this challenge. This section focuses on the previous 

efforts made to improve lithographic resolution over the last two decades. The resolution 

limit is categorized into two parts, which are optics-related and resist processing-related.  
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1.3.1 Resolution Limits of the Optics 

In the early 1960s, photoengraving techniques developed for circuit board 

patterning were used for printing the micro-scale features in IC devices. This early 

technique was called contact photolithography, in which the mask (master printing plate) 

was directly contacted with the photoresist to produce a shadow pattern in the resist film. 

This technique was later replaced by proximity photolithography, which leaves a tiny 

space between the mask and the photoresist rather than allowing for direct contact. This 

method greatly reduced pattern damage by the mask and particle-induced defect 

generation. Both contact and proximity photolithography were refined to facilitate 

patterning at a resolution of 2-3 μm [5]. Further resolution enhancement with these two 

techniques was limited by their lack of magnification. 

In the mid-1970s, projection lithography was introduced. This technique separates 

the photomask and wafer by a set of lenses that are capable of projecting and 

reconstructing the reticle image onto the wafer. The use of a projection system minimized 

particle-induced defects, as the reticle is far from the wafer surface. Furthermore, the 

reticle used for a projection tool is installed with pellicles, which are transparent 

membranes mounted on a frame around the reticle [6]. The frame is thick enough to 

separate the pellicles far from the reticle so that any particle landing on the pellicle 

remains out of the focal plane. Another key advantage of projection lithography is its 

ability to use a reduction lens. The projection lens can be designed to shrink the reticle 

image size, leading to much smaller features. Since the introduction of the projection 

lithography, the projection system has significantly evolved from stepper to scanner to 

“step-and-scan” technologies as well as from 1 to 4 reduction optics. 

The fundamental limit of the resolution of an optical projection system is captured 

by the following relation derived from Rayleigh’s criterion, 
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λ
,

NA
1R k      (1.1) 

where R is the resolution expressed in half-pitch, which is half of the minimum center-to-

center distance between two neighboring features, λ is the exposure wavelength, NA is 

the numerical aperture of the projection optics, and k1 is a dimensionless process related 

parameter that incorporates everything in a lithography process except exposure 

wavelength and numerical aperture. NA is equal to the product of n and sin, in which n 

is the refractive index of the projection medium at the exposure wavelength λ, and  is 

the half-angle of the maximum cone of light that can enter the lens dictated by the pupil 

size as illustrated in Figure 1.4. 

 

 

Figure 1.4: Schematic of a simplified projection system. 

In theory, the resolution limit of an optical projection system can be extended if 

any improvement can be made to reduce k1 or λ, or to increase the numerical aperture. 

Exposure Wavelength 

There has always been a strong demand for a shorter-exposure wavelength 

because the resolution capability is direct related to the wavelength. The illumination 
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source used by industry has transitioned from 436 nm mercury arc lamp in 1980s to 193 

nm (ArF excimer laser) in today’s most advanced exposure systems. Until now, ArF 

lithography has successfully achieved commercial production of semiconductor devices 

at 0.13 μm, 90 nm, 65 nm, 45 nm, and 32 nm technology nodes. 

In parallel with the development of ArF lithography, the F2 laser, operating at 

rougly 157 nm, was under intensive study. This wavelength confers an advantage of 17% 

increase in size reduction over ArF lithography [7]. However, the challenges in the lens 

materials (e.g. lifetime and birefringence) and the pellicle materials [8-10], along with the 

huge cost in corresponding research, have made the 17% reduction in size financially 

impractical. In May 2003, Intel announced that they would drop 157 nm from their future 

lithography roadmap [11]. 

Since then, resources for exploring new illumination source of shorter wavelength 

shifted to the development of extreme ultraviolet (EUV) lithography. Extreme ultraviolet, 

operating at 13.5 nm, offers a spectacular 93% wavelength reduction from ArF 

lithography. EUV is rooted in the continuity of projection optical lithography as ArF and 

KrF lithography. Even so, EUV lithography cannot be considered as a simple extension 

of the existing projection lithography. Indeed, all materials and gases are absorbing at 

13.5 nm where EUV operates. This requires the entire EUV exposure process to be 

carried out under high vacuum. Additionally, reflective optics must be used for masks 

and other components. These optical components are made by precisely stacking a 

number of different interferential layers, such as alternating layers of Mo and Si [12].  

As of 2011, there is still a great deal of challenges facing the EUV technology. 

The EUV system requires the use of at least 6 reflectors, each of which reflects 70% of 

the incident light, losing 90% of the original light intensity on the wafer plane. This huge 

loss in energy necessitates an extremely powerful EUV source. The requirement for the 
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source power is now 250 W for high-volume production according to a recent 

announcement by ASML [13, 14]. It is claimed that this power can bring the throughput 

to 125 wafers per hour [14]. Until now, the highest “reliable” source power is ~30W 

reported by Xtreme Technology from Ushio group[15]. Besides the delay in throughput 

requirements due to the low source power, the cost of an EUV tool including projection 

system has grown to 120 million [16]. Further cost reduction is necessary for EUV to 

compete with the existing 193 nm lithography with resolution enhancement approaches 

for production at the 22 nm node. These challenges have led many to question on the 

EUV lithography as the next generation technology for manufacturing. 

Numerical Aperture 

Higher NA improves the resolution but also reduces the depth of focus (DOF), as 

indicated by Rayleigh scaling equation for DOF. 

DOF 2 2
k

NA


      (1.2) 

Full field projection tools with NA = 0.93 are currently in use for chip manufacturing. 

This NA is implemented in an air atmosphere. Further increases in NA by larger lens 

system may result in total internal reflection of the high order diffraction pattern near the 

lens edges. Since NA is linearly proportional to the refractive index, immersing the 

projection lens into a high index fluid may help to increase NA without causing total 

internal reflection. The use of immersion fluid for a microscope was first reported by 

Abbe in 1880, and a little over 100 years later, for the first time, the immersion technique 

was proposed by Takanashi et al. [17] for use in lithography. Purified water was used as 

an immersion fluid because of its relatively high index (n  1.44) at 193 nm. In 2002, 

Burn Lin made a significant effort to push the industry to incorporate an immersion 
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apparatus into a track [18], and demonstrated the first immersion lithography tool concept 

in 2003 with ASML and Nikon. A simple illustration of immersion lithography is shown 

in Figure 1.5. After serveral years of development, the use of water in ArF lithography 

was successfully adopted for chip manufacturing at the 45 nm node [19]. Since then, 

many researchers continued the exploration of higher index materials to achieve higher 

NA. Lens material (e.g. Lutetium aluminum garnet, LuAG) with a refractive index of 

2.14 at 193 nm was studied [20], and resist polymers and fluids with higher indices were 

also investigated [21-25]. However, researchers experienced great challenges in finding 

appropriate materials with both high index and low absorptivity [26]. In addition, lens 

contamination [27, 28] and fluid degradation [29] have been huge concerns in the 

application of high-index materials. Due to these challenges and the high cost in 

development of high-index materials, it is unlikely that immersion lithography with high-

index materials will be used to at the 32 nm node, which can now be achieved using 

cheaper techniques, such as double patterning lithography [25]. 

 

 

Figure 1.5: Schematic of immersion lithography. (Courtesy of John Culver at the CPU 

Shack Museum) 



 11 

Scaling Parameter k1 

To understand the role of k1, it is beneficial to briefly discuss how optical image is 

formed through acceptance of diffraction patterns by the objective lens system. Consider 

a simple case in which a grating mask is used. Upon coherent illumination (in-phase 

radiation), a diffraction pattern is created by the mask as shown in Figure 1.6 (a). The 

diffraction pattern carries all the information about intensity modulation by the mask. In 

order for a successful modulation of light intensity after the objective lens, the pupil is 

required to capture at least some diffracted beams. It can be reasoned that a minimum of 

one first diffraction order is needed for successful resolution. The position of the first 

order is determined by the wavelength and the pitch size p on the mask according to the 

diffraction theory as, 

λ
sin .

p
        (1.3) 

Thus, the minimum resolution can be achieved when this first order is right at the edge of 

the pupil, a case in which  is equal to the half angle () defined by NA. The minimum 

resolution Rmin in half-pitch is defined as the minimum resolvable line width (p/2) and 

hence becomes, 

min

λ λ
0.5 0.5 ,

sin NA

p
R

2 
       (1.4) 

where the refractive index (n) is approximately 1 assuming an air atmosphere in the 

exposure tool. This is the minimum resolution in the case of coherent illumination as 

shown in Figure 1.6 (a). 
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Figure 1.6: The circumstance of minimum diffraction-limited resolution for (a) coherent 

illumination and (b) partially coherent illumination. 

Coherent illumination comes from an infinitesimal point source on the center axis, 

and the resulting diffraction pattern orders are distributed symmetrically and discretely 

with respect to the center axis. If the light source is large enough such that it can no 

longer be considered a point source, the illumination is then known as partially coherent, 

which can be visualized as an infinite number of point light sources distributed in a finite 

area. Each point source other than that on the center axis is off-axis and produces its own 

discrete diffraction pattern. Figure 1.6 (b) shows two off-axis point sources on each side 

of this large source. The rest of the point sources are in between them. The resulting 

diffraction pattern by the entire illumination is thus a summation of each individual 

distribution and is within a boundary of diffraction patterns defined by the two edge point 

sources. In this case, the minimum resolution is obtained when the inner edge of each 

first diffraction order is captured. The position of the inner edge of the first order is 

dictated by, 
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λ

sin ,
1 p




 


     (1.5) 

where σ is the degree of partial coherence, measured as the ratio of the effective source 

size to full objective aperture size. This number ranges from 0 (coherent) to 1 

(incoherent) [30]. The minimal resolvable half pitch is achieved when the first order 

diffraction pattern is just captured by the edge of the pupil (=). The minimal resolution 

then becomes, 

 
min

λ
0.5 .

sin

p
R

2 1 
 


    (1.6) 

For an incoherent illumination (σ = 1), the minimal resolution is equal to, 

min

λ
0.25 .

sin
R


      (1.7) 

Equation (1.7) is commonly known as Rayleigh’s criterion for the limiting resolution 

[31]. Rmin is physically the minimal resolution of an optical image at the wafer plane. On 

assumption that the resist can be patterned by an optical image with any degree of 

modulation, the Rayleigh equation (1.1) becomes equation (1.7) when the minimum 

resolution is approached. This implies that the theoretical limit of k1 is 0.25. 

In the optical lithography, the scaling parameter k1 is commonly calculated 

through equation (1.1) for known λ, NA, the resolution at which the lithography operates 

successfully. When k1 > 0.6, the lithography process is relatively easy, simply because 

the mask pattern is resolved very well on the wafer plane. When the pitch size on the 

mask shrinks for higher resolution imaging, the process becomes more aggressive, and 

the resulting k1 becomes smaller provided that the resist is successfully patterned by the 
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optical image. However, even state-of-the-art resists cannot assist the lithography reach 

the limit (k1 = 0.25) as resist profiles always start to degrade before the image contrast 

goes to zero. This implies that the resolution limit is dictated by the resist process rather 

than the optics at higher resolutions (k1→0.25). 

Aside from improving the resist process, which will be discussed in the next 

section, many optics-based resolution enhancement techniques have been invented to 

improve the image contrast or bias to compensate for resist limitations. These techniques, 

including off-axis illumination, phase shift masks, optical proximity compensation 

(OPC), and many other approaches, are often known as resolution enhancement 

techniques (RET) in optics. Although these techniques can help to improve the image 

quality, the enhancement is still based on the amplification of the initial optical image. 

When the target resolution requires a k1 of 0.25, the enhancement fails just as the non-

enhanced illumination does. For further information on RET, readers are referred to 

related textbooks [32, 33]. 

1.3.2 Resolution Limits of the Resist Process 

Advancements in resist performance drive the minimum resolution of lithography 

tools towards its theoretical limit. Ever since optical lithography was first employed for 

semiconductor manufacturing, there has been continuous improvement of photoresists to 

meet the demand for higher resolution ICs. Thanks to the resist development, the 

semiconductor industry has advanced at a remarkable rate, from 1.5 μm in 1982 to 32 nm 

in 2010, for which the biggest contribution in the resist field was the invention of the 

chemically amplified (CA) resist by Willson et al. in the early 1980s [34, 35]. This 

concept for photoresist tremendously improved resist sensitivity and dissolution contrast. 
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Figure 1.7 gives an example of a CA resist. A photosensitive compound, called PAG, 

liberates a strong acid upon irradiation. The acid molecule then causes a deprotection 

reaction of the t-butoxycarbonyl (tBOC) group on the poly(hydroxylstyrene) during a 

subsequent post exposure bake (PEB), inducing a polarity change in the polymer. The 

acid molecule is regenerated after each deprotection reaction is finished. This confers an 

amplification of the acid profile, which indirectly improves the sensitivity of the resist to 

exposures. Since the CA resist was invented, the resist polymer and photoactive 

compounds have been significantly modified in response to the transition from sub-

micron to sub-100nm technology, but the chemically amplified concept is still the basis 

of almost all the commercial photoresists in chip manufacturing. 

 

 

Figure 1.7: Schematics of a positive-tone chemically amplified resist chemistry. [34] 

However, as the scaling factor k1 approaches 0.25, the extent of the modulation in 

optical images becomes trivial. Even the state-of-the-art CA resist cannot amplify such 

modulation to a level that is acceptable for successful patterning. The tolerance to process 

variation also becomes smaller than normal. Therefore, with existing exposure tools, new 

resist processes must be developed to carry optical lithography beyond k1 = 0.25 while 

still use a mild illumination condition. 
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1.4 INNOVATIONS IN RESIST PROCESSING TECHNOLOGIES 

By 2009, 45 nm half-pitch patterning was achieved using 193 nm water 

immersion lithography (NA = 1.35) [36]. The scaling factor k1 for that lithography 

technology can be calculated using equation (1.1) (i.e. 451.35/193  0.31). From the 

perspective of high volume manufacturing, a scaling factor of 0.31 may be the most 

aggressive processing condition that the cutting-edging exposure tools and resist 

materials can handle using a conventional process flow. This fact gave the industry two 

options to go beyond k1 = 0.31. The first is to continue improvement of lithographic 

hardware and resist performance that can help to achieve smaller resolutions and allow 

for harsher conditions (k1 < 0.31). Under such circumstance, the entire lithography 

process, including optics and resist, need to be extremely optimized to precisely amplify 

a near-infinitesimal modulation of an optical image and convert it into an acceptable 

resist profile. This is extremely challenging for the development of both hardware and 

photoresist. The second option is to relax the pitch size (larger process window) and to 

incorporate unconventional processes to avoid the k1 limit. For example, double 

patterning lithography (DPL) is a technique that requires patterning of two masks each of 

which is printed at a relatively relaxed pitch (e.g. k1 = 0.5). If the two mask patterns can 

be combined to form one, the resulting combined resist image then has twice the density 

as that with each of the masks, leading to an effective k1 of 0.25. 

This “circumventing” idea (i.e. DPL) soon opened the door to a class of process-

driven lithographic techniques, such as litho-freeze-litho-etch (LFLE), self-aligned 

double patterning (SADP), dual-tone development (DTD), directed self-assembly 

lithography (DSA), and many others. Many such ideas were sporadically reported in the 

1990s [37, 38] but quickly outpaced by the rapid advancement of lithography tools. As 

the improvement of optics and resist at 193 nm plateaued, these novel processes were 
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resurrected. Importantly, these techniques can be implemented on the existing exposure 

tools with very few hardware modifications. This implies a relatively low investment 

required for the development and the implementation of such techniques, yet 

performance should be still competitive. 

Herein, two variations of the DPL technique, LFLE and SADP, are discussed. 

1.4.1 Litho-Freeze-Litho-Etch 

Double patterning lithography comes in many forms, such as LFLE, SADP, and 

DTD, among which litho-freeze-litho-etch (LFLE) is the most important one and often 

interchangeably called DPL in the lithography community. The litho-freeze-litho-etch 

technique requires, as the name suggests, two litho* steps between which an in-track 

“freeze” process is used. Figure 1.8 illustrates the LFLE process. A brief description of 

this process is as follows. The resist undergoes the first lithography cycle (litho). The 

resulting resist pattern is then treated with a “freeze” process in the track before apply the 

second resist layer [39-41]. This in-track process either chemically or thermally cures the 

first resist pattern to prevent it from being dissolved by the second resist solution during a 

subsequent spin coating. The new resist layer on the top of the first pattern then 

undergoes the second lithography cycle. The resulting resist pattern is finally etch-

transferred into the substrate. 

 

                                                 
* Litho, short for “lithography”, stands for a complete lithography process which includes resist applying, 

post-apply bake, exposure, post-exposure bake, and development. 
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Figure 1.8: Schematic of LFLE process. (Adapted from Ref. [42]) 

DPL process is currently capable of producing 22 nm features at a k1 near 0.25 

[43]. Overlay was an issue in the early stage of the DPL development, as the 2
nd

 mask 

needs to be precisely aligned to the 1
st
 pattern. Recent studies have shown that overlay 

can be controlled within 5.0 nm (3σ) for 36 nm half-pitch line and space pattern [41, 43], 

which is within the specific range in ITRS roadmap [44]. Another concern about 

implementation of DPL is the cost-of-ownership (CoO), because for each die the 

lithography processing time is doubled along with an additional freezing step. Increased 

processing time directly leads to decreased throughput, making devices cost more. 

An alternative to DPL is double exposure lithography (DEL). This approach 

involves two exposure passes within one lithographic cycle, as opposed to two cycles in 

DPL. Figure 1.9 details a comparison between the two approaches. As can be seen, the 

benefit of DEL is that two exposures can be performed consecutively without removing 

the wafer from the exposure stage, which helps to eliminate the overlay issue. Also, the 

number of processing steps is significantly reduced, favoring an increase in throughput. 

① 1st Litho

② Freeze (thermal or chemical)

Apply the 2nd resist layer

③ 2nd Litho

④ Etch transfer
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However, double exposure materials have not yet been demonstrated, presenting 

opportunities for materials innovation. 

 

 

Figure 1.9: Schematic comparison between DPL and DEL processes. 

1.4.2 Self-Aligned Double Patterning 

Self-aligned double patterning (SADP), also known as side-wall deposition or 

spacer deposition, is a patterning technique that uses a post lithography deposition 

process to form spacers adjacent to the side walls of a lithographically defined resist 

pattern [45]. Figure 1.10 illustrates this process. A brief description of this process is as 

follows. A resist pattern is first created using conventional lithography. The resulting 

relief pattern is then used as a template for the subsequent post-litho processes. The wafer 

carrying the relief pattern is placed in a deposition chamber. This deposition process 

grows a thin film of carbon hardmask material around the pre-defined features. The film 

is then subjected to an etch process, in which only the very surface portion of the carbon 

mask is removed. Since the side wall portion of the carbon hardmask layer is the thickest, 

Hard Mask

Si

Hard Mask

Si

Double Patterning Lithography (DPL)

Double Exposure Lithography (DEL)

First Exposure PEB/Develop Freeze/2nd Resist

(Realign)

Second Exposure PEB/Develop

First Exposure Second Exposure PEB/Develop
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the side wall remains after etching (step 3 in Figure 1.10). The template pattern can then 

be stripped, leaving a pattern with doubled density of the original lithographic pattern. 

Eventually, the doubled pattern is etched and transferred into the substrate. 

 

 

Figure 1.10: Schematic of SADP process (Adapted from Ref. [42]) 

Bencher and co-workers have successfully demonstrated 22 nm half-pitch line 

and space patterns created by SADP process [45] and quadruple patterning of 12 nm half-

pitch by conducting SADP process twice [46]. Figure 1.11 shows the SEM images of 

SADP process flow for a 22 nm half-pitch pattern. However, cost and throughput are still 

concerns. Although the additional deposition and etching processes take place outside of 

the lithography tool, wafers still requires a tremendous amount of time after each 

lithography step. One can increase the number of deposition and etching tools to improve 

① Pattern formation by 

conventional lithography

② Deposition

③ Etch to form spacer 

④ Strip template

⑤ Etch through substrate
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throughput, but this will increase the cost. Thus, further process optimization and cost 

reduction may be necessary. 

 

 

Figure 1.11: SEM images of SADP process flow by Bencher et al. [45]. 

Additionally, SADP has limitations in 2D applications as the resulting patterns are 

usually doughnut-shaped around template patterns. This behavior leads to significant 

complications in mask design for 2D logic circuits. Nevertheless, SADP still gained 

recognition and acceptance in the NAND flash market because of the simple line and 

space design in NAND chips. 

1.5 MOTIVATIONS AND DISSERTATION OUTLINE 

The immaturity of next generation technologies, particularly EUV, forces the 

industry to extend the existing technology to solve the 32 nm and 22 nm half-pitch nodes 

by incorporation of novel processing techniques. As material scientists, we seek to 

contribute to the semiconductor industry with innovative materials. Double exposure 

lithography (DEL) shows considerable advantages over double patterning lithography 

(DPL), but no viable materials have been demonstrated so far. This is an area where we 

hope to dedicate our effort. The material research for DEL applications started with 

simulation analyses of various materials options, which is discussed in Chapter 2. The 

simulation results directed the design of the DEL concept towards an approach called 
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optical threshold layer (OTL). The material design for the OTL approach is presented in 

Chapter 3. Chapter 4 describes the synthesis and structural investigation of these 

materials. Finally, Chapter 5 details thin film evaluations of the OTL materials. 

Furthermore, the SADP approach requires a number of extra processing steps to 

achieve pitch splitting. The extra tool cost and the associated reduction in throughput 

have made this approach highly expensive. From the material perspective, we sought to 

develop a new photoresist and corresponding processes that would not only achieve the 

same pitch division capability as the SADP approach does but also minimize the 

additional cost to extend the conventional lithography. We have recently developed a 

material-enabled pitch division technique that only needs a single exposure, operates on 

any existing lithography tools, and requires no additional treatment outside exposure 

tools. Chapter 6-9 describe the basic principle, the lithography simulation, the materials 

development, the lithographic evaluation, and the demonstration of proof-of-concept of 

this new technique. 
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Chapter 2: Double Exposure Lithography 

As discussed in Chapter 1, double exposure lithography (DEL) is a promising 

alternative to double patterning lithography (DPL) which saves steps and has excellent 

overlay control. However, double exposure materials have not yet been demonstrated for 

implementation of this technique. Before focusing on designing and synthesizing double 

exposure materials, their feasibility can be evaluated using rigorous lithographic 

simulations. Several material options were proposed in the Willson group and simulated 

by Lee et al. using PROLITH* software. In this chapter, materials requirements for DEL 

are discussed, and the simulation results, which have been previously published [1-3], are 

summarized. Finally, a conclusion is made to guide the design of double exposure 

materials. 

2.1 ADDITION OF EXPOSURE PASSES 

The current infrastructure in the state-of-the-art lithography tools is ready for 

implementation of DEL. The process modification for DEL is a use of two sequential 

exposures with different masks, which can be accomplished relative easily with minimal 

engineering modifications. The two sets of mask must be properly designed to provide 

supplementary patterns that may be consolidated to form the target pattern after two 

exposures. 

However, the superposed optical images in the resist are often not successfully 

resolved by conventional photoresist. For the purpose of simplicity, consider a grating 

                                                 
* PROLITH (abbreviated from Positive Resist Optical LITHography) is a commercial simulator that 

models the optical image and resist pattern formation during lithographic processes. PROLITH was 

originally written by Chris Mack and marketed by FINLE Technology, which was later acquired by KLA-

Tencor. PROLITH has now been growing to include more aspects of lithography with improving accuracy. 

This software is used by the author under an academic license generously provided by KLA-Tencor.  
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mask. Lithography usually operates near the resolution limit at which the resist can still 

solve the image. Hence, for grating patterns, the resulting aerial image is essentially a 

sinusoidal wave, and its intensity can be expressed in the following equation, 

sin ,2
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I A B
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where A is a constant describing the amplitude of the wave and B is a constant that 

defines the minimal image intensity. For line and space patterns, the second mask is the 

same image translated from the first mask by half-pitch. Consequently, the position 

variable needs to be adjusted by a distance of pitch/2 or a spatial frequency of π/2, 

resulting into an expression in equation (2.2). 
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Since the two exposure passes are exactly complementary to each other, the accumulated 

exposure in the resist is a constant as a function of position (x) as shown in equation 

(2.3). 
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The incident light causes photochemical reactions in the resist. This response can 

be described mathematically in a translation function f(x), where x is the incident light 

intensity. For a conventional resist system, the resist response is a linear additive function 

and thus follows the relation (2.4). 
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An example of this function is the acid generation of a photoacid generation, a 

pseudo first-order kinetic reaction. With two exposures of that sort, the sum of the acid 

generation from two exposures is a constant due to its linear additive property. Therefore, 

it is necessary to design a nonlinear additive resist response to successfully resolve a 

combination of two complementary exposure passes. 

2.2 OPTIONS FOR DOUBLE EXPOSURE MATERIALS 

Several materials have been proposed to achieve the nonlinear additive response 

required to enable double exposure lithography. Basic principles for each material system 

are discussed in the following section. The lithography simulation and the feasibility 

analysis of these materials have been previously published by Lee et al. [1-3] and are 

used in this chapter to support the decision of which double exposure material to pursue. 
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2.2.1 Contrast Enhancement Materials 

Contrast enhancement materials (CEM) are photosensitive materials that are 

originally strong absorbing but undergo photobleaching when being irradiated. Use of 

these materials in lithography was first reported by Griffing and West [4, 5]. In their 

study, the CEM was coated on the top of a standard resist to form a contrast enhancement 

layer (CEL). The mechanism of contrast enhancement is shown in Figure 2.1. The CEL is 

originally opaque at the irradiation wavelength. Upon irradiation, the CEL undergoes 

photobleaching. Eventually, the exposed region becomes completely transparent at that 

wavelength, and the resist underneath those regions starts receiving a considerable 

amount of irradiation. In this manner, the low intensity portion of the aerial image, 

blocked by the CEL, has no impact on the resist. Therefore, the contrast of the exposure 

gradient across pattern edges is improved. 

 

 

Figure 2.1: Schematic illustration of contrast enhancement layer (CEL) processes. 

CEL is able to enhance image contrasts and exhibits a nonlinear additive property. 

However, to further eliminate the first exposure influence, a reversible contrast 

enhancement layer (rCEL) is required. In addition to the photo-bleaching characteristic, 

rCEL materials must recover its opaqueness with irradiation of a wavelength other than 
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the original one or by thermal annealing. In this way, a flood exposure (λ2) after the first 

exposure pass (λ1) can reset the rCEL back to its original state, preventing the addition of 

two exposure intensities. The rCEL process is illustrated in Figure 2.2.  

 

 

Figure 2.2: Double exposure process using rCEL. 

A simulation of this approach using PROLITH has been performed by Lee et al. 

[1-3]. The results have shown that the use of rCEL in DEL increases the process window 

of depth of focus (DOF) but requires higher than normal amount of exposure dose, which 

may largely decrease the throughput. Additionally, Lee et al. reported that increasing 

rCEL thickness or Dill A parameter* helps to achieve an ideal resist profile (rectangle 

with small side wall angle). Unfortunately, a Dill A parameter above 20 μm
-1

 is necessary 

to observe an acceptable resist profile with doubled patterning. For comparison, a typical 

value for the absorption coefficient of an azobenzene containing homopolymer film is ~ 8 

μm
-1

 at 193 nm [6], but the photobleachable portion (Dill A parameter) of the absorption 

coefficient is often much less than this number and sometimes is negative. To achieve a 

Dill A parameter of 20 μm
-1

 would require a low band gap or conducting metal, which is 

                                                 
* Dill A parameter is the absorption coefficient of the resist that becomes bleached with exposure. 

1st Exposure Flood Exposure 2nd Exposure Develop
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commonly avoided in the semiconductor manufacturing. Thus, it is still a big challenge to 

find a physical model for rCEL. 

2.2.2 Intermediate State Two-Photo Materials 

Intermediate state two-photon (ISTP) materials are compounds that generate acid 

molecules in two steps in which the first step is reversible. An example of this 

mechanism is illustrated in Figure 2.3. 

 

  

Figure 2.3: An example of reaction sequence of an ISTP material 

Initially, the ISTP material is a latent photosensitizer. Upon reaction with a 

photon, this substance releases a photosensitizer, which can be excited by a subsequent 

photon. The excited state of the sensitizer then decays through energy transfer to a neutral 

latent acid, causing acid generation. The acid concentration produced by this sequential 

reaction is calculated as shown in equation (2.5), 
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where k1 is the rate constant for the first step and k2 is the rate constant for the excitation 

and energy transfer. Since energy transfer is rapid compared to other steps, k2 is equal to 

the rate of excitation of the photosensitizer. Another assumption for this equation is that 

the neutral latent acid is excessive, and therefore its concentration can be considered 

constant. This acid response accelerates with increasing exposure energy and does not 

exhibit the linear additive property. 

After the first exposure pass, one can envision that the information about the 

exposure is stored in the form of acid as well as opened sensitizer. In order to prevent 

linear addition of two exposures, the opened sensitizer must chemically reverse back to 

its latent form through exposure to another wavelength of light or heat prior to the second 

exposure pass. 

Lithography simulation performed by Lee et al. [2, 3] showed that ISTP has a 

larger process window than rCEL, and the improvement in exposure latitude when using 

enhanced illumination is even more pronounced with ISTP. In collaboration with the 

Turro group in Columbia University, we have reported several materials system for this 

ISTP approach [7, 8] as shown in Figure 2.4 and Figure 2.5.  

 

 

Figure 2.4: Schematic representation of an example of ISTP material. [8] 
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Figure 2.5: Schematic representation of a linked anthracene and naphthalene dimer as 

an ISTP material. (Adapted from Ref. [9]) 

Using the material system shown in Figure 2.5, Bristol et al. [9, 10] at Intel have 

successfully demonstrated a proof-of-concept for pattern densification using DEL. Figure 

2.6 presents two SEM images of double printed line and space patterns using an 

interferometric lithography tool. Each resist pattern has twice the pattern density as it 

would if a standard resist were used. However, when the half-pitch of aerial image was 

shrunken to 110 nm, a significant extent of line edge roughness (LER) and bridging was 

observed, which was believed to arise from photoaddtion of oxygen to the sensitizer [9, 

10]. 

 

 

Figure 2.6: SEM images of pitch divided patterns. (a) A resist pattern with 275 nm HP 

produced using an aerial image of 550 nm half-pitch (HP) gratings. (b) A 

resist pattern with 145 nm HP produced using an aerial image of 290 nm HP 

gratings. [9] 

193 nm
193 nm

365 nm

(b)(a)



 34 

2.2.3 Optical Threshold Layer 

The optical threshold layer (OTL) is one type of material that requires absorption 

of a threshold amount of exposure to induce a photochemical event. This type of response 

is expressed mathematically in equation (2.6), 

  threshold

threshold

( )
Response ,

( )

f Dose Dose E

0 Dose E


 


   (2.6) 

where Ethrshold is the threshold exposure dose and f(Dose) is the resist response. Any 

exposure dose below the critical value is insufficient to trigger the resist response. Figure 

2.7 shows an illustration of this response. When receiving sub-threshold exposure doses, 

the OTL materials do not respond. Thus, the resulting resist response is a square wave 

instead of the conventionally sinusoidal wave. More importantly, no exposure 

information is stored in the materials below the threshold. Therefore, the sub-threshold 

exposure does not add to the subsequent one. 

 

 

Figure 2.7: Schematic illustration of principles of optical threshold layer (OTL). 

The simulation results for OTL materials reported by Lee et al. [2, 3] have shown 

that OTL has the best performance (i.e. the largest exposure latitude and the best resist 

profile) among all three double exposure designs. 

Exposure 

profile
Threshold

Resist response

(square wave instead 

of sin wave)
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Such a material system has not yet been developed, but an analogous thermal 

resist system was already in use in the printing industry [11-13]. Patterning of such resist 

relies on a thermal image instead of an optical image. The thermal image is produced by 

projecting high intensity light through a photomask onto the resist. Essentially, the 

photon energy is employed to increase the vibration of the materials rather than to induce 

photochemical reactions. The thermal energy is then employed to induce phase transition 

(e.g. melting) in the material. The threshold response in this system is thereby referred to 

the sum of the energy required to induce a phase transition, or simply the heat of fusion. 

As long as the accumulated thermal dose in each continuous exposure process does not 

exceed this threshold amount, the transition does not occur. The sub-threshold energy 

then dissipates after the light is off, the resist remains unchanged, and no exposure 

information is stored in the sub-threshold region of the material. Thus, the subsequent 

exposure does not add to the first one. In this regard, phase transitions are ideal responses 

for OTL materials because the threshold response is inherently built into the 

thermodynamic properties, and there is no memory effect. 

 

 

Figure 2.8: Schematic illustration of a process for bilayer thermal resists. 

Sarunic et al. [11, 13] reported a thermal resist system based on bimetallic 

alloying. With a threshold amount of exposure dose, the Bi/In bilayer melts and forms an 

alloy that exhibits a much higher etch resistance than either Bi or In. The alloy of the 

Bi

In

Bi/In alloy

High etch resistance
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Bi/In bilayer is then used as an etch mask for silicon. Unfortunately, the use of Bi/In 

metals in resist is not compatible with semiconductor manufacturing. In this regard, an 

organic analog of such thermal resist would be a promising approach to achieve the 

threshold responses. 

2.3 CONCLUSIONS 

The inapplicability of double exposure lithography to conventional resist 

materials was discussed on the basis of the principle of linear additive properties. This led 

to a search for materials exhibiting nonlinear additive responses. Three types of materials 

system, rCEL, ISTP, and OTL, were proposed and discussed. Lithography simulation 

performed by Lee et al. [2, 3, 14] and Byers et al. [1] has been used to analyzed the 

feasibility of these options. A physical analog of rCEL requires a Dill A parameter of at 

least 20 μm
-1

, which is rare among organic compounds. A material system for ISTP has 

been demonstrated to enable double exposure lithography, but has been shown to have 

certain limitations. Lee’s simulation suggested that OTL has the best overall performance 

potential among the three materials. This led us to explore the design of potential 

materials for the OTL applications, which is discussed in the following chapters. 
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Chapter 3: Optical Threshold Layer 

The simulation results as discussed in Chapter 2 showed that the optical threshold 

layer (OTL) concept is a feasible approach for DEL, but it is still quite challenging to 

obtain a physical analog with optical threshold properties. The purpose of this study was 

to design a practical working demonstration for OTL, explore possible materials that 

could serve for this mechanism, and experimentally confirm that they have the desired 

properties. In this chapter, the design of OTL mechanism and the materials exploration 

are described. 

3.1 PRINCIPLES AND MECHANISMS 

Prior to the discussion of the OTL mechanism, it is beneficial to revisit the 

definition of OTL that was used in the previous simulation. OTL materials do not 

respond to irradiation until the absorption of exposure dose reaches a threshold, and the 

sub-threshold exposure must not be stored in the material. This sort of photoresponsive 

behavior favors a nonlinear addition of two exposure passes, which is the key to enabling 

double exposure lithography. 

Photochemical reactions seldom require threshold amounts of irradiation before 

onset of response. However, there exist many threshold behaviors in nature threshold 

temperatures required to melt solids. A solid can be heated to near the melting 

temperature without actually melting, and after cooling down, the solid exhibits no 

indication of being previously heated. For this reason, phase changes seem to be 

attractive processes for providing threshold responses. 

In order to achieve a photoresponsive threshold behavior, some threshold process 

such as a phase change must be linked to a photoresponsive process (photochemical or 
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photophysical) to achieve the desired threshold response. Specifically, a decrease in the 

transition temperature for a phase change must be indirectly induced by some sort of 

photochemical or photophysical event. The number of events determines the extent of the 

transition temperature depression. Only when the transition temperature drops below the 

ambient temperature does the phase change occur. This generates an exposure dose 

dependent threshold response. It should be noted that the information of the sub-threshold 

exposure is not stored in the morphological state thanks to the nearly binary response of a 

phase transition, and instead, it is stored in the extent of the photo events. This “memory” 

must be removed prior to a subsequent exposure in order for a successful nonlinear 

addition of two exposures. Therefore, the photo events involved in this design must be 

reversible in some way. 

Photochromic compounds are well-known for their reversible photoinduced 

transformation between two forms which normally have different absorption profiles. 

Sometimes the reverse transformation to a more stable state can be achieved by thermal 

treatment. Photochromism often refers to a color change in the visible range of the 

spectrum or an absorbance band shift as a result of change in molecular structure upon 

irradiation. When it comes to the incorporation of photochromism into the design of 

OTL, the color change by itself might be challenging to induce a phase transistion. 

However, the structural change in the molecule associated with the color change is often 

a conformational or configurational type of change, which may be a large geometric 

transformation if the compounds are chosen carefully. This geometric change, as opposed 

to the color change, could be exploited to induce a phase change. 

Phase changes of polymeric materials by themselves do not seem to be very 

useful for the OTL design. However, many other properties associated with the phase 

change of polymeric materials may potentially exhibit threshold behaviors. For example, 
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material permeability is a property related to phase transition. O’Leary et al. [1-3] have 

extensively studied gas permeability through a type of n-alkyl long chain crystalline 

polymers and have shown a threshold like increase in CO2 and O2 permeability during 

melting process. Figure 3.1 presents a typical permeability plot as a function of 

temperature for the polymer, poly(n-docosyl acrylate). A clear nonlinear increase in 

permeability can be observed in the plot. 

 

 

Figure 3.1: CO2 permeability of poly(n-docosyl acrylate) as a function of temperature 

along with a DSC diagram showing the melting temperature of this 

polymer. (Image adapted from Ref. [1]) 

Moreover, the discrete increase of the permeability is concurrent with the melting 

process of the polymer, which is indicated by the embedded DSC diagram. Crystalline 

domains of polymers are usually considered impermeable due to the dense chain packing, 

while non-crystalline domains, without periodic chain packing, are usually highly 

permeable to small molecules. This permeability modulation provides a highly versatile 
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response as the small molecules (i.e. diffusant) can be designed to perform various 

activities. 

Based on the above discussion, a type of OTL material with a photoinduced 

threshold response was designed. The OTL material must contain photochromic 

functional groups which undergo large geometric changes upon irradiation, and this 

change must be reversible to remove the sub-threshold exposure. The structural change 

can subsequently induce a depression of melting temperature, and to certain extent, cause 

the material to melt, promoting the permeability. With such material, a mechanism for 

OTL application was designed. The design involves a trilayer film stack where the OTL 

material serves as a barrier between two additional layers as shown in Figure 3.2. On top 

is a polymer layer that carries a large amount of reactive small molecules, while 

underneath the barrier layer is an imaging layer, a polymer that can react with the small 

molecules. The two reactants are initially separated by the barrier layer. 

 

 

Figure 3.2: Schematic illustration of a trilayer film stack design for the purpose of OTL 

applications. 

The mechanism for this OTL principle is shown in Figure 3.3. In the trilayer film 

stack, only the barrier layer is sensitive to light of certain wavelength, whereas the feeder 

and imaging layers are relatively transparent to that wavelength. Upon irradiation, a 

structural change of the photochromic components occurs in the barrier layer. Only above 

threshold exposure energy does the structural change induce a morphological change that 

leads to a switch in permeability. If the light is projected through a photomask with 
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patterns, a set of regions with sharp boundaries specified by the mask pattern become 

permeable. This allows the substance on one side of the barrier layer diffuse through 

these permeable patterns to the other side. The diffusion is pseudo anisotropic due to the 

presence of crystalline boundaries and a chemical gradient across the barrier layer. The 

arrival of the penetrant enables its reaction with the target imaging layer, producing a 

new type of polymer sitting on the top of the imaging layer. The penetrant may be 

designed as a silylating agent that reacts with the imaging layer, which allows for silicon 

incorporation. The resulting pattern, of which the surface is modified with this penetrant, 

can selectively enhance the etch resistance of the imaging layer. This is the end of the 

first exposure pass. Prior to the second exposure, the barrier layer is flood exposed with 

another wavelength of light that reverts the chromophores to their original state. Thus, the 

“memory” of the first exposure is erased. To create doubled lines and spaces, the second 

exposure is performed with a photomask that is exactly half pitch shifted from the first 

photomask, followed by the same diffusion process. The top two layers are ultimately 

stripped, leaving the bottom layer with a set of surface patterns in which the polymers are 

silylated. A subsequent oxygen etching yields an image with doubled patterns. 
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Figure 3.3: Schematic illustration of lithographic processes for OTL. The flood 

exposure in step 4 was conducted with another wavelength of light other 

than the primary exposure wavelength. 
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Incorporation of silicon into the surface pattern to enhance etch resistance is one 

of many methods that can utilize the proposed OTL approaches for imaging, and not 

necessarily the best one even though it was mentioned herein. Developing an imaging 

material system containing reactive penetrants and polymers will be another large piece 

of work, and is not within the scope of this thesis. 

3.2 MATERIALS REQUIREMENT 

Material design is one of the most crucial components in the design of a new 

double exposure lithographic process. Based on the previous discussion, a photochromic 

functional group with a large geometric changes and a type of crystalline polymer with a 

large permeability modulation are two important requirements in the materials design. 

Herein, these two elements are discussed. 

3.2.1 Photochromophore Options 

Spiropyrans, diarylethenes, and azobenzenes are common photochromic 

functional groups and have been widely studied.  

 

 

Figure 3.4: Photochromic reaction of spiropyran from leuco form (spiro) to colored 

form (merocyanine). 

The photochromism of spiropyrans was first discovered by Fisher and Hirshberg 

[4] in 1952. The basic part of these molecules is the spiropyran structure in which a sp
3
-

hybridized carbon separates two conjugated systems (Figure 3.4). Under irradiation, the 
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C-O bond cleaves, and the sp
3
-hybridized carbon turns into a planar sp

2
-hybridized 

carbon, which rotates the aromatic group to align with the rest of the molecule, unites the 

two conjugated systems, and makes the molecule colored. This form, called merocyanine, 

is thermodynamically unstable at ambient temperatures unless cooled to low temperature. 

The merocyanine form quickly relaxes and reverts to its original state, and the molecule 

turns colorless again. The geometric change associated with the structure transformation 

is the rotation of either the alkyl indolium or the naphthalene portion, depending upon 

their molecular environment. This transformation is not so powerful that the rotation 

could not overcome large energy barriers, such as being buried in crystals or at low 

temperature, which is also consistent with the instability of the merocyanine form. Choi 

et al. [5] reported that the rate of the spiropyran photochromic processes can be 

substantially decreased by crosslinking the polymer matrix containing spiropyran 

functional groups, reducing free volumes around the chromophores. 

Many applications of spiropyrans have been investigated [6], such as uses in 

display screens, sun glasses, and photography, most of which are based on the 

photochromism of spiropyran rather than its geometric change. 

 

 

Figure 3.5: Photochromic reaction of dithienylthene between open form (colorless) and 

closed form (colored) 

Diarylethenes contain two aromatic rings that are directly bonded to each end of a 

carbon-carbon double bond. One particularly interesting diarylethene is dithienylethene, 
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which exhibits two forms (Figure 3.5), open and closed [7]. The two free α-positions on 

the carbon-carbon double bond are usually connected through a cyclic alkyl ring to lock 

the molecule in the cis isomer, only allowing isomerization between open and closed 

forms. The dithienylthenes are of interest that they undergo very little geometric change 

when isomerizing, because the two aromatic rings are within the plane of the entire 

conjugated system all the time. The photochromic reaction of these molecules can even 

take place in the crystalline state due to the little shape change [8].  

 

 

Figure 3.6: Trans-Cis isomerization of azobenzene 

Azobenzenes, analogs of diarylethenes, were first reported by Alfred Nobel [9]. 

Instead of a carbon-carbon double bond, the two aromatic groups in azobenzene are 

connected to each end of a nitrogen-nitrogen double bond. A significant discovery was 

made by Hartley [10] in 1937, when he first observed the trans-to-cis isomerization 

(Figure 3.6). Soon, the photochemistry of azobenzene and its derivatives became the 

topic of a great deal of research. A substantial amount of work has been done on the 

photochemistry of azobenzenes over the past decades [9-12]. The isomerization involves 

inversion or rotations of aromatic rings with respect to azo bonds and twisting of 

azobenzene structures out of the plane of the N=N double bond. This conversion reduces 

the end-end distance between the two 4-4’ positions of aromatic rings from 0.99 nm in 

the trans isomer to 0.55 nm in the cis isomer [11-13]. The free volume required for the 

cis form is larger than that for the trans form, so it can be easily imagined the sweeping 
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volume that azobenzenes need during isomerization. It was reported that the azobenzene 

needs 0.12 nm
3
 extra volume to isomerize through inversion mechanism [14, 15] and 

0.28 nm
3
 for a rotation mechanism [16]. The two mechanisms are illustrated in Figure 

3.7. Both isomerization mechanisms undergo substantial geometric change in 

azobenzenes, which may be exploited to induce a disruption of an ordered state. One can 

envision the following scenario. If azobenzenes are confined in an ordered state (i.e. 

liquid crystalline), the geometric change of azobenzene, which produces a microforce 

from one end of the azo bond, may overcome the energy barrier required to break the 

ordered state, causing a phase transistion. This type of photoswitch in liquid crystalline 

(LC) state has been reported by [17, 18] in LC polymers doped with azobenzenes. 

Related work in the Willson group has also been published [19]. 

 

 

Figure 3.7: Two mechanisms for azobenzene isomerization (inversion and rotation). 

Of these three classes of compounds, azobenzenes undergo the largest structural 

change and have been shown to photochemically assist isothermal phase transitions, 

making it a promising chromphore for the OTL application. 
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3.2.2 Permeance Control Using Photochromic Reactions 

In the previous description of OTL mechanisms, control of permeance is directly 

accomplished by the phase behavior of polymer materials as inspired by O’Leary and 

Paul’s study [2, 3] on gas transport in poly(n-alkyl methacrylate) and poly(n-alkyl 

acrylate). However, these polymer systems containing solely alkyl side chains require 

thermal energy to induce the phase transition from crystalline to liquid. To enable a 

photoswitching of morphological states, we employed azobenzene chromophores as 

photoswitches to manipulate the morphological state of n-alkyl chains, since the shape 

change of azobenzene upon irradiation may cause disruptions of surrounding crystalline 

domains without any provision of thermal energy. In this design, it is hoped that the 

azobenzene functional groups, the photoswitches, can be included into the alkyl crystals 

to maximize the impact. 

Doping is an easy and convenient way to incorporate azobenzene functional 

groups into a polymer matrix of interest. However, this method usually suffers from 

aggregation and crystallization of azobenzene dopants due to their high mobility, which 

makes resulting films heterogeneous at a micro scale [20]. Furthermore, aggregated 

azobenzenes may have much less impact on the crystallinity modulation. All these effects 

are adverse to the success of the OTL application. Thus, it is necessary to lock the 

chromophores in position and reduce their mobility relative to the polymer matrix. The 

most common incorporation strategies are to covalently bond chromophores to polymer 

backbones (i.e. side chain tethering) or to incorporate them into the backbone during 

polymerization. The latter strategy prevents chromophores from being included in the 

crystalline domains; hence the side chain tethering strategy is preferential in this case. 
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3.3 DETAILED CONSIDERATION 

Our purpose is to design an OTL material that maximizes the modulation in 

permeability to small molecules. This effect, as discussed previously, is the result of a 

disruption of the alkyl side chain crystalline morphology induced by the isomerization of 

azobenzenes. Thus, it is critical to obtain a high efficiency of isomerization and a large 

degree of azobenzene incorporation into crystals. 

3.3.1 Terminal Substituent 

The terminal substituents on azobenzene functionalities determine the 

isomerization efficiency, the sweeping volume, and the absorption peak (λmax). A typical 

order of the isomerization efficiency with different terminal substituents is –CN > –

NO2 > –OR > –COOR [21]. A strong dipole moment of the azobenzene moiety enhanced 

by 4 and 4’ position substitution of electron donor and electron acceptor (push-pull 

effect) appears to promote the isomerization efficiency [22]. Additionally, a push-pull 

effect shifts the π→π
*
 transition band towards red (shorter wavelength), which helps to 

increase the resolution according to the Rayleigh’s equation. Last but not least, bulky 

substituents provide a large sweeping volume, which may induce a greater extent of 

crystal disruption. In this study, cyano group was chosen as the end group for the 

azobenzene for its fast isomerization rate, strong electron withdrawing ability and relative 

bulky size. 

3.3.2 Alkyl Chain Length 

These OTL materials are intended to be implemented in current lithography tools 

in which the temperature is precisely maintained at room temperature (conventionally 
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23.5 °C). Therefore, the melting temperature of the OTL materials must be above such 

operating temperature to ensure an initially crystalline phase. It is well known that long 

alkyl chains in side chain crystalline polymers, e.g. poly(n-alkyl methacrylate), aggregate 

in the melt and form self-assembled crystalline domains during the cooling process. This 

can be considered as a crystallization of alkanes, forming wax, in the presence of external 

constraints (i.e. confinement between two amorphous polymer backbones). It has been 

reported that the melting temperature of poly(n-alkyl acrylate) increases with the number 

of carbon in the side chain [1-3]. The melting temperature of the similar poly(n-alkyl 

methacrylate) versus the number of carbon atoms per side chain was also experimentally 

confirmed and shown in Figure 3.8. It can be predicted by interpolation that the 

homopolymer of poly(n-alkyl methacrylate) with 17 carbon atoms per side chain would 

melt at a temperature (around 30 °C) slightly above the room temperature. It should be 

noted that once the alkyl methacrylate is copolymerized with an azobenzene containing 

methacrylate, the melting point of the resulting copolymer might be even lower than that 

of the homopolymer. The reason is that the azobenzene side chains act as impurities in 

the polymer matrix, suppressing the degree of crystallinity. 
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Figure 3.8: Relationship between melting temperature and alkyl chain length. The 

melting temperatures of n-alkyl alcohols were obtained from TCI Co. 

database, whereas those of n-alkyl methacrylates and poly(n-alkyl 

methacrylates) were experimentally determined. 

However, an OTL material with a melting point near room temperature is not easy 

to handle during the experimental evaluation. The ambient temperature in the lab is not 

precisely controlled and can vary from room to room, potentially exceeding the melting 

temperature of the materials and causing unwanted melting. This gives rise to difficulties 

in the measurement of thin film properties. Thus, n-octadecyl methacrylate was chosen as 

the alkyl chain source because its homopolymer exhibits higher melting temperature 

(38 °C). The OTL polymers based on this n-octadecyl alkyl chain can maintain 

crystallinity throughout the measurement process, but still enable the demonstration of 

photoinduced modulation of its physical properties. For the ultimate application, the 

chain length can always be adjusted accordingly to obtain an appropriate melting 

temperature. 
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3.3.3 Spacer Length 

Spacer length, by definition, is the distance between the azobenzene moieties and 

the polymer backbone, and it can be expressed in number of methylene groups. As can be 

imagined, the less methylene groups on the spacer, the closer azobenzenes to polymer 

backbones. Rigid side chains like azobenzenes have a substantial impact on segmental 

dynamic mobility of main chains, and they tend to reduce the main chain mobility and 

therefore enhance Tg of polymers. When the spacer length becomes larger, the motion of 

the polymer backbone is increasingly decoupled from the azobenzene moieties. The Tg, in 

this case, is suppressed due to the high flexibility of the side chains. When it comes to the 

influence of spacer lengths on the efficiency of isomerization, Wu et al. [23] reported that 

the trans-cis isomerization is not affected by the spacer length when the polymer is 

amorphous. In this regard, longer spacer length is preferred to maximize the probability 

of azobenzene incorporation into the crystals. To verify this, materials with various 

spacer lengths were proposed in designing the OTL materials.  

3.3.4 Other Considerations 

Molecular weight (MW) is important because it determines a number of physical 

properties of polymers and distinguishes polymers from small molecules. Many polymer 

properties of interest (e.g. glass transition temperature, melting temperature, tensile 

strength, modulus, etc.) follow a unique pattern (Figure 3.9) with increasing molecular 

weight. A few other properties critical to polymer processing, e.g. melt viscosity, increase 

monotonically with MW. This means that the goal of OTL materials synthesis is not to 

make largest possible molecules, but rather, to make molecules large enough to fall into 

the plateau region. 



 53 

 

 

Figure 3.9: Dependence of specific polymer physical properties on molecular weight. 

Hempel et al. [24] has shown that Tm of poly(n-octadecyl methacrylate) 

(PODMA) does not change much with increasing from the degree of polymerization of 8, 

that is a MW of 2,800 g/mol. This indicates that polymer chain length is not a critical 

factor as long as the desired polymers can be synthesized. 

Another concern in designing the molecules was the ratio of alkyl chains to 

azobenzene monomers. It was not widely studied whether and how the azobenzenes 

would be packed into the alkyl crystalline domain. Excessive azobenzene content disrupts 

crystal formation, while low loading of azobenzene is unable to provide adequate 

photoswitchability. For the initial test, a target ratio of 4 was chosen. 

3.4 TARGET STRUCTURES 

Based on the previous discussion, the structures of side chain crystalline polymers 

for OTL applications were designed and are shown in Figure 3.10. 
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Figure 3.10: Structures of designed OTL materials (x = 6, 11; n:m = 1:4). 

P(ODMA-co-CxCN) with a spacer length of x methylene groups is intended for 

studying the effect of spacer length on physical properties of those crystalline polymers, 

while P(ODMA-co-C2CN) and P(ODMA-co-C2HE) can be used to compare the 

influence of both terminal substituents. 

3.5 SUMMARY 

The simulation in Chapter 2 guided the design of DEL materials towards a 

candidate (i.e. OTL) that must exhibit photoinduced threshold responses. The material 

must contain photochromic functionalities as well as crystalline domains. Azobenzene 

was chosen as the chromophore for its high photo-efficiency and large geometric change 

upon isomerization. Long alkyl side chain methacrylates were employed for crystallinity. 

This combination is expected to provide materials with a photoinduced phase transition. 

Many factors have been considered in the design of the actual polymers, such as method 

of azobenzene incorporation, terminal substituents on the azobenzene rings, spacer 
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length, alkyl chain length and molecular weight. Synthesis and characterization of these 

OTL materials as well as the structural investigation of polymer crystals are described in 

the next chapter. 
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Chapter 4: Preparation and Structural Investigation of OTL Materials 

The previous chapter provided a detailed structural design of OTL materials. 

Several critical components were considered: the length of the alkyl chains; the location 

of the azobenzene moieties relative to the polymer backbones; and the type of end groups 

on the azobenzene moieties. These factors, to a large extent, determine the crystallization 

behavior of the materials, whether and how azobenzene moieties can be included into 

alkyl crystalline domains, and the efficiency of crystal disruption induced by 

isomerization. This chapter describes the synthesis and conventional characterization of 

the OTL materials, as well as calorimetric experiments and X-ray scattering experiments 

that were performed to gain an insight into the side chain crystalline morphology and 

how the inclusion of azobenzene moieties could affect the crystallinity. 

4.1 EXPERIMENTAL 

4.1.1 Synthesis 

The target OTL materials are copolymers of azobenzene containing methacrylates 

and n-octadecyl methacrylate. The synthetic paths to these copolymers were designed as 

shown in Figure 4.1. P(ODMA-co-C11CN) and P(ODMA-co-C2CN) were synthesized 

by procedures similar to those for P(ODMA-co-C6CN). Detailed experimental 

procedures can be found in Appendix A. 
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Figure 4.1: Synthetic schemes for P(ODMA-co-C6CN) and P(ODMA-co-C2HE). 



 60 

Materials 

The starting materials were purchased from Sigma-Aldrich Co. and used without 

further purification unless otherwise noted. n-Octadecyl methacrylate was recrystallized 

from acetone. Azobisisobutyronitrile (AIBN), the radical initiator for polymerization, was 

recrystallized from methanol prior to use. 

Preparation of Monomers 

The reactions in the synthesis schemes are widely used and well-studied. 

Azobenzene was constructed in the first step through an azo-coupling reaction, which 

was first discovered by Griess in 1861. Azo-coupling makes use of a diazonium salt, 

which was also discovered by Griess in 1859, to react with an activated aromatic ring. 

Approximately, 50% of the industrial dye and pigments manufactured around the world 

are produced using this azo-coupling reaction [1, 2]. Laboratory procedures for azo-

coupling reactions have been well documented in books [1, 3] and the literature [4-8]. For 

a typical procedure, to an acidified aqueous solution of an aniline derivative bearing a 

cyano group at para position was added dropwise a solution of sodium nitrite. The 

resulting clear yellowish solution is the corresponding diazonium salt, which acts as an 

electrophile in an electrophilic substitution reaction with an activated aromatic ring (e.g. 

phenol). The substitution reaction occurred at para position and produced the azobenzene 

compound like 1a shown in Figure 4.1. The resulting azobenzene can further react with 

an end-halogenated n-alkyl alcohol through a nucleophilic substitution reaction under 

mildly basic conditions. This is the step in which the space length between the 

azobenzenes and the backbone was determined. The hydroxyl group at the end of the 

spacer on 1b was then functionalized with methacryloyl chloride to give the azobenzene 

containing methacrylate 1c. This polymerizable unit allowed for the incorporation of 

azobenzene moieties with another basic methacrylate monomer. 
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Another preparation method for azobenzene compound is to react a nitrosoarene 

with an aniline derivative under acidic conditions. Nitrosoarenes are prepared by 

oxidizing aromatic arenes with a mild oxidizing agent, such as methyl rhenium trioxide 

(MTO) with hydrogen peroxide (H2O2) [9], H2O2 in the presence of molybdenum [10], or 

oxone (2KHSO5•KHSO4•K2SO4). Oxone is the most suitable agent because it tolerates 

various functional groups and produces nitrosoarenes in a very high yield [11]. Short 

reaction times and easy workup procedures also make this oxidant very attractive. The 

reaction with oxone was carried out in DCM, which makes a heterogeneous system. 

Excess oxone was required for complete conversion of aromatic amines to nitrosoarenes. 

The excess oxone was removed by filtration after the reaction was complete. The 

resulting nitrosoarene, nitrosobenzoic acid in our study, may be kept at room temperature 

under nitrogen atmosphere for 1~2 days [12], but it is suggested to immediately proceed 

to the next step without purification. Purification of the less stable nitrosobenzoic acid 

was avoided because the impurities involved in this reaction were able to bereadily 

removed from the crude product of the coupling reaction without much trouble [13]. The 

crude product obtained from the coupling reaction was recrystallized from ethanol to 

yield the target azobenzene derivatives. Further reactions were performed to attach the 

azobenzenes to methacrylates for polymerization. 

Polymerization 

The azobenzene containing methacrylates and n-octadecyl methacrylate were 

copolymerized using free radical polymerization at a feed ratio of 1:4. The target MW 

was 20,000 ~ 40,000 g/mol. AIBN was used as a radical initiator. The reaction solution 

was degased at least 5 times to ensure absence of oxygen in the system. It is noted that 

for each AIBN molecule there are two radicals being generated. This should be 
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considered during the calculation of the AIBN loading for target molecular weights. The 

other copolymers shown in Chapter 3 were synthesized by similar procedures and the 

details are shown in Appendix A. The polymers produced by this method are atactic. 

4.1.2 Characterization 

General 

A variety of analytical techniques were used to characterize the intermediate 

species and the final product. The details of the characterization conditions and results are 

listed in Appendix A. 

The actual polymer compositions of the final products were determined using 
1
H-

NMR. The feed ratio of two monomers in the polymerization was 1:4, but the actual ratio 

in the polymer might not be the same. 
1
H-NMR was employed to determine the actual 

composition of the polymers. To analyze the relative content of azobenzene monomer to 

long alkyl chain monomer, both types of side chain were identified on the 
1
H-NMR 

spectra and the integrals of the protons on each type of side chain were calculated and 

compared. Proton peaks of polymers on 
1
H-NMR spectra are usually broad due to the 

multitude of chemical environments for each proton on the polymer chain. However, the 

chemical shifts of the protons used for distinguishing the two types of side chains need to 

be well resolved. In the case of P(ODMA-co-C2HE) as well as P(ODMA-co-C2CN), the 

chemical shifts for the α-protons (a and b shown in the 
1
H-NMR spectra, Figure 4.2) near 

the esters are easily distinguished. The corresponding integrals were used to calculate the 

relative ratio of the two monomers. However, in the case of P(ODMA-co-C6CN) and 

P(ODMA-co-C11CN) shown in Figure 4.3, the signals of the α-protons (a and b) on each 

comonomer are too close to each other, thus it is too difficult to integrate the two peaks 
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individually. This makes it impossible to calculate the composition using protons, a and 

b. The proton c near the phenol units in Figure 4.3 resonates at the same region as the α-

protons, a and b. Hence, it is necessary to take into account the protons on the 

azobenzene moieties (d, e, f, and g) in the calculation of the polymer composition for 

P(ODMA-co-C11CN) and P(ODMA-co-C6CN). In this case, the molar ratio of the two 

comonomers (n/m) can be calculated using the following equation, 

d e f g

a b c

d e f g

a b c d e f g

( ) / 8

2 ( ) / 2

( ) / 8
,

( ) / 2 - ( ) / 4

I I I In

n m I I I

I I I In

m I I I I I I I

  


  

  


    

   (4. 1) 

where Ix is the integral of x peak. The constant 8 in the top equation is the number of 

protons on the azobenzene comonomer (d, e, f, and g), whereas the constant 2 in the top 

equation is the number of protons for a, b, and c. 
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Figure 4.2: 
1
H-NMR spectra for P(ODMA-co-C2CN) (top) and P(ODMA-co-C2HE) 

(bottom). The protons used for calculating the comonomer ratios are marked 

(a and b) and integrated. 
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Figure 4.3: 
1
H-NMR spectra for P(ODMA-co-C11CN) (top) and P(ODMA-co-C6CN) 

(bottom). The protons used for calculating the comonomer ratios are marked 

and integrated. 
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Molecular Weight 

The molecular weights of the polymers were measured using an Agilent 

instrument Gel Permeation Chromatography (GPC) with a reflective index (RI) detector 

and a column calibrated with PMMA standards. 

Calorimetric Measurement 

Differential scanning calorimetry (DSC) was employed for thermal analysis of the 

side chain crystalline polymers and was performed on a TA Instrument Q100 differential 

scanning calorimeter. The samples were prepared in hermetic pans and lids provided by 

TA Instruments Inc. The sample mass was measured with a calibrated microbalance on a 

TA Instrument Q500 TGA. A routine procedure for melting point measurements for the 

testing polymers is as follows. The sample was first heated significantly above the 

melting temperature (e.g. 50 ºC) and then annealed isothermally for 1 min to remove any 

thermal history of the sample. The annealing process was followed by a cooling process 

at a rate of 2 ºC/min to -20 ºC. The temperature was kept constant at 0 ºC for 5 min, 

which had been experimentally proved to be long enough to maximize the crystallization, 

and then ramped up at a rate of 2 ºC/min. The crystallization and the melting 

temperatures were determined respectively from the peak maxima on the exothermic 

curve and that on the second endothermic curve. In addition, the heat of fusion, useful for 

estimating degree of crystallinity, was calculated from the area under the endothermic 

peak. The baseline for the integration was defined by a line that starts from the melted 

segment of the endothermic curve and extrapolated horizontally to the solid segment. The 

analysis methods are illustrated in Figure 4.4. 
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Figure 4.4: DSC diagram for PODMA and example of data analysis. Under given 

testing condition, the melting temperature of PODMA is 37.09 ºC, and the 

heat of fusion is 64.59 J/g. 

DSC was also needed in studying the isothermal crystallization of the long alkyl 

side chain polymers, which help understand how alkyl crystals are formed and whether 

azobenzene moieties are included in the crystalline domains. A routine method reported 

by Hempel et al. was used [14]. The idea of this experiment is to isothermally anneal a 

previously melted polymer at various temperatures below its melting point for different 

lengths of time and then to analyze the influence of annealing temperature (Tc) and time 

(tc) on the melting temperature and degree of crystallinity. Details of this experiment are 

described in section 4.2.3. 
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X-ray Scattering 

An attempt was made to study the packing of the long alkyl chains in the 

crystalline nanodomains and their crystal parameters by X-ray scattering. The lattice 

spacings of the crystals were measured on a Philips automated vertical scanning general 

powder diffractometer*, and analyzed by MDI Jade 9 software. Structural information of 

macromolecules (long spacings) was measured on a home-made Small Angle X-ray 

Scattering (SAXS) setup at the Texas Materials Institute at The University of Texas at 

Austin and analyzed using Datasqueeze 2.2†. The SAXS instrument uses an Enraf-Nonius 

FR591 rotating anode (Cu) as the X-ray source (λ =1.5406 Å). Angular calibration for 

SAXS measurements was conducted with silver behenate (d = 58.3801 Å [15]). All 

WAXS measurements were calibrated with the (001) silicon substrate, whose lattice 

spacing is 5.4307 Å [16]. All x-ray data are reported as intensity in arbitrary units against 

scattering vector (q/nm
-1

). 

4.2 RESULTS AND DISCUSSIONS 

4.2.1 General 

It is clear from the 
1
H-NMR data shown in Figure 4.2 and Figure 4.3 that the OTL 

materials contain the target components (alkyl chains and azobenzene moieties), and they 

are free of monomers as no methacrylate peaks were observed in the chemical shift () 

from 5.0 ppm to 6.5 ppm. The azobenzene content in all copolymers is approximately 20 

mole percent as designed. Another version of P(ODMA-co-C6CN) with about 5% (mole) 

                                                 
* The method is also known as Wide Angle X-ray Scattering (WAXS) in the field of polymer science. 
† Datasqueeze is a X-ray analysis software written by Paul Heiney, a Professor of Physics at the University 

of Pennsylvania. This software was used under an academic license generously provided by Prof. Paul 

Heiney. (http://www.datasqueezesoftware.com/) 



 69 

azobenzene was made for studying the influence of azobenzene content on the 

crystallization behavior. The polydispersity indices of all polymers are between 1.5 ~ 2.0, 

which is fairly common in free radical random polymerization. 

DSC measurements using the heat-cool-heat methods gave information about the 

melting temperatures (Tm) and the heats of fusion of the OTL polymers. Compared to the 

homopolymer of n-octadecyl methacrylate (PODMA), the azobenzene containing 

copolymers exhibit much lower melting temperatures as indicated by the endothermic 

peak shift shown in Figure 4.5. Furthermore, a decrease of the heat of fusion was also 

observed with the incorporation of azobenzenes into the polymer side chains. Attempts to 

explain these findings are made in section 4.2.5. 

 

 

Figure 4.5: Stacked endothermic curves for all OTL materials using the following 

method (heating at 2 ºC/min, cooling at 2 ºC/min). The melting temperatures 

are displayed. 
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Attempts were made to precisely estimate the degree of crystallinity for all side 

chain crystalline polymers. For a general semi-crystalline material, if the following 

relation in equation (4.2) is satisfied, the degree of crystallization (xc in mass fraction) 

can be calculated based on calorimetric data. 

,

f

c

f 0

H
x

H





     

(4.2) 

Here, ∆Hf is the measured heat of fusion in J/g for the sample, and ∆Hf,0 is the heat of 

fusion in J/g for the 100% crystalline state of this materials if there exists such material. 

∆Hf,0 may be also calculated from knowledge of the heat of fusion for materials of similar 

structures. In this relation, the degree of crystallinity xc is defined as the weight-based 

fractional crystallinity in the entire material. This definition is useful only when the entire 

structure of the material is crystallizable yet not fully crystallized due to some external 

factors, such as temperature or pressure. If the material is only partially crystallizable or 

bears some non-crystalline units, 100% crystallization can never be achieved, but the 

crystallizable portion may still reach complete crystalline. Thus, what is defined for xc 

can be considered as apparent degree of crystallinity. 

In this study, the crystallinity of the entire polymer materials (i.e. apparent degree 

of crystallinity) is less critical because methacrylate backbones and azobenzene units 

have no tendency to participate in the crystallization of long alkyl chains, whereas the 

crystallinity of the crystallizable alkyl chain portion of the material are more important as 

this value is the actual crystallinity. Learning about this value can help to understand how 

non-crystallizable structures (backbones, amorphous comonomers, and plasticizers) in the 

materials influence the crystallization of alkyl chains. Hence, the degree of crystallinity 

we would like to define is the fractional crystallinity in the crystallizable portion of the 
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material (i.e. long alkyl side chains). Similar but slightly different considerations have 

also been taken in the work of Jordan et al. [17, 18] and used by Barrales-Rienda et al. 

[19, 20] in their study of side-chain crystallinity of com-blike polymers. The new 

definition, the degree of crystallinity of alkyl chain xcs, is expressed in equation (4.3), 

,

,
f

cs

f 0

H
x

H





     

(4.3) 

where ∆Hf’ is the heat of fusion in J/g normalized to the weight fraction of alkyl chain to 

the entire polymer, and ∆Hf,0 is the heat of fusion in J/g for the 100% crystalline long 

alkyl chain (i.e. n-octadecane). ∆Hf,0 can also be estimated using the heat of fusion per 

methylene unit in lower alkanes (∆Hf,CH2 = 3.4 kJ/mol [21]). As previously described, ∆Hf 

is the observed heat of fusion in J/g for the entire sample. To calculate ∆Hf’, the weight 

fraction of alkyl chain walkyl is derived in equation (4.4),  

 alkyl

alkyl

Azo-MA R-MA

.
,

m MW 1 008
w

n MW m MW

 


  
    

(4.4) 

where m and n are the mole fractions of azobenzene comonomer and alkyl methacrylate 

monomer respectively, MWalkyl is the molecular weight of the long alkyl chain, MWAzo-MA 

is the molecular weight of the azobenzene methacrylate, MWR-MA is the molecular weight 

of n-alkyl methacrylate, and the constant 1.008 is the molar mass of H atom. In this 

study, the alkyl chain is simply the n-octadecyl group. Hence, the heat of fusion ∆Hf’ 

normalized to crystallizable alkyl chains can be expressed in equation (4.5), 



 72 

alkyl .f fH w H  
     

(4.5) 

The degree of crystallinity based on this definition was calculated for all tested 

polymers and presented along with other characterization results in Table 4.1. 

Table 4.1: Summary of calorimetry data for all tested polymers 

Sample m/na walkyl Tm (oC) ∆Hf (J/g) ∆Hf’ (J/g) xcs (%)b 

PODMA 0 0.746 37.09 64.59 86.58 35.7 

P(ODMA-co-C2CN) 4.79 0.623 31.37 32.56 52.26 21.6 

P(ODMA-co-C6CN) 6.79 0.637 33.12 37.49 58.85 24.3 

P(ODMA-co-C11CN) 4.73 0.579 33.89 47.38 81.83 33.8 

P(ODMA-co-C2HE) 5.34 0.604 33.14 50.04 82.85 34.2 

a. m is the molar fraction of azobenzene side chain units, and n is the molar fraction of ODMA. 

m/n is their ratio. 

b. xcs is calculated based on equation (4.3) in which ∆Hf,0 is estimated to be 242.40 J/g for 

entirely crystalline 18-carbon chains using the heat of fusion per methylene unit in lower 

alkanes (∆Hf,CH2 = 3.40 kJ/mol [21]). 

 

It is important to notice the melting temperature depression and the lower degree 

of crystallinity with incorporation of azobenzene moieties into alkyl side chain polymers 

shown in Table 4.1. A straightforward reason is that the azobenzenes are structurally 

incompatible with the alkyl chains and therefore act as plasticizers, which usually depress 

phase transition temperatures of polymers. Detailed analysis of the impact of 

azobenzenes on crystallization is discussed in section 4.2.5. 
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4.2.2 X-ray Scattering Data of Alkyl Side Chain Crystals 

X-ray scattering experiments were performed to investigate possible periodic 

structures in the sample materials. Theoretically, structures ranging from 130 nm to 0.1 

nm can be detected by X-ray scattering instruments. There are mainly three types of 

peaks in the scattering data for polymers tested. Figure 4.6 presents the scattering data for 

PODMA, showing three scattering peaks marked as I, II, and III. The scattering vectors at 

each peak maxima are all consistent with literature values [14]. 

 

 

Figure 4.6: (a) SAXS data for PODMA in semi-crystalline state (thin lines) and melted 

state (thick lines). (b) WAXS data for semi-crystalline PODMA at 25 ºC. 
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slightly shifted to a smaller q value (larger d-spacing dI ≈ 3.1 nm), which is presented by 

the thin line in Figure 4.6 (a). This result implies that the peak at q ≈ 2.1 nm
-1

 is not 

related to the crystalline structures but rather the average backbone-to-backbone distance 

[14, 22-24]. Several researchers [23, 25] have also reported that poly(n-alkyl 

methacrylates) with different side chain length exhibit different qmax values for this type 

of peak. As the side chain length increases, the corresponding peak shifts to lower value 

(larger d-spacing), suggesting a larger distance between the backbones, which is 

consistent with an increase in the crystal size with longer chains. 

A homopolymer of 4c (Figure 4.1) was synthesized and investigated on SAXS. 

The scattering data of this polymer, as shown in Figure 4.7, presents a larger d-spacing 

indicated by a smaller q value. This can be rationalized by bulky aromatic side chains in 

this polymer, which makes the side chain region slightly larger than pure alkyl chains and 

therefore pushes the backbones further away from each other. Hence, it is size, 

morphology, and structure of polymer side chains that are contributed to determine the 

backbone distances in the polymers. Moreover, the reason why backbone distances can 

be observed, as suggested by Hempel et al. [14], is that the electron density is not 

uniform within the material and is higher in the methacrylate backbones and lower in the 

alkyl domains. Unlike density changes in crystallization in alkyl domains, it is this non-

uniform distribution of electron density that creates the scattering contrast. This contrast 

could interfere with scattering from density changes related to crystallization, and leads 

to complexities in analyzing X-ray data for thicknesses of crystalline layers. 
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Figure 4.7: SAXS data for homopolymer of 4c. Peak dI represents the backbone-to-

backbone distance, whereas peak dII represents the distance between the 

lamella layers. 

 

Figure 4.8: A schematic illustration of semi-crystalline long alkyl side chain polymers, 

in which the crystalline domains are separated by polymer backbones. The 

orange ellipses represent the ester groups on the methacrylates. (The 

drawing was created based on the description in the literatures. [23, 26-28]) 
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observed with all the tested polymers, and their corresponding q values are constant for 

all tested polymers. This consistency indicates that these peaks are related to the d-

spacing of the alkyl crystalline structures, which is a common feature for all tested 

polymers. Peak III, which appears at q ≈ 15.1 nm
-1

, is large and sharp and mainly reflects 

the mean distance between two adjacent alkyl chains in the crystals (dIII = 0.41 nm). It 

was reported that upon melting peak III is significantly broadened and shifts to lower q 

value [14]. This indicates a larger distance between two neighboring alkyl chains (d = 

0.47 nm), which is consistent with what is expected for melted or amorphous long alkyl 

chains. Peak II is relatively smaller and requires a long crystallization time (tc) and lower 

annealing temperature (Tc). Since the correlation length for this peak is between the 

backbone distance and the repeating alkyl chain distance, it is very likely that peak II 

represents the lamellar packing of alkyl crystals [14]. Further details about these 

structures and kinetics of the crystal formation from X-ray scattering are very limited. 

Thus, the X-ray study needs to be united with other techniques (e.g. calorimetry) to fully 

gain an insight into the crystal structures and crystallization processes of long alkyl side 

chains. 

Table 4.2: Summary of scattering data for all of the tested polymers. 

Sample dI (nm) dII (nm) dIII (nm) 

PODMA 3.05 1.58 0.41 

P(ODMA-co-C2CN) 3.03 1.64 0.42 

P(ODMA-co-C6CN) 2.99 1.62 0.42 

P(ODMA-co-C11CN) 3.00 1.62 0.42 

P(ODMA-co-C2HE) 3.02a 1.63 0.42 

a. There is an unexpected sharp peak (d = 3.29 nm) appearing on the shoulder of dI in 

P(ODMA-co-C2HE), for which the structural counterpart is unclear. 
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A summary of the scattering data for all of the polymers is provided in Table 4.2. 

As can be seen, the alkyl chain distance dIII is nearly a constant across all of the polymers 

since the basic crystalline structures are made up of alkyl chains. Similarly, the variation 

in backbone-to-backbone distance dI is marginal due to the dominant structures of alkyl 

chains (80% in weight). A consistent increase in the lamella distance dII can be observed 

with the azobenzene containing polymers. This is probably due to the bulky size of 

azobenzene units, which may lie between two lamellar crystallites. Further analysis using 

these data is presented in section 4.2.5. 

4.2.3 Isothermal Crystallization of Alkyl Side Chains 

Isothermal crystallization of the alkyl side chains was studied with DSC. The 

sample was first equilibrated to a temperature significant higher than the melting 

temperature followed by annealing at that temperature for 1 min. Then, the temperature 

was quickly jumped to the annealing temperature (Tc) of interest. This cooling process 

was done as fast as possible in order to avoid crystallization prior to reaching the 

crystallization temperature. The sample was then hold isothermally at the annealing 

temperature for certain amount of time (tc), followed by a reheat process (10 ºC/min), 

from which information about melting temperature, heat of fusion and thereby degree of 

crystallinity was drawn. This operation cycle was repeated several times for different Tc 

and tc. Figure 4.9 (a) illustrates an example of the endothermic curves for one of the 

polymers (e.g. PODMA). Each endothermic curve in the plot represents a reheat process 

for given tc and Tc. The heat of fusion derived from each curve can then be plotted against 

the corresponding crystallization time (tc), and the resulting relation yields the curve 

labeled with 33 ºC in Figure 4.9 (b). In other words, each endothermic curve makes one 
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of the data points in Figure 4.9 (b). These curves were all collected at different annealing 

temperatures. The degree of crystallinity, as defined in this study, is a linear function of 

the heat of fusion for crystalline copolymers as seen in equation (4.3) and equation (4.6). 

Thus, a dual Y-axis is used in Figure 4.9 (b) to establish the relationship between the 

degree of crystallinity and the crystallization time. 
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Figure 4.9: (a) Stacked DSC endothermic curves (10 ºC/min) for PODMA measured 

after isothermal crystallization at certain annealing temperature (Tc = 33 ºC) 

for different amount of annealing time. (b) Relationship between heat of 

fusion (∆Hf) as well as degree of crystallinity (xcs) and annealing time (tc) at 

different annealing temperature. The degree of crystallinity is derived using 

equation (4.3) and (4.7). 
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The plot of isothermal crystallizations in Figure 4.9 (b) contains a great deal of 

information about crystallization of a typical long alkyl side chain polymer. Although the 

crystallization time is presented on a logarithmic scale, the curve slope still stands for the 

crystallization rate of the materials in some sense. It can be seen that there are mainly two 

types of crystallization rates in the alkyl side chains. When crystallization starts, there is a 

primary crystallization process indicated by a rapid increase in heat of fusion, or 

alternatively degree of crystallinity. After certain extent of crystallinity is reached 

(~20%), the crystallization slows down but continues at a slower rate. This finding is 

particularly interesting for alkyl side chain polymers because similar behaviors have also 

been reported with polyethylene [29], which shows occurrence of crystal thickening after 

primary crystallization. This suggests that alkyl side chains may retain some 

characteristics of polyethylene. It is not only PODMA that exhibits such behavior; the 

azobenzene containing copolymers also crystallize in a similar two-step fashion. 

The degree of crystallinity can also be also plotted against the melting 

temperature (Tm) for PODMA as shown in Figure 4.10, since the melting temperature is 

partially dictated by the annealing time. This plot also reveals two types of crystallization 

processes, similar to those shown in Figure 4.9 (b). It should be noted that in the course 

of the primary crystallization the extent of crystallinity increases rapidly, but the melting 

temperature is only increased by less than 1 ºC. On the other hand, in the secondary 

crystallization process there is a large increase in the melting temperature without much 

increase in the extent of crystallinity. In this regard, one might want to ensure that OTL 

materials are crystallized to the second regime so that a small modulation in crystallinity 

would lead to a large melting temperature change. Another interesting observation from 

this plot is that for the same crystallinity, annealing at a lower Tc produces crystals with 

lower melting temperature than annealing at a higher Tc. This is not nearly intuitive 
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because lower annealing temperatures seem to produce stronger crystals. However, to 

achieve the same extent of crystallinity, higher annealing temperatures require longer 

crystallization times tc. More importantly, higher temperatures provide greater chain 

mobility, which may facilitate the necessary movements for the alkyl chains to perfectly 

pack into growing crystals. Thus, higher annealing temperatures may help to strengthen 

the alkyl crystals, then making it melt at higher temperature. 

 

 

Figure 4.10: Plot of degree of crystallinity (xcs) vs. melting temperature (Tm) for 

PODMA. The number of crystalline carbons contributed from each alkyl 

chain is calculated through equation (4.8). 

On the same plot, a dual Y-axis is used with the number of crystallized alkyl 

carbons being the right Y-axis. In that way, for a given degree of crystallinity, the 

corresponding number of alkyl carbons that participate in the crystallization and form 

part of the crystal can be found. This number is expressed in equation (4.8), 
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,c cs alkyln x N       (4.8) 

where Nalkyl is the number of carbons on the n-alkyl methacrylate unit, 18 for n-octadecyl 

methacrylate in this study, and xcs is the degree of crystallinity shown on the left Y-axis, 

which has been derived using equation (4.3) and equation (4.9). The right Y-axis 

positions of the turning points on the plot in Figure 4.10 clearly suggest that there are on 

average four alkyl carbons from each chain participating in the primary crystallization 

process. During the secondary crystallization process, more alkyl carbons slowly enter 

into the crystalline region, and eventually the crystallization plateaus at six crystalline 

carbons from each alkyl chain. Strictly speaking, the crystallization is not stopped as long 

as the sample is kept at low temperatures, but due to the limitation of the time scale for 

this isothermal crystallization experiment, high extents of crystallinity are difficult to 

observe. Fortunately, using time-temperature equivalent relationship, one can cool the 

sample polymer at a much lower annealing temperature (Tc) to simulate a much longer 

crystallization time (tc) near the melting temperature. A supercooled PODMA sample (Tc 

= -20 ºC) shows a heat of fusion (∆Hf) of about 64.59 J/g, which corresponds to a degree 

of crystallinity (xcs) of 35.7%. The number of crystalline alkyl carbons obtained with 

supercooling is 6.5, which in theory represents the highest attainable crystallinity for 

atactic random polymerized PODMA. Other OTL polymers were analyzed using the 

same strategy as for PODMA. The numbers of crystalline carbons for the primary and 

secondary crystallization process are summarized in Table 4.3 which is presented in 

section 4.2.5. 
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4.2.4 Confined Crystallization of Long Alkyl Side Chain Polymers 

Given the X-ray scattering and the calorimetry data, we can now picture the 

crystallization pattern for the long alkyl side chain polymers. An attempt to understand 

the possible inclusion of azobenzene moieties into alkyl crystals will be discussed in 

section 4.2.5. It was proposed that there are three stages of the crystallization: (1) forming 

a pre-structured melt; (2) nucleation of extended pre-aligned alkyl chains; and (3) crystal 

thickening as a secondary crystallization process. This was modified based on what 

Hempel et al. have suggested [14]. These three stages are described in detail below. 

Beiner et al. concluded from their X-ray data and relaxation spectroscopy data 

that alkyl side chains aggregate and form structured nanodomains even in their melted 

state [23]. This statement is consistent with our X-ray data shown in Figure 4.6 (a), in 

which side chain polymer PODMA shows a broad but distinct peak at q = 13.5 nm
-1

 in its 

melt, indicating a distance of 0.47 nm between neighboring alkyl chains. A graphic 

representation of the chain aggregation in the melt is illustrated in Figure 4.11 (b). The 

nanodomains are located in halo regions surrounded by the polymer main chains. The 

size of the nanodomains is mainly dictated by the alkyl chain length. Poly(n-alkyl 

acrylate)s need to have at least eight carbons to exhibit crystalline features, whereas the 

methacrylate version, which has a less flexible backbone, needs dodecyl side chains to 

initiate crystallization [23, 30]. Due to these constraints from the backbone, the alkyl 

chains are less mobile than those in polyethylene or simple paraffins, thus they may not 

have enough mobility to overcome energy barriers to reach a fully equilibrated 

crystallization pattern like those in polyethylene. As a result, the crystalline domains may 

just equilibrate to a state that would be transient or metastable in polyethylene, which 

perhaps would not even be detectable in polyethylene system. A straightforward 

assumption for the nucleation is that the nucleation starts at the center of the 
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nanodomains where the influence of the polymer main chain is minimal. In this case, 

alkyl chains crystallize in an environment similar to polyethylene, hence the initial 

crystallization pattern should be similar to those reported for polyethylene [31, 32]. 

 

 

Figure 4.11: Schematic drawings of crystallization pattern of side chain polymers. (a) 

Entangled main chains between which crystalline nanodomains are formed 

by alkyl side chains. (b) Aggregated alkyl chains are pre-aglined in the 

polymer melts (dI’ > dI). (c) Lamellar crystallites grow from the nucleation 

center in a direction parallele to polymer backbones. (d) Thickening of the 

lamella crystals extends the crystalline domain towards polymer main 

chains. The crystalline domains formed during the secondary crystallization 

are shown in grey. (The drawing created by the author is based on the 

discussion in Ref. [14, 23].) 

Once the primary crystallization commences, the crystallinity increases rapidly. 

The alkyl crystal at the nucleation center starts to grow within the existing pre-aligned 

and aggregated alkyl domains, forming a crystalline lamella extended in a direction that 

is parallel to the polymer backbone. This can be visualized in Figure 4.11 (c). According 

(a) Side chain 

polymer melt

dI’

(b) Pre-aligned chains in melt

(d) Secondary 

crystallization

6C

(c) Primary crystallization

dI4C
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to the results of the isothermal crystallization experiments (Figure 4.10), it is concluded 

that on average four carbons from each octadecyl chain incorporated to form the growing 

lamella in the primary crystallization process. During this period, the melting temperature 

of the crystalline sample appears not to change much as crystallinity increases rapidly. 

This observation can be attributed to the single type of crystalline structure being formed, 

lamellar crystallites composed of four carbons in width. Despite how much the 

crystallinity increases or how many amorphous alkyl chains are attaching to the growing 

lamella, melting of these “four carbon” crystalline domains always requires roughly same 

amount of activation energy to disassociate an alkyl chain with four crystalline carbons 

from the crystals, indicating that there should be no significant change in melting 

temperature as the activation energy remains unchanged. The same argument also applies 

to the second crystallization process, in which the melting temperature is substantially 

increased while the crystallinity rises by a small amount. During this period, the lamellar 

crystals start to incorporate the neighboring amorphous alkyl carbons, extending in a 

direction perpendicular to the main chains as illustrated in Figure 4.11(d). These adjacent 

carbons are closer to the polymer backbones and thus less crystallizable due to 

constraints imposed by the main chains. This makes the increase in the crystallinity slow. 

Nevertheless, the lamellar crystalline structure is then thickened and comprised of arrays 

of six carbon segments from each alkyl chain instead of four carbons in the primary 

crystallization process (Figure 4.10). In this way, melting of the lamellar crystals requires 

higher activation energy to dissociate an alkyl chain from the crystal, leading to a 

significantly higher melting temperature. It should be noted that the secondary 

crystallization is not a totally separate process that starts after the primary crystallization 

is finished, but rather the two processes are concurrent. The crystal thickening 

commences once the very first tiny lamella is formed. This explains the slow melting 
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temperature increase in the primary crystallization (Figure 4.10) because crystal 

thickening occurs immediately on the “four carbon” lamellar crystals but at a slow rate 

due to the limited number of these lamellar crystals being formed in the initial stage of 

crystallization. 

 

 

Figure 4.12: Schematic drawing of concurrence of the primary and the secondary 

crystallization processes. The rates of the two processes are not drawn to 

scale. ( 1st 2ndr r ) The primary crystalline structures are shown in red (dark), 

and the second crystalline structures are shown in grey (light). 

4.2.5 Role of Azobenzenes in Crystallization of Alkyl Chains 

The ultimate goal of the polymer characterization and the structural investigation 

was to develop an understanding of how the azobenzene moieties play their role in each 

stage of the crystallization process. From there, we can predict whether and to what 

extent the alkyl crystalline structures can be disrupted by the photochemical 

isomerization of azobenzene units. 

Comparison between all of the polymers using their X-ray scattering data shown 

in Table 4.2 reveals that there is no significant difference in the distances between their 

typical periodic structures. The only parameter that exhibits any noticeable difference is 

dII, which represents the distance between two lamellar crystalline sheets of alkyl groups. 

1st
2nd
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The azobenzene containing polymers appear to have longer distances between their 

lamellar crystals compared to the homopolymer PODMA. This observation might be 

attributed to some portion of the azobenzene side chains being sandwiched between two 

alkyl crystalline sheets. 

Table 4.3: Summary of average numbers of carbons per alkyl chain involved in 

crystallization and the extent of crystallinity attainment in each polymer. 

Sample cn (primary) cn (secondary) cmaxx (%)a 

PODMA 4.2 6.4 100.0 

P(ODMA-co-C2CN) 3.6 5.0 60.4 

P(ODMA-co-C6CN) 3.6 5.4 68.0 

P(ODMA-co-C11CN) 4.8 6.9 94.5 

P(ODMA-co-C2HE) 4.5 6.5 95.7 

a. xcmax is the extent of maximal crystallinity attainment, which mainly is the percentage 

of the degree of crystallinity over the most attainable crystallinity (xcs of the 

PODMA). The equation, xcmax = xcs/xcs(PODMA), calculates this value. 

 

The comparisons of melting temperatures to degree of crystallinity were made 

from the calorimetry data shown in Table 4.1 and Table 4.3. The melting temperatures of 

alkyl crystals were significantly depressed by the incorporation of the azobenzene side 

chains. As irregular or bulky side chains are introduced into the system, the crystallite 

sizes of the perfect crystals being formed are reduced [17]. Two possible patterns of 

azobenzene inclusion can be proposed that divide large crystallites into smaller ones. One 

of these was proposed in the last paragraph that azobenzene moieties lie between lamellar 

crystallites and prevent the lamellae from stacking on each other. The other possibility is 

that the azobenzene moieties can sit in between two alkyl chains on the lamellar 
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crystalline plane in the melt, and in this way the azobenzenes may stop the further 

propagation of lamellar crystallites. 

A quantitative parameter to assess the influence of the amorphous azobenzene 

side chain on crystallinity is the extent of maximal crystallinity attainment xcmax (Table 

4.3). Through comparison of xcmax between the copolymers P(ODMA-co-CnCN) with 

different spacer length (n), it can be seen that the copolymer with the long spacer length 

(eleven methylene groups) exhibits nearly the same maximum crystallinity that the 

homopolymer PODMA does, whereas the polymers with the shorter spacer (two 

methylene groups) has a considerable influence on the crystallinity (xcmax = 60.4%). One 

interpretation of this observation is that a long spacer tends to kink and thus provide 

enough mobility for azobenzene units to be hidden in the amorphous region that is close 

to the main chain, whereas an azobenzene group attached to a short spacer lacks in 

flexibility and has to follow one of the two types of inclusion. As seen in Table 4.3, the 

result for P(ODMA-co-C2HE) is slightly counter-intuitive in that it retains high 

crystallinity, almost similar to PODMA, despite a short spacer length. This unexpected 

crystallinity may arise from the participation of the azobenzene terminal group (hexyl 

ester) in the crystallization, which was not considered in the crystallinity calculation. 

In all cases of azobenzene inclusion, the crystallites around the azobenzene 

moieties can be considered the crystallization front, which is made up of metastable 

crystals [33]. Upon irradiation, this crystallization front is likely to be disrupted due to the 

low activation energy for chain detachment. As a result, the degree of crystallinity in the 

polymer will be depressed by certain amount depending upon the surface area of the 

azobenzene which is surrounded by the crystallites of this type, whereas the crystalline 

portion far away from the azobenzene will remain intact. The permeability modulation 

that we are targeting will rely on the extent of this crystallinity depression. 
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4.3 SUGGESTIONS FOR STRUCTURE MODIFICATION 

Based on this detailed structural investigation of long alkyl side chain polymers, 

better structures with slightly different azobenzene locations can be designed for larger 

crystallinity modulation induced by azobenzene isomerization. Since the crystal 

thickening is probably the major factor responsible for the melting temperature 

modulation, it would be ideal to use azobenzene to destroy the thickened lateral crystals 

and thereby bring down the activation energy required for melting. If the melting 

temperature, which is dictated by the required activation energy, can be decreased across 

the ambient temperature, the complete disruption of the entire crystallinity may be 

achieved. Figure 4.13 provides an example of polymer structure that follows this 

deduction. 

 

 

Figure 4.13: Modified structure of azobenzene tethered side chain polymer 

It can be envisioned that if the lamellar crystals extend the crystalline region 

along the alkyl chain towards the azobenzene during the crystal thickening process 

(Figure 4.14), upon irradiation the geometric change of azobenzene moieties will have a 

direct impact on the thickened crystals. 
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Figure 4.14: Schematic illustration of having n-alkoxy chains as azobenzene terminal 

substituents. 

This structure was proposed after we finished the evaluation of OTL applications 

for the current polymers and therefore can be a good opportunity for future research on 

materials with high photoinduced crystallinity modulation.  

4.4 SUMMARY 

Several OTL materials were designed, synthesized and fully characterized. An in-

depth structural investigation using X-ray scattering and calorimetry was performed on 

the synthesized polymers. The crystallization of the long alkyl side chains has been 

studied and discussed in great detail. We depicted two types of crystallization patterns 

and their influence on the melting temperatures and the degree of crystallinity. The role 

of azobenzene during side chain crystallization was discussed in the context of the model. 

It was concluded that photochemical isomerization of azobenzene units can modulate the 

degree of crystallinity, but the extent of modulation needs to be assessed using other 

techniques, which will be presented in the next chapter. 

  

Azobenzene 

unit
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Chapter 5: Thin Film Evaluation of OTL 

The photophysical properties of the side chain crystalline polymers are critical to 

their implementation in double exposure lithography (DEL). As described in Chapter 3, 

the image creation relies on photoinduced permeance modulation of OTL materials. This 

modulation, as a result of a disruption of crystalline domains in the polymer side chains, 

is induced by photoisomerization of azobenzenes. In Chapter 4, we investigated the detail 

crystalline structures of synthesized OTL polymers using DSC and X-ray scattering 

techniques. It was concluded that alkyl side chain polymers exhibit two types of 

crystallization process. The primary crystallization process rapidly increases the 

crystallinity but has very little impact on melting temperature raise. The second 

crystallization process, involving slow crystal thickening [1], greatly increases the 

melting temperature. The azobenzene moieties seem to be excluded from the primary 

crystalline region. It is still unclear whether the azobenzene units can be included into 

crystalline domains in the second crystallization process. 

To evaluate possible photoinduced changes in structures and materials properties 

for the OTL polymers, a number of specific experiments were designed and carried out. 

This chapter expatiates upon these experiments and summarizes a methodology for 

studying these materials relative to their feasibility for OTL applications. The major 

results from the study are presented herein. These experimental methods and results were 

previously published in conference proceedings [2].  

5.1 METHODS 

There are several topics involved in the study of these OTL materials, such as 

characterization of photoisomerization, measuring phase transition temperatures of 
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polymer thin films, and quantifying permeability of polymers. The isomerization of 

azobenzene has been studied thoroughly both in bulk materials and in thin film form. 

Unfortunately, phase transition temperature and permeability have been studied mostly in 

bulk materials. It was reported that materials in thin film form may behave differently 

from their bulk form [3, 4]. Noted that the OTL is intended to be used as a thin barrier 

layer sandwiched between two polymer films, hence we developed a series of 

experimental methods to study these materials in their thin film form. 

5.1.1 UV-Vis Spectroscopy 

There are two states of an azobenzene moiety, a thermally stable trans form and a 

meta-stable cis form, which are distinct in their UV spectra. Azobenzenes undergo 

photoisomerization between the two forms readily in solution, but a question is raised 

concerning whether an azobenzene moiety would change its configuration in a solid film 

in the presence of external constraints, such as being packed in crystalline domains, being 

confined in crosslinked polymer networks, etc. The isomerization of photochromic 

compounds in the solid state is usually studied in thin films using UV-Vis spectroscopic 

analysis. Thus, UV-Vis was employed to gain an insight into the configurational changes 

of azobenzenes. 

Experimental 

Each polymer was dissolved into nonane to form a 5 wt% solution. The solution 

was then filtered through a PTFE syringe filter of 0.02 μm pore size, followed by spin 

coating on a quartz plate at 1500 rpm. The film was subjected to a soft bake at 100 ºC for 

1 min. The thickness of the resulting film was measured with a J.A. Woolam M2000 
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ellipsometer to be around 125 nm. The UV spectra of this film were collected with a HP 

UV-Vis spectrometer controlled by a customized LabVIEW
®
 program. 

Irradiation of the polymer films was conducted under a Novacure N2001 

equipped with a broadband mercury lamp. Optical bandpass filters (340 ± 15 nm or 365 ± 

15 nm as needed) were used to ensure a narrow range of exposure wavelengths. The 

photon flux was measured by a Molectron POWER MAX500 photometer with a sensor 

area of 1 cm
2
. The polymer films were exposed at a certain dose interval until no obvious 

change in the UV spectra was observed. 

5.1.2 Melting Temperature Measurement 

In the design of the OTL process, the melting temperature of the polymer is 

decreased due to the isothermal disruption of the crystalline structure by the large 

geometric change of the azobenzene configuration. The degree of crystallinity of alkyl 

side chain polymers, along with the alkyl chain length, determines the melting 

temperatures, as discussed in the last chapter. The higher the degree of crystallinity, the 

higher melting temperature the polymer exhibits. Hence, measuring the melting points of 

the polymers before and after irradiation of UV light appears to be a good method to 

evidence the disruption of crystalline domains. 

Measuring phase transition temperatures of bulk polymers can be easily done by 

DSC, while studies of measuring melting temperatures of thin films have rarely been 

reported. Most of the reported methods are focused on monitoring specific volume [5] or 

dielectric constant [6-8] of the polymers while increasing temperature. Specific volume is 

the volume occupied by a unit of mass of a material and is the reciprocal of the mass 

density. Figure 5.1 shows a typical relationship of specific volume versus temperature for 
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a crystalline material. The specific volume exhibits a discontinuous change across a 

certain temperature, which is the phase transition temperature. In the case of polymers, 

the transition temperature is not a single point but rather a narrow range of temperature 

due to dispersed crystallinity and poorly defined crystalline structures. Upon melting, the 

change in specific volume for a polymer thin film occurs in the form of a change in film 

thickness due to the three dimensional sheet-like shape of thin films. The melting 

temperature is, therefore, assigned by the temperature at which the thickness changes 

discontinuously with increasing temperature. 

 

 

Figure 5.1: Schematic illustration of specific volume as a function of temperature for a 

well-defined crystalline material. 

In order to establish a relationship between film thickness and temperature, the 

film thickness of the sample was measured on a J.A. Woolam M2000 ellipsometer 

equipped with a customized heating stage. This heating stage is a thermo-electric cooling 

device based on the Peltier effect, i.e. a calorific effect of an electric current at the 

junction of two different metals. For an appropriate control of the current in the heating 

plate, a Newport 3414 thermal controller was used. A customized LabVIEW
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was coded to communicate with the temperature controller and the ellipsometer to 

synchronize the temperatures and the measured thicknesses. 

Experimental 

The sample films were prepared by spin coating a nonane solution (5 wt%) of 

each polymers onto wafers. The sample was then baked at 100 ºC for 1 min to remove the 

remaining solvent in the film. A sequent cooling was performed and the sample film was 

isothermally annealed at 10 ºC for 5 min, which is enough to achieve a high degree of 

crystallinity as suggested by the discussion in Chapter 4. The thickness of the films 

resulted from 150 nm to 250 nm depending upon the type of polymer. A series of 

dynamic thickness measurements were performed while increasing temperature at an 

interval of 0.2 ºC. The same cooling and annealing process was applied to the sample 

film again before UV irradiation. The exposure was conducted at the room temperature 

with the same setup described in the UV-Vis section. The exposure dose was set to a 

value that is high enough for the film to be saturated with cis form of the azobenzene 

through isomerization. The thickness-temperature measurement was conducted again for 

this exposed sample. 

5.1.3 Permeability Measurement 

The ultimate goal of the OTL design is to control the mass transport in the barrier 

layer by light. Since this barrier layer is designed to have a low permeability in its 

crystalline state and a much higher permeability at its melted rubbery state, to evidence 

this change, the diffusion coefficients for both states need to be quantified and measured. 

The gas permeability of these polymers is greatly dependent on their morphological 

states, and that dependence has been well studied [9-11]. However, it is still beneficial to 
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directly measure the permeability of the polymer to certain diffusive species, which are 

active species of interest for lithographic applications. 

Trilayer Apporach 

In this study, the permeability of the material is determined using a “sandwich” or 

trilayer approach that was previously reported by Stewart [12, 13]. The “sandwich” 

technique refers to a trilayer film stack (Figure 5.2) in which the analyzed polymer is 

sandwiched between two polymer layers, a photoacid feeder layer and an acid detector 

layer. 

 

 

Figure 5.2: Trilayer film stack for permeability measurements. 

Acid is considered a surrogate for the penetrant in the final system, which diffuses 

across the barrier layer, and eventually reaches the upper most detector layer. The acid 

detector is a substance that is acid labile and undergoes a drastic change (i.e. large gain) 

in both chemical structures and physical properties when reacting with acid. To detect the 

signal of the acid arrival, a specific device (described below), monitoring the change in 

the detector layer, was used. The data from this device can be analyzed to deduce the 

total time required for acid to travel through the middle layer. Assuming a Fickian 

diffusion in this case, the transit time in conjunction with the travelling distance (i.e. the 

thickness of the middle layer) can then be used through equation (5.1) to calculate the 

diffusion coefficient of the polymer. Equation (5.1) is expressed below, 
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where D is the diffusion coefficient, L is the diffusion length (which equals to the OTL 

film thickness), and t is the acid transit time. The diffusion coefficients were measured 

using this method at various testing temperatures across phase transition, resulting in a 

plot of the diffusion coefficient against testing temperature. The curve on this plot 

demonstrates the thermal modulation of the permeability of the polymer. Upon 

irradiation, this characteristic curve should shift to lower temperature as the impermeable 

crystalline domains are disrupted by the photoinduced configurational change of 

azobenzene. 

Materials 

The materials for this experiment were carefully chosen. The synthetic methods 

for these materials are given in Appendix A. Poly(n-butyl methacry-late) (PBMA) was 

used for the polymer matrix in the acid feeder layer because of its low Tg (27 ºC). The 

low Tg of PBMA allows the acid feeder layer to release acid easily while the operating 

temperature is above the Tg. In addition, PBMA is transparent at the wavelengths of 193 

nm and 248 nm, which are the wavelengths of the irradiation for the acid generation. 

Triphenylsulfonium trifluoromethanesulfonate (TPS-Tf) was chosen as the photoacid 

generator (PAG) in the PBMA layer. The PAG generates triflic acid, upon irradiation of 

deep ultraviolet (DUV). A common PAG loading in the PBMA layer was 8% ~ 10%. For 

the acid detector layer, an end-capped Poly(phthalaldehyde) (PPHA) was chosen (Figure 

5.3). The PPHA main chain can be readily hydrolyzed by acid, producing a PPHA 

polymerization intermediate as shown in Figure 5.3. This intermediate polymer chain has 

a ceiling temperature around -40 ºC, above which it depolymerizes or “unzips” to 
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monomeric phthalaldehyde. Upon depolymerization, the PPHA film thickness decreases 

due to the free volume loss as a result of turning into monomers. The change in film 

thickness affects the light interference within the film, resulting in a change in the 

reflectance from the film. This drastic change in reflectance at certain wavelengths was 

monitored and detected by a reflectometer. 

 

 

Figure 5.3: Acid triggered depolymerization of poly(phthalaldehyde) (PPHA). 

Instruments 

A reflectometer is a type of instrument that measures the reflectance from a 

surface as a function of wavelength. For a multilayer stack with certain incident 

illumination, there is reflection from each interface in the multilayer including that from 

the substrate surface. There is also reflection at the bottom of each interface that bounces 

back into the film. This complex pattern of optical reflections creates interference inside 

and outside the film as illustrated in Figure 5.4. The wave bouncing off the surface can be 

measured by a spectrophotometer that is part of the reflectometer and is compatible with 

the wavelength of the light source. The reflectance from the multilayer film is a function 

of the thickness of each layer and the refractive index of the materials as expressed by 

equation (5.2) shown below, 
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where R is the reflectance, Ei is the intensity of the reflected light along each optical 

pathway, E0 is the incident intensity, di is the film thickness of i layer, ni is the refractive 

index of i layer, and λ is the incident wavelength. The complex index of refraction (ni) is 

an intrinsic property of all materials and varies with wavelength. Thus, the reflectance is 

a function of not only thickness of each layer but also wavelength. Changes in the film 

thickness of any one of the three layers cause the total reflectance to change accordingly. 

 

 

Figure 5.4: Interference in a multilayer film stack. 

The change in reflectance with varying film thicknesses can be simulated. The 

simulation was performed in ProLITH 9.3 with an academic license generously provided 

by KLA-Tencor. Film stacks were specified in ProLITH together with the previously 

measured refractive indices and extinction coefficients. Illumination condition was set to 

a nonpolarized monopole light source with open frame. The simulation was performed in 

“Simulation Set” mode in ProLITH, where reflectance was assigned as the outcome 

while illumination wavelength and the film thickness of one of the layers were varied. 

The simulation result, a 2-D matrix, is shown in Figure 5.5. A relationship between 

reflectance and wavelength, for the simulated trilayer with a PPHA thickness of 260 nm, 
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is highlighted by cross-section between the grey translucent plane and the 3-D curved 

surface. Moving the plane towards the other end of the plot is decreasing the thickness of 

the PPHA layer. The resulting characteristic reflectance curve, dictated by the cross-

section between the grey plane and the 3-D surface also shifts towards lower wavelength. 

This phenomenon suggests that there is a shift of the reflectance curve in response to a 

change in the thickness of a multi-stack, which can be used as an indicator for the 

thickness change in the PPHA layer due to the acid arrival and the consequent 

depolymerization of PPHA. In this regard, reflectivity at any wavelength can be 

monitored for the purpose of detecting the shift. The value of the reflectance curve at the 

wavelength of a half maxima is most sensitive, thus this value was monitored to achieve 

best signal to noise. 

 

 

Figure 5.5: 3-D plot of reflectivity of a trilayer film stack as a function of wavelength 

with varying PPHA film thickness. PPHA thickness was varied while the 

thicknesses of the other two layers were held constant. 
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As previously discussed, for Fickian diffusion, both acid transit time and barrier 

layer thickness are required to assess the permeability of OTL materials. The thickness of 

the barrier layer was measured with an ellipsometer during the film preparation processes 

and the acid transit time was detected by the reflectometer. 

The experimental setup is illustrated in Figure 5.6. The reflectometer was 

assembled from Ocean Optics parts, including optical fiber light guides, an optical 

aperture, a UV-Vis broadband light source, and a CCD-type UV-Vis spectrometer. The 

heating stage is the same type of thermo-electric heating module as that used in the 

melting temperature measurement and was controlled by a NEWPORT 3414 thermal 

controller. 

 

 

Figure 5.6: Experimental setup for permeability measurement using a trilayer approach 

with temperature modulated reflectometry. 

Sample Films 

A typical trilayer sample preparation involves the following procedures. Three 

solutions shown in Table 5.1 were prepared. 
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Table 5.1: Formulations for the trilayer film stack. 

Solution Solute 

Loading 

(wt% relative to 

solvent) 

Solvent 
Thickness 

(nm) 

Acid Feeder Layer 
PBMA 5 

PGMEA 170 
TPS-Tf 0.5 

OTL Layer OTL Polymers 4~5 Nonane 80 ~ 90 

Acid Detector Layer PPHA 10~15 PGMEA 250 

 

For the bottom two layers, spin coating was used to create thin films of polymer 

onto a surface. Soft baking was performed after each of the bottom two layers was 

applied. It should be noted that nonane is a nonsolvent for the bottom acid feeder layer 

simply because PBMA and TPS-Tf are not soluble in pure hydrocarbons. Hence, the first 

two layers can be made in high quality and the interface was very distinct as indicated by 

an excellent fit in the ellipsometric measurements. When it comes to the very top layer 

(acid detector layer), PGMEA, the solvent for this layer, was not capable of wetting the 

surface of the underneath OTL materials. Thus, an extra step, an oxygen plasma 

treatment, was added after the preparation of the first two layers. The purpose of this 

treatment was to oxidize very thin sub-layer on the top of the OTL film and consequently 

create a hydrophilic surface. This allows PGMEA or other polar organic solvent to wet 

the OTL surface when spin coating. The O2 plasma treatment was set to 1 sec under low 

radio frequency power to avoid destroying the bulk portion of the layer. Another special 

handling is a cooling process while spin coating the top layer. PGMEA, which is also a 

good solvent for the detector layer, can slightly dissolve the OTL materials, resulting in a 

thickness change and intermixing of the two layers. This issue can be addressed by 

cooling the wafer during the spin coating because OTL materials are almost insoluble in 
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cool PGMEA. For the purpose of cooling the wafer, a detachable metal wafer chuck was 

cooled in ice bath before being installed on a spin coater. Heat is easily drawn from the 

wafer by this cooled metal chuck. To avoid moisture condensation, a constant nitrogen 

flow was applied over the wafer surface. This setup is illustrated in Figure 5.7. The 

resulting film, a smooth and uniform trilayer stack, is then cut into square pieces of 

around 1 cm
2
 for purpose of multiple measurements to ensure consistent thicknesses of 

the trilayer film stacks from sample to sample. 

 

 

Figure 5.7: Schematic illustration of spin coating setup with cooled wafer chuck and 

nitrogen purge. 

Measurements 

The prepared wafer pieces coated with the trilayer film stack were irradiated with 

a CYMER ELS 5400 KrF laser. Both the trans isomer of azobenzene and PPHA are 

insensitive to KrF irradiation, so acid generation occurs only in the bottom feeder layer. 

The ambient temperature while exposing is below the melting temperature of the barrier 

layer. Therefore, the photoacid generated stays in the bottom feeder layer until the film 
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temperature increases. The exposed sample was then placed onto a heating stage and 

baked at a constant temperature above or within the phase transition temperatures. While 

baking, the reflectometer monitored the reflectance on the film stack at the wavelength at 

which the corresponding reflectance exhibits the steepest increase with a small change in 

film thickness. The monitoring process continued until the reflectance value changed, i.e. 

the reflectance curve shifted. Upon depolymerization, the PPHA film also undergoes 

remarkable visible changes in surface roughness, which can be considered as a sign of 

acid arrival for reference. A typical illustration of data obtained with this measurement is 

a plot of reflectivity against time of the sort shown in Figure 5.8, in which the acid arrival 

time can be identified by the intersection of the linear regressions of the two distinct 

segments on the curve. 

 

 

Figure 5.8: Schematic illustration of (a) reflectance of the trilayer film stack as a 

function of wavelength before annealing and (b) reflectance at λm as a 

function of time. The reflectance at λm was chosen to be monitored due to its 

high sensitivity to an X-axis directional shift of the curve. 

This measurement trial was performed repeatedly at various baking temperatures. 

The results are a series of acid transit times obtained at different baking temperatures. 

Assuming a Fickian diffusion, the acid transit times was converted into diffusion 

coefficients at different temperatures according to equation (5.1). A plot of diffusion 
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coefficient versus temperature was made to demonstrate the permeability modulation and 

the phase transition of the polymer. 

Follow-up experiments were to expose the trilayer samples with 365 nm UV light 

after photoacid has been generated and then repeat the baking processes and reflectivity 

measurements. The exposure dose of UV light was set to a value high enough to saturate 

azobenzenes with cis form. The comparison of the acid arrival time between exposed and 

unexposed samples was then made. The actual results will be discussed in the next 

section. 

5.2 RESULTS AND DISCUSSIONS 

5.2.1 Photochemical Isomerization 

The UV-Vis spectra for P(ODMA-co-C11CN) are shown in Figure 5.9. The 

maximal absorbance peak at 365 nm is the π→π* excitation band of the trans- 

azobenzene. Upon irradiation of 365 nm UV light, the trans form of the azobenzene 

isomerizes into the cis form as indicated by the decrease in absorbance peak at 365 nm. It 

can be noticed that the trans absorbance band decreases to certain point and plateaus. 

This trend is plotted as absorbance at 365 nm versus exposure energy in Figure 5.10. 
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Figure 5.9: A series of absorption spectra of P(ODMA-co-C11CN) thin film (~110 nm) 

with irradiation of 365 nm light. The uppermost spectrum represents the 

unexposed sample. From the second top to the bottom, the exposure doses 

were 6, 18, 30, 42, 72, and 130 mJ/cm
2
. 

 

Figure 5.10: Change in the absorbance at 365 nm as a function of exposure dose. This 

plot describes the kinetics of azobenzene isomerization. 
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Similar behaviors can be found with P(ODMA-co-C2HE), P(ODMA-co-C2CN), 

and P(ODMA-co-C6CN). The plateaus appearing in the kinetics plot of all the polymers 

are believed to be an indication of saturation of cis azobenzenes in a photostationary state 

since isomerization of azobenzene is an equilibrium reaction. The cis form of azobenzene 

is photochemically favorable under the wavelength that elicits the π→π* excitation of the 

trans form, while the trans form is thermodynamically preferred for its structural stability 

and is also photochemically preferred when irradiating within the absorbance band for the 

cis form. Thus, it is the two driving forces, thermodynamics and photokinetics that make 

azobenzene moieties reach a photostationary state. Irradiation with 436 nm UV light, the 

wavelength for the maximal absorbance of the cis form band, makes azobenzene reverse 

back to its trans form, but the reversal is not complete. Figure 5.11 shows UV spectra 

that describe the reversal of the cis form to trans form. The spectrum representing 100% 

trans azobenzene is shown in red dashed line, but the increase of the maximum peak 

plateaus with excess exposures. This is the case in which azobenzene reaches a 

photostationary state because the tail in the absorbance band for the trans form is not 

completely separated from the cis band. When being irradiated with 436 nm light, both 

the cis form and the trans form can be excitated and isomerize to the corresponding 

isomers. As a result, the configurational composition reaches an equilibrium. 
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Figure 5.11: A series of absorption spectra of P(ODMA-co-C11CN) thin film (~110nm) 

with irradiation of 436 nm light. The bottommost spectrum represents the 

unexposed film with saturated cis azobenzene. From the second bottom 

solid curve to the top solid curve, the exposure doses were 10, 20, 30, 60, 

90, 120 mJ/cm
2
. The uppermost spectrum represents the annealed sample 

film that contains 100 % trans azobenzenes. 

When cis azobenzene is heated, it completely reverses back to the more stable 

trans form. This thermal relaxation of cis azobenzene polymers was demonstrated 

experimentally and is shown in red dashed line in Figure 5.11. The absorbance of the 

peak returned to the original value, indicating a total recovery of the trans form. 

The maximum absorbance peak of P(ODMA-co-C2HE) appears at 332 nm, which 

requires a 340 ± 15 nm bandpass filter for the exposure. The end substituent on that 

particular azobenzene moiety is an ester, which is less electron withdrawing than a cyano 

group. Therefore, as expected, the absorbance band blue shifts. 
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5.2.2 Photoinduced Melting Process 

As discussed in the experimental section, temperature modulated ellipsometry 

was used to characterize the melting temperatures of the side chain crystalline polymers. 

A typical set of data follows the pattern shown in Figure 5.12. Most crystalline polymers 

undergo thermal expansion when being heated, and the change in density can be recorded 

as a change in the film thickness. The crystalline state and the amorphous state exhibit a 

relatively linear thermal expansion within either morphological state, whereas the density 

of the polymer undergoes a drastic change when the polymer film goes through a primary 

phase transition. This phase change leads to a characteristic “jump” in the thickness 

measurement as shown in Figure 5.12. 

 

 

Figure 5.12: Thickness measurement of a side chain crystalline polymer film with 

increasing temperature. The figure also illustrates a linear regression method 

for determining the melting temperature, which equals the average of the 

temperatures at the two intersections. 
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One way of analyzing this curve is to perform linear regressions on the three 

segments of the curve (crystalline, melting transition, and amorphous) and calculate the 

average of the temperatures at the two intersections, as shown in Figure 5.12. 

 All of the OTL polymers tested showed similar behavior in this experiment. For 

example, Figure 5.13 shows the thickness measurement of P(ODMA-co-C11CN) with 

increasing temperature. The melting temperature derived from the linear regression 

approach is 30.8 ºC. 

 

 

Figure 5.13: Temperature dependent thickness measurements of P(ODMA-co-C11CN) 

thin films before and after 100 mJ/cm
2
 irradiation of 365 nm light. 
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5.14. The curve on the left represents the exposed sample, which should mostly contain 

the cis form of azobenzene as confirmed by the previous UV-Vis study. The melting 

temperature for that sample is lower than the unexposed sample, indicating a successful 

photoinduced disruption of the crystalline structure. Irradiation at 436 nm light caused the 

thickness curve to move towards its original curve, but it shifted by some extent as shown 

in Figure 5.14 rather than completely reversing back. Experiments have shown that the 

incomplete reversal plateauing at certain extent can be produced regardless of the 

previous exposure history, suggesting that the azobenzenes in the polymer film achieved 

a photostationary state with 436 nm irradiation. This result is consistent with the previous 

UV-Vis study. Table 5.2 lists the melting temperatures of all the OTL polymers and those 

of the exposed polymers. P(ODMA-co-C11CN) and P(ODMA-co-C6CN) showed the 

largest melting temperature shift upon irradiation with UV light. 

 

 

Figure 5.14: Temperature modulated thickness measurement of P(ODMA-co-C6CN) thin 

film. Tm (○) = 32.3 ºC, Tm (▲) = 30.5 ºC, Tm (∆) = 31.3 ºC. 
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Table 5.2: Summary of melting temperatures of OTL polymer films. 

Sample Tm (°C) Tm,irra (°C)a ∆Tm (°C) 

P(ODMA-co-C2CN) 33.6 32.2 1.4 

P(ODMA-co-C2HE) 30.8 29.9 0.9 

P(ODMA-co-C6CN) 32.3 30.5 1.8 

P(ODMA-co-C11CN) 30.6 28.7 1.9 

a. Irradiation wavelengths were different for each polymer depending upon the end 

substituent on the azobenzene. 

b. The standard deviation of all melting temperatures is around 0.2 ºC. 

c. It should be noted that the melting temperatures of the OTL thin films are slightly 

different from those measured in bulk on DSC. 

 

The extent of the disruption in these polymers is not high enough to entirely 

destroy the crystalline structures and thereby make the melting temperature disappear; 

otherwise, the rapid increases of film thickness would not be seen for the exposed films. 

A shift of 2 ºC in melting temperature is not likely to achieve an applicable photoswitch 

for the proposed system. The reason is that the melting temperature of a polymer is not an 

exact number but rather spans a certain range of temperatures as seen in the thickness 

measurement because of the broad distribution of polymer chain length and sizes of the 

crystalline domains. In order for a drastic and distinct change to occur in the 

morphological state, the melting temperature must be suppressed further, that is, shifted 

to left on the plot, allowing the morphology of the polymer be switched isothermally 

from crystalline to completely rubbery by UV irradiation. The design principle of 

isothermal phase transitions was proven but engineering applicability requires redesign of 

the polymer structure such that the azobenzene moieties may have a larger impact on the 

surrounding crystalline domains. At this point, however, we continued the evaluation 
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with the 2 ºC temperature modulation from P(ODMA-co-C11CN) to validate the original 

concept. 

5.2.3 Photoinduced Permeability Modulation 

P(ODMA-co-C11CN) was tested in the permeability measurement as this 

polymer showed the largest photoinduced melting temperature modulation among all the 

polymers that were made. The diffusion experiment on this polymer was conducted at 

various temperatures. The reflectance of the trilayer film stacks at 560 nm was 

monitored. Figure 5.15 shows how the reflectance of the film changed with annealing 

time at 34.5 ºC. In this typical curve, the reflectance was roughly constant in the 

beginning, indicating an absence of acid in the detector layer as the acid was still 

travelling in the barrier layer. At certain point, the reflectivity started to drop rapidly, 

which implies acid arrival and the depolymerization of PPHA triggered by the acid. One 

can apply a linear regression to both segments of the curve and project the intersection on 

the X-axis to obtain the acid transit time. As the annealing temperature was varied, the 

acid transit time changed accordingly due to the temperature dependency of permeability 

(Figure 5.16). The time was further converted into diffusion coefficients through equation 

(5.1) with knowledge of the acid diffusion length (the OTL film thickness). Thus, the 

relationship between the permeability of the OTL materials (measured in diffusion 

coefficient) and the temperature was established. 
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Figure 5.15: Acid diffusion experiment in which the reflectance of a sample trilayer film 

(OTL = P(ODMA-co-C11CN)) at 560 nm was monitored while the film was 

baked at 34.5 ºC. 

 

Figure 5.16: Relationship between acid transition time and annealing temperature. 
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Figure 5.17: Diffusion coefficient (grey dot) versus temperature. The diffusion 

coefficient data was fitted with a polynomial function (green curve). Linear 

regressions (red lines) were applied on two distinct segments of the data to 

derive the lower end of the melting temperature range. 

The calculated diffusion coefficients are plotted against temperature as shown in 

Figure 5.17 to reveal the thermal-induced permeability modulation across the phase 

transition temperature (34 ºC). This trend in permeability change is consistent with 

O’Leary and Paul’s study [10, 11]. 

The OTL layers in the previous diffusion experiments contained solely trans 

azobenzenes. To evaluate the photoinduced permeability modulation, trilayer films in 

which the azobenzenes in the OTL were isomerized to cis forms were tested on the 

temperature-dependent reflectometer. The trilayer films were exposed with ArF laser to 

trigger acid generation followed by UV irradiation at 365 nm. The entire exposure 
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diffusion experiment was performed at the temperature that is just below the melting 

temperature of the unexposed OTL polymer derived from Figure 5.17. 

Two identical trilayer samples, one with 365 nm irradiation and one without, were 

processed through the above procedure. Figure 5.18 shows the comparison of the acid 

arrival times between the exposed and unexposed films. Before a conclusion about 

photoinduced permeability modulation was made, there was a concern about the 365 nm 

irradiation causing more acid generation in the acid feeder layer, which may changes the 

acid concentration in the bottom layer. Thus, a control experiment, in which a bilayer 

film stack without the barrier layer was constructed and irradiated with 365 nm light. No 

decrease in film thickness of PPHA layer was observed. This result eliminated the 

possibility that 365 nm light causes acid generation from PAG and proved that the only 

chemical event occurring in the film was the isomerization of azobenzene and the 

consequent alteration of permeability of the barrier layer. 

 

 

Figure 5.18: Acid arrival for two trilayer film stacks with and without irradiation of 365 

nm light. 
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In conclusion, a proof-of-concept of photoinduced permeability modulation was 

successfully achieved but the extent of modulation was not large as indicated by the 

slight change in the acid transit time. If a mask with patterns is used for irradiation, it can 

be imagined that only at the short intervals between the two acid arrivals can the image 

be observed. 

5.3 PATTERNING FEASIBILITY WITH OTL MATERIALS 

Despite the small permeability modulation, it is beneficial to explore feasibilities 

of patterning through OTL materials. It should be noted that there exists a time window 

for one to observe the difference in acid arrival time as presented in the previous section. 

To verify this difference in patterning, a contact mask with patterns was used in the 

trilayer diffusion experiment during the irradiation of 365 nm light. Interestingly, while 

the film stack was being baked at 34 ºC, there was no image (i.e. depolymerization in the 

exposed region) observed for the first 26 seconds, and soon the exposed region started 

depolymerizing, revealing images of patterns on the contact mask (Figure 5.19). This 

image lasted for 10 ~ 15 seconds and then vanished when the rest of the acid arrived at 

the unexposed area. The image quality is not great perhaps for the following reason. 

Depolymerization of PPHA, an acid-initiated amplified reaction, results in monomers as 

product, which promotes acid diffusion in the detector layer. The acid diffusion directly 

affects the image formation and greatly blurs the image edge. 
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Figure 5.19: Optical top-down image of a sample trilayer film stack. After acid 

generation at the bottom layer, the irradiation of 365 nm light was 

performed through a photomask with characters of “DEN”. After baking for 

30 ~ 40 sec, the film reveals a pattern where the dark region contains 

depolymerized PPHA. 

In the actual OTL design, the diffusive species are in the top layer while the 

imaging layer is at the bottom. If a strong acid were to be the penetrant, the chemistry of 

image formation in the imaging layer needs to be carefully designed. PPHA certainly is 

not a candidate material for patterning as the resulting monomers promote the further 

acid diffusion in the imaging layer. Some type of in-situ crosslinking chemistry would be 

preferred for the purpose of limiting diffusion and image formation. It can be envisioned 

that once such penetrants reach the bottom layer, they form crosslinked network with the 

polymer at the bottom layer and prevent the penetrants from further diffusing into the 

deeper part of the film. Material systems of this type are worth exploring in the future if 

new designs of OTL materials can demonstrate greater permeability modulation upon UV 

irradiation. 

Exposed with 365 nm

Unexposed
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5.4 CONCLUSIONS AND FUTURE WORK 

In conclusion, a series of customized evaluation techniques were developed for 

characterizing the photosensitive polymers in terms of their ability to perform in the OTL 

application. It has been shown that the trans-to-cis isomerization of azobenzenes 

successfully altered the morphological states of the side chain crystalline polymers to 

some extent. A shift of the melting temperature by 2 ºC has been achieved with 

P(ODMA-co-C11CN) under UV irradiation, and the consequent modulation in polymer 

permeability has been demonstrated with a series of trilayer stack diffusion experiments. 

These results represent a successful demonstration of photoinduced isothermal phase 

transition and diffusion coefficient modulation. The images produced by acid-triggered 

depolymerization of PPHA films showed the applicability of the OTL principle to 

imaging technologies. 

Continued efforts must be focused on optimization of polymer structures to 

achieve greater permeability modulations. Additionally, approaches to achieve complete 

reverse isomerization of cis azobenzenes must be developed to remove the sub-threshold 

exposure. Last but not least, a new chemistry for image formation is also demanded to 

limit the image blurring caused by diffusion. 
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Chapter 6: Introduction to Pitch Division Lithography 

In this chapter, the topic is shifted to pitch division lithography (PDL), which uses 

a single exposure to double the line density of a grating mask and therefore effectively 

reduce the pitch size by a factor of two. This approach can use the existing lithography 

infrastructure to conducting resolution enhancement without any modification of the 

lithographic processes. The success of this technique would provide access to 22 nm node 

with low cost of ownership before the next generation lithography technologies are ready 

for manufacturing. This chapter presents the principle of PDL and some basic 

considerations about process modification and feasibility. 

6.1 BACKGROUND 

Delays in readiness of EUV lithography force the semiconductor industry to 

explore new technologies based on the existing equipments to enable the patterning at 32 

nm and 22 nm nodes. Previously discussed in Chapter 1, double patterning lithography 

(DPL) and self-aligned double patterning (SADP), two resolution enhancement 

techniques, have shown great promise as approaches to accessing the small features 

required for cheaper and faster semiconductor devices with 193 nm lithography. Indeed, 

both of them are currently being used in the manufacturing [1]. However, both techniques 

require extra processing steps [2], leading to an increase in cost of ownership. We hope to 

develop a technique that can minimize the number of extra steps while still achieving 

pattern densification. 
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Figure 6.1: Schematic illustration of a dual-tone resist for pitch division [3]. 

A dual-tone resist, exhibiting both positive tone and negative tone, can help to 

split the mask pattern, particularly dense line and space patterns (Figure 6.1). In this 

system, the heavily exposed resist remains insoluble in developer shown as “N” in Figure 

6.1, and the resist receiving low exposure dose also remains insoluble shown as “P” in 

Figure 6.1. By applying exposure dose varying from low to high, resists of this type 

experience two switches of solubility, leading to a transition from positive tone to 

negative tone. The resulting pattern on the wafer is doubled with respect to the photo 

mask. In 2000, IBM patented a dual-tone “hybrid” photoresist composition [4] for deep 

ultraviolet (DUV) exposure. The resist formulation consists of not only conventional 

positive-tone resist components but also a crosslinking agent that brings in the capability 

of negative tone imaging. The resist profile produced using the resist, highlighted in 

Figure 6.2, was consistent with what is shown in Figure 6.1. Recently, a system based on 

the same concept was described by Fedynyshyn [5, 6] at MIT Lincoln Lab, who has also 

successfully demonstrated pitch division using dual-tone resist (Figure 6.3). The negative 

tone behavior in their system is also realized by crosslinking reactions that limit or inhibit 

the resist dissolution in developer. Several mechanisms were proposed for the 

crosslinking reactions in MIT’s system, such as transesterification of crosslinkable 

hydroxyl groups with another portion of polymer, condensation between hydroxyl groups 

Resist Profile

Aerial Image

NP P

Mask
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with carboxylic groups on different portion of polymer, etc. These reactions are often 

activated by acid at elevated temperatures. 

 

 

Figure 6.2: SEM image of pitch division patterns produced by IBM's hybrid resist. 

(Adapted from Ref. [4]) 

 

 

Figure 6.3: SEM image of pitch division line and space pattern demonstrated by 

Fedynyshyn at MIT Lincoln Lab. (Courtesy of Theodore Fedynyshyn) 
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In both the MIT and the IBM systems, the negative tone pattern is accomplished 

with a crosslinking chemistry, which produces an insoluble network at high exposure 

doses. Historically, negative tone imaging systems based on crosslinking reactions have 

had resolution limitations due to swelling distortions. Nevertheless, both of these systems 

are impressive demonstrations of creativity and have achieved pitch division using a 

single exposure. 

6.2 INTRODUCTION 

In 2009, we proposed a new way to realize a dual-tone resist that does not require 

crosslinking chemistry or the design of new polymers [3]. This can be accomplished if it 

is possible to create a resist response (i.e. acid concentration) that increases with exposure 

dose but then decreases after a certain amount of irradiation. This response behavior can 

be embodied as a nearly parabolic function and should be compared to the classic pseudo 

first-order kinetic growth of acid concentration in conventional photoresists that is shown 

in Figure 6.4. Parabolic acid generation kinetics is unique and produces an acid profile 

that has twice the frequency of sinusoidal aerial image (Figure 6.5). 

 

 

Figure 6.4: Comparison of acid generation kinetics between a conventional resist and 

the dual-tone resist proposed in this study. 
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Figure 6.5: Illustration of an acid profile with doubled frequency of mask pattern 

through the use of a dual-tone resist presented in Figure 6.4. 

In the parabolic response, the acid concentration is low at both low and high 

exposure regions, but importantly it reaches a maximum in the intermediate dose region. 

If this maximum exceeds the resist dissolution threshold, the portion of the resist that has 

received intermediate exposure doses can be developed with an aqueous base solution. 

The resulting resist pattern should exhibit two spaces for each space on the mask in a 

manner analogous to that shown in Figure 6.1. 

This approach to pitch division, in terms of process flow, is no different from the 

conventional lithography and therefore fully compatible with the current manufacturing 

tools. Only a single exposure is needed to produce a split pattern, therefore this technique 

is advantageous in terms of throughput. The only modification required to implement this 

technique is a change in the resist formulation that can produce photoacid in the desired 

fashion. Once the material system is established and experimentally proven, the 

implementation of this technique is expected to be highly cost-effective. 
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6.3 PRINCIPLES OF PDL 

In conventional photoresists, photoacid generators (PAG) generate strong acid 

upon irradiation (PAG→Acid). The production rate of acid equals to the consumption of 

photoacid generator. Thus, the reaction rate can be expressed in equation (6.1), 

a hv

[Acid] [PAG]
[PAG],

d d
R k I

dt dt
        (6.1) 

where ka is the kinetic constant, Ihv is energy flux (Intensity), which is a constant and can 

be combined with dt to give dD, [PAG] is the PAG constant at any moment. According to 

equation (6.1), the reaction of acid generation is a second order reaction as both photon 

and PAG are reaction species. However, the photon flux is considered a constant and can 

be lumped with dt to produce dD. Equation (6.1) can then be transformed into equation 

(6.2), 

a

[PAG]
[PAG],

d
k

dD
       (6.2) 

where D is the exposure dose. Integration of equation (6.2) from 0 to certain energy Dose 

yields an expression for the remaining PAG concentration versus exposure dose as 

described in equation (6.3), 

a

0[PAG] [PAG] .
k Dose

e
 

      (6.3) 

Due to the molar balance of acid and PAG, the acid concentration satisfies the relation in 

equation (6.4).  
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a

0 0[Acid] [PAG] [PAG] [PAG] (1 ) ,
k Dose

e
 

    
  

(6.4) 

in which [Acid] is plotted as the solid curve in Figure 6.6. In order to generate an acid 

production curve that is parabolic of the sort shown in Figure 6.4, there must be a method 

to selectively quench the acid in the high dose regions while saving the acid in the low 

dose region. A photobase generator (PBG) is the key component that can enable this 

behavior. It is a type of photosensitive compound that generates base upon UV irradiation 

and therefore has potential to be employed to accomplish the desire selective acid 

quenching. The quenching process may be accomplished through instantaneous 

neutralization between the photoacid (usually a very strong acid) and the 

photochemically produced base. The decomposition of PBG, similar to that of PAG, also 

follows a type of first-order kinetics. The base concentration as a function of dose is 

expressed in equation (6.5), 

b

0[Base] [PBG] ( ) ,
k Dose

1 e
 

     (6.5) 

where kb is the kinetic constant, [PBG]0 is the initial concentration of PBG, and Dose is 

the variable. Assuming the photochemically generated base forms a stable salt upon 

neutralization with the acid, the resist matrix would eventually contain a net amount of 

acid or base depending upon their relative loading and a salt as well. Under certain 

circumstance in which the initial PBG loading is higher than that of the PAG and the rate 

constant for base generation kb is lower than that for acid generation ka, the acid and base 

generation curves in Figure 6.6 can be observed with such system. Since the base 

concentration is much higher than the acid concentration in the heavily exposed regions 

due to the initial higher PBG loading, all of the acid generated with high exposure doses 

can be successfully quenched. More importantly, with lower exposure doses, the base 
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concentration falls below the acid concentration. The net acid concentration can be 

simply calculated by subtracting the base concentration from the acid concentration at 

each exposure dose, which can be visualized in the window at the low dose region shown 

in Figure 6.6. The difference in two curves can be plotted against exposure dose to show 

the net acid generation as shown in Figure 6.7 (a). 

 

 

Figure 6.6: Kinetics curves for acid and base generations under a specific condition 

( 0 0[PBG] [PAG] , b ak k ). 
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Figure 6.7: (a) Net amount of acid plotted against exposure dose. The dot line is the 

dissolution threshold for the resist in developer. (b) Contrast curve plot that 

shows the remaining resist thickness after develop against exposure dose, in 

which a dual-tone behavior is observed. The threshold doses are dictated by 

the position of the dissolution threshold shown in figure (a) 

An acid threshold can be to be minimum amount of acid needed to render 

polymer soluble in basic developer. If the maximum acid concentration on the parabolic 

curve is above the threshold, the polymer in that exposure region is then rendered soluble. 

This solubility difference across a range of exposure doses leads to a positive tone 

contrast at the low dose region and a negative tone contrast at the high dose region as 

illustrated in Figure 6.7 (b). 

6.4 BASIC CONSIDERATION 

To use PBG enabled dual-tone resists in PDL, there are several aspects of this 

approach that need further investigation. 

6.4.1 Materials 

The pitch division approach in this study is a material-based technique that 

requires modification of conventional resist formulations (i.e. adding a photobase 
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generator). It should be noted that the shape of the parabolic curve for net acid production 

is mainly dictated by two parameters, [PBG]0/[PAG]0 and kb/ka. Generally, component 

loadings can be adjusted easily whereas kb and ka are the rate constants for the acid and 

base generations, which can only be tuned by changing molecular structures. This makes 

the design and characterization of photoactive compounds critical for successful pitch 

division lithography. 

The PBG is the key component introduced into the resist formulation, and its 

photochemical decomposition rate constant kb needs to be lower than ka to obtain a net 

amount of acid with medium exposure dose. In Figure 6.6, the base generation from PBG 

can be regarded as a linear function at low doses. This approximation can be expressed in 

equation (6.6). 

b

0 0 b[Base] [PBG] ( ) [PBG]

                              ( )

k Dose
1 e k Dose

Dose 0

 
    


   (6.6) 

When kb is fixed and smaller than ka, the slope of the base generation is essentially 

dependent on the initial PBG concentration. To obtain sufficient base for acid quenching, 

the product of [PBG]0 and kb needs to be kept above certain value to have impact on the 

net acid concentration. If kb is too small, the resist requires a great deal of PBG in the 

formulation to maintain an effective amount of base generation. The excess loading of 

PBG in the formulation may adversely affect the overall resist dissolution performance. 

However, if kb is comparable to ka, there will not be any differentiation in base and acid 

generation. Thus, an appropriate value for kb is necessary. A variety of PBGs has been 

reviewed from past literatures and is summarized in Chapter 9. Additionally, the 

synthesis of PBGs and their photophysical measurements are also discussed. 
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6.4.2 Lithographic Simulation 

Simulations were carried out before the actual lithographic tests of the dual-tone 

resists. The purpose was to learn the patterning feasibility of pitch division lithography as 

well as to create guidance for proper resist formulations and processing conditions. 

PROLITH was used as the primary simulator along with a customized MATLAB 

program that handles the dual-tone chemistry and communicates with the PROLITH 

software. The detailed description of the lithographic simulation is presented in Chapter 

8. 

6.4.3 Processing Strategies 

With the initial simulation established, a series of test formulation were made for 

contrast curve measurements. From the contrast curves, the best formulation was 

determined and taken to the actual lithographic evaluation on a 193nm scanner. The 

detailed strategies and results will be discussed in Chapter 10. 

6.4.4 Patterning Applicability 

As discussed in the introduction, pitch division lithography uses intermediate 

exposure doses to modulate the solubility of photoresists in the developer. With a resist 

based on positive-tone chemistry, trenches will appear at the medium dose region after 

development. Thus, PDL forms doughnut shape trenches around the original mask 

patterns (Figure 6.8). These issues have also been observed in IBM and MIT dual-tone 

systems as shown in Figure 6.2 and Figure 6.3. 
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Figure 6.8: Schematic illustration of pattern printed on wafers using dual-ton resist 

enabled PDL compared to their mask patterns. 

This behavior will probably cause complications for mask design. Nevertheless, 

this approach is still straightforward for line and space (L/S) patterns as pitch divided L/S 

patterns are exactly the same as their mask pattern except that the frequency is doubled. 

The only additional step required to maintain a duplication of mask patterns maybe is a 

follow-up trim exposure to remove the bridged loop at the end of lines. Self-aligned 

double patterning (SADP), which is now used in manufacturing of NAND flash memory 

chips, also requires a trim exposure to remove the closed loops created during deposition 

on pre-patterned lines. In this regard, our PDL is still advantageous over SADP technique 

in terms of reducing processing cost because there is no extra tool cost or modification of 

process required for implementing PDL. 

6.5 SUMMARY 

We have proposed a new PBG enabled dual-tone resist to implement pitch 

division lithography. The basic concept of PDL was introduced, in which a key resist 

component, a PBG, is necessary for obtaining a dual-tone response. Moreover, according 

to the calculation, the rate constant for base generation kb needs to be lower than that for 

acid generation ka. Finally, a developmental framework for this approach was set up.  

Mask Wafer Mask Wafer Mask Wafer

Line Contact hole Turn
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Chapter 7: Photobase Generators 

A Photobase generator (PBG) is the key component in the dual-tone resist that 

enables pitch division. The base generation efficiency, which is critical to the dual-tone 

behavior according to the previous simulation, is dictated by the structure of the PBG and 

its base generation mechanism. This chapter describes the selection of PBGs available, 

the preparation of target PBGs, and their photophysical measurements. 

7.1 INTRODUCTION 

Photobase generators have been found applications in various fields in polymer 

science and technology. Compared to photoacid generator (PAG), photobase generators 

have a relatively short history. The first example of photobase generator was reported by 

Kutal and Willson [1] based on a Co-amine salt, which was used as a crosslinker for 

polymers with tethered expoxy groups. Since then, there have appeared numerous studies 

on photobase generators and substances that liberate amines [2-4]. In the last two 

decades, photobase generators that have been extensively studied include Co(III)-amine 

[1, 5], o-Acyloximes [6-8], sulfamides [9-14], formamides [15, 16], carbamates [2, 17-

19], ammonium salts [20-22], and amineimides [23]. Examples of these PBGs are given 

in Figure 7.1. Most of these photobase generators are used to induce monomer curing, 

crosslinking, and depolymerization for various applications, such as coating, imaging, 

and surface modification. 
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Figure 7.1: Structures of various PBGs: (a) O-Acyloxime; (b) Ammonium salt; (c) o-

nitrobenzyl carbamate; (d) Amineimide; (e) Sulfonamides. 

Among the above photobase generators, carbamate derivatives are the most 

versatile amine liberating agents [24]. There are several types of photolabile carbamate 

derivatives, including o-nitrobenzyl carbamates [19], dimethoxybenzyl carbamates [3, 

25], O-carbamoyl acetophenone oximes [26, 27], and α-keto carbamates [28]. We 

decided to prepare and investigate the following PBGs (Figure 7.2). 

 

 

Figure 7.2: Structures of target PBGs for testing. (R: isopropyl or cyclohexyl) 

Type I carbamates use an o-nitrobenzyl protecting group as a photolabile masking 

agent for the latent amine. This approach was first reported by Barltrop et al. [29] and 

later reported by others [30]. Cameron et al. [19] studied this protecting group in detail 

and proposed a mechanism. The mechanism of photochemical decomposition for type I 
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carbamates has been well studied [19] and illustrated in Figure 7.3. Upon irradiation, the 

molecule undergoes an internal proton abstraction, producing a stable radical at the 

benzyl position. The radical benzyl carbon is conjugated with α,β- double bond and the 

nitro group, and thus the free radicals are delocalized and stabilized. The oxygen anion on 

the nitro group then attacks the electrophilic benzyl carbon and undergoes an 

intramolecular disproportionation to release a secondary amine. The resulting side 

product is a nitrosobenzylaldehyde. Some had concerns about this photobase generator 

because it might be photochemically active and undergo secondary photochemical 

reactions, e.g. forming azo-coupled intermediate or react with generated amine to form 

imine under acidic condition [31]. Nevertheless, there is still no abundant information 

describing this side reaction. 

 

 

Figure 7.3: Schematic mechanism for photochemical decompostiion of N,N-diisopropyl 

o-nitrobenzyl carbatmate (DIPA-CARB). 

Type II carbamates employ a 3,5-dimethoxybenzyl group for the same purpose as 

in type I carbamate. The mechanism proposed by Cameron et al. [3, 19] starts with a 

heterolytic cleavage of the benzyloxy bond to afford a carbamate anion fragment, which 
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undergoes a subsequent decarboxylation to liberate the latent amine. Figure 7.4 illustrates 

this mechanism. 

 

 

Figure 7.4: Heterolysis of N-cyclohexyl 3,5-dimethoxybenzyl carbamate. (Adapted 

from Ref. [3]) 

Type III carbamates have been previously studied in our group [26, 27]. It has 

been shown that these carbamates underwent photolysis via direct excitation with good 

quantum efficiency. As Holtzman reported, the mono-substituted carbamates also 

underwent pyrolysis, and the products were isolated and identified as shown in Figure 

7.5. This thermal stability issue was solved by switching to N,N-dimethyl substituted 

carbamates, which do not have thermal labile hydrogens on the amine. According to 

Holtzman’s result [27], no thermal decomposition was observed at elevated temperatures. 

Figure 7.6 illustrates the photolysis pathways for bis-substituted O-carbamoyl 

acetophenone oximes. The photoproducts of these carbamates were established using 

HPLC by Holtzman [27] and Heath [26]. In their study, the recombination of an imine 

radical with secondary amine radical was confirmed by elemental analysis and 
1
H-NMR 

on isolated products.  
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Figure 7.5: Schematic illustration of pyrolysis of monosubstituted O-carbamoyl 

acetophenone oxime. (Adapted from Ref. [27, 32]) 

 

 

Figure 7.6: Proposed photolysis pathway of O-(N,N-dimethylcarbamoyl) acetophenone 

oxime based on Holtzman’s data. (*The proton abstraction to form a 

secondary amine was confirmed by Heath using O-(N,N-

dibenzylcarbamoyl) acetophenone oxime [26].) 
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7.2 SYNTHESIS AND CHARACTERIZATION OF PBGS 

The synthesis strategies of the target PBGs are similar, because each of the three 

types of PBGs can be structurally divided into three segments as illustrated in Figure 7.7. 

The carbonyl unit may be obtained from a phosgene molecule, which can react with both 

an alcohol and a secondary amine to form the carbamate. Considering the toxicity of pho- 

 

 

Figure 7.7: Synthetic strategy of proposed PBGs. 

sgene, we employed commercially available diisopropylcarbamoyl choloride as a 

structural source of phosgene and amine for the synthesis of diisopropyl substituted 

carbamates using route (b) in Figure 7.7. Unfortunately, dicyclohexylcarbamoyl chloride 

is not commercially available and has to be synthesized in the lab. There are possible 

sequences for making dicyclohexyl substituted carbamate for route (a) in Figure 7.7, i.e. 

attaching dicyclohexylamine first or attaching o-nitrobenzylalcohol first. It has been 

reported by Nagai et al. that attaching the alcohol and then the amine gave higher yields 

for the final product [33]. The synthesis of PBGs was referred to the reported procedures 

[34-36] and optimized for yields. The overall synthetic schemes are presented in Figure 

7.8. The detailed synthetic procedures and characterization data can be referred to 

Appendix B. 
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Figure 7.8: Synthetic schemes for various types of carbamates. 



 143 

7.3 MEASUREMENT OF RATE CONSTANTS 

The photochemical decomposition of all the PBGs was quantified using FTIR and 

UV-Vis. To confirm the formation of amines, gas chromatography connected with a 

flame ionization detector (GC-FID) was used. 

7.3.1 Experimental 

General 

There are a total of five PBGs (not include DCHA-DM), shown in Figure 7.2, that 

were tested using a variety of instruments. All organic solvents used for preparing sample 

solutions were purchased from Sigma-Aldrich Chemical Co. unless otherwise noted. UV-

Vis spectra were collected with a HP spectrometer. IR spectroscopy was conducted on a 

Nicolet Magna-IR 500 with an extended compartment for reflective IR measurements. 

248 nm exposures were performed on a CYMER ELS 5400 KrF laser, and 193 nm 

exposures were conducted with a Lambda Physik ArF laser. Film thickness measurement 

was conducted on a J.A. Woollam M2000-V Ellipsometer or a Veeco Dektak 150 

profilometer. The laser intensity was measured by a Coherent Field MAX II laser power 

meter and calculated based on the conical divergence of the laser beam for elevation 

difference between the photo sensor and the wafer. 

Infrared Spectroscopy 

Most of the vibration and stretching frequencies of chemical bonds are located in 

infrared and near-infrared range of wavelength. Therefore, information about bond 

breaking and formation arising from photochemical reactions may be obtained from IR 

spectra. Additionally, IR absorbance is essentially governed by Beer’s Law, like UV-Vis 

absorbance, and thus can be used to conduct quantitative analysis. This advantage of IR 
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measurements provides an accurate way to quantify the photochemical decomposition of 

PBGs. 

An IR study of the photolysis of DCHA-NO2 was referred to the procedures 

reported by Cameron and Fréchet [19]. In our study, the PBGs were dispersed into a 

polymer and studied in thin film forms. Poly(methyl methacrylate) (PMMA) was used as 

the polymer matrix because of its high transparency at deep UV wavelengths and its ease 

of processing for thin films. The preparation procedures are as follows. A solution of 

PMMA (18.6 wt%) was prepared in diglym. The photobase generator was then added to 

prepare a new solution containing 16.7 wt% of PBG with respect to PMMA. The 

resulting solution was stirred overnight on a shaker and filtered before use. The purified 

solution was then spin coated on a sodium chloride (NaCl) disk and a quartz plate at a 

spin speed of 1500 rpm, and both samples were then baked at 100 °C for 15 min. The 

films were then stored under high vacuum for 3 hours to remove any residual solvent. 

The film on the quartz substrate was used for thickness measurement and UV-Vis study, 

whereas the film on NaCl disk was used for the IR measurement. 

The sample films of each PBG were irradiated with 248 nm light in measured 

dose increments. IR spectra of the samples were collected between each exposure. In the 

course of continuing exposure, a change in IR spectrum was observed. The experiment 

was ceased after the spectrum did not reveal any obvious change upon further irradiation. 

These procedures were repeated with 193 nm exposure for the kinetics study at that 

wavelength. 
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UV-Vis 

Upon irradiation, the PBGs undergo significant structural changes, which result in 

shifts of UV absorbance bands. UV-Vis spectroscopy was employed to monitor the 

photochemical decomposition in addition to FTIR. 

The same solutions prepared for the FTIR study were used to spin coat films on 

quartz plates. The resulting films were subjected to the same treatment procedures as 

those in the FTIR study. All samples were irradiated under 193 nm light in measured 

dose increments. UV spectra were recorded between each exposure until the spectra 

stopped changing. 

The decomposition of N,N-diisopropyl o-nitrobenzyl carbamate (DIPA-NO2) was 

particularly investigated in depth. The purpose of this study was to compare the 

decomposition kinetics in different forms (e.g. solution and thin film) and to different 

exposure wavelength (e.g. 248 nm and 193 nm). 

GC-FID 

Gas chromatography (GC) is a common analytical method for separating and 

analyzing mixtures that can vaporize without decomposition. It is a great tool for 

qualitative identification of photochemically generated species by comparison with 

reference compounds that are suspected to be the photoproducts. We were particularly 

interested in amine formation upon irradiation of PBGs. Both diisopropylamine (DIPA) 

and dicyclohexylamine (DCHA) are the theoretical photoproducts and can be used as 

reference compounds for comparison. DCHA has a higher boiling point than DIPA and 

usually vaporizes within the same range of temperatures as other photoproducts from 

PBGs. To avoid peak overlapping, PBGs with latent DIPA were investigated because of 

its relatively low boiling point. 



 146 

The PBGs were studied in diluted solutions. The experimental procedures are as 

follows: each PBG was dissolved in spectral grade acetonitrile in quartz cuvettes to yield 

solutions of about 6 mM. The resulting solutions were subjected to a nitrogen purge for 5 

min then irradiated in a Rayonett with Ushio 254 nm germicidal lamps. An aliquot of 

exposed sample was taken out of the cuvette for GC test at intervals. 

7.3.2 Results and Discussion 

Photolysis Study by FTIR 

The results of the photochemical study of DIPA-NO2 are presented as an 

example. The photochemical response of DIPA-NO2 is revealed in the stacked IR spectra 

in Figure 7.9. It can be seen that the absorbance peak at 1525 cm
-1

 decreases significantly 

upon UV irradiation. This peak corresponds to the asymmetric stretch of the o-nitro 

group on the aromatic ring. According to the published mechanism [19] (Figure 7.3), 

upon exposure, the nitro group becomes a nitroso group, which has an absorbance band at 

other frequencies overlapping with those of the carbonyl groups. The peak at 1700 cm
-1

, 

which stands on the shoulder of the carbonyl absorbance peak, also decreases with 

increasing exposure dose. The disappearance of this peak is an indication of the 

decarboxylation of the carbamate upon irradiation, consistent with the published 

mechanism. Thus, the photochemical decomposition of o-nitrobenzyl carbamate was 

successfully manifested in the disappearance of the nitro and carbonyl absorption peak. 
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Figure 7.9: IR spectra of N,N-diisopropyl o-nitrobenzylcarbamate (DIPA-NO2) with 

increasing exposure dose. 

 

 

Figure 7.10: Percent conversion of DIPA-NO2 against exposure dose under irradiation at 

248 nm on the basis of the area change in the nitro absorption peak (1525 

cm
-1

).  
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The extent of conversion of the PBG can be calculated based on the percentage 

change in the area underneath the nitro peak in relation to the strong carbonyl absorption 

peak from the PMMA matrix [19], which was used as a reference band. The conversion 

therefore can be expressed as shown in the equation (8.1), 

2 2

2 2

(Area ratio of NO /C=O) (Area ratio of NO /C=O)

(Area ratio of NO /C=O) (Area ratio of NO /C=O)

% 100% ,
-

-
Conversion

Initial A

Initial Final
   (8.1) 

where initial represents the area ratio of the nitro peak to the carbonyl peak for the 

unexposed sample, the final represents that for the overexposed sample, and the A is the 

same ratio for the sample with arbitrary exposure dose. Figure 7.10 shows a plot of the 

conversion versus the incident dose. From this plot, the pseudo first-order kinetics of 

PBG is confirmed, and the decomposition as a function of dose at low doses (Dose → 0) 

can be considered a linear function. This approximation is the same as the approximation 

shown in equation (8.2) below. 

             (when )b x1 e b x x 0        (8.2) 

Hence, the conversion at low dose region can be expressed as following. 

b

bConversion              (when )
k Dose

1 e k Dose Dose 0
 

    
  

(8.3)
 

It appears in equation (8.3) that the slope at the very beginning of the conversion curve 

should be equal to the kinetic constant kb. Thus, a linear regression was performed for the 

first several data points on the curve as shown in the inset of Figure 7.10. One important 

thing worth noting is that the actual exposure dose in the resist is not exactly what was 

measured on the photometer due to the film absorption. The actual incident dose is less 
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inside the resist and requires correction. A factor needs to be multiplied to the slope in 

order to obtain the final correct rate constant kb as shown in equation (8.4) 

b slope/100 ,
a

a
k

1 e
 

     
(8.4) 

where the slope is obtained from the linear regression (Figure 7.10), 100 is for dividing 

the slope because of the use of percent conversion, and a, which was found to be 0.585, is 

equal to the product of log(10)/log(e) and the total absorbance of the sample film at 248 

nm. The detailed derivation for the dose correction is provided in Appendix C. The 

resulting kb for DIPA-NO2 at 248 nm is 2.8610
-3

 cm
2
/mJ. Exposures of DIPA-NO2 

under 193 nm light produced the same type of change in the IR spectra, but at a different 

decomposition rate (Figure 7.11).  

 

 

Figure 7.11: Percent conversion of DIPA-NO2 against exposure dose with irradiation at 

193 nm based on the area change in the nitro absorption peak (1525 cm
-1

). 

0 120 240 360 480 600
0

20

40

60

80

100

C
o
n
v
e
rs

ti
o
n
 (

%
)

Exposure Dose (mJ/cm
2
)

0 15 30 45 60
0

5

10

15

20

25

30

 

y = 0.6644x



 150 

The total absorbance for the tested film of 906 nm thick is 0.979 at the 

wavelength of 193 nm. Through application of the previously shown correction, the 

kinetic constant kb for DIPA-NO2 was calculated to be 1.6710
-2

 cm
2
/mJ at 193 nm. 

The other PBGs (e.g. dimethoxybenzyl carbamate and O-carbamoyl acetophenone 

oxime) were also studied using FTIR at both 193 nm and 248 nm. However, the nitro 

group is not present in these PBGs, so changes in other absorption peaks must be found 

for monitoring the decomposition. Figure 7.12 and Figure 7.13 present the spectra change 

upon irradiation for these PBGs at 193 nm. The peak at 1700 cm
-1

, which represents the 

carbonyl on the carbamate, overlaps with the strong signal from the PMMA matrix at 

1750 cm
-1

. Therefore the disappearance of carbonyl on the carbamate is difficult to 

quantify. Other obvious peaks that shrink during exposure are the two peaks around 1300 

cm
-1

. These peaks are believed to be assigned to the coupled C-N and C-O stretch in the 

carbamate structure [37, 38]. In this regard, the conversion rates of such PBGs can be 

analyzed based on the percent change in area under the peaks near 1300 cm
-1

. 

 

 

Figure 7.12: IR spectra of DCHA-DM with varying the incident exposure dose. 
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Figure 7.13: IR spectra of DCHA-OX with varying the incident exposure dose. 

The conversion rates for all the PBGs can be analyzed on the basis of 

disappearance of specific absorption peaks in IR spectra. Again, the exposure doses are 

subjected to a correction due to the film absorbance. Considering the dose correction 

allows the rate constants for the PBG decomposition at 193 nm to be calculated, which 

are summarized in Table 7.1. 

Table 7.1: Summary of rate constants kb for all PBGs at 193 nm measured with FTIR. 

PBG Film Thickness (nm) Abs @ 193 nm kb 10-2 (cm2/mJ) 

DIPA-NO2 906 0.979 1.67 

DCHA-NO2 1202 0.682 1.31 

DIPA-OX 1187 1.373 2.43 

DCHA-OX 1643 1.760 4.43 

DIPA-DM 980 0.935 2.63 
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Photolysis Study by UV-Vis 

The photolysis of PBGs is also evident in the UV-Vis spectra. Figure 7.14 shows 

the spectral changes upon 193 nm irradiation for all three types of PBGs. The structure of 

the latent amine unit, DIPA or DCHA, did not make differences in the absorbance 

spectra. From the plots, it is reasonable to derive the relationship between conversion and 

exposure dose in a fashion similar to that done in the FTIR study. Since stationary points 

(i.e. isosbestic points) were observed in most of the spectra, it is safe to assess the percent 

change in absorbance using any wavelength near the stationary points. Also, a 

wavelength at which absorbance changes are substantial should be considered for better 

precision. The insets in Figure 7.14 show the corresponding conversion plots at the 

selected wavelength. The slopes of these curves at the origin are used to calculate the rate 

constants. Similar to the calculations in the FTIR studies, the incident doses need to be 

corrected to account for the film absorbance. The details of this correction are provided in 

Appendix C. Table 7.2 summarizes the rate constants calculated using the UV-Vis data. 
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Figure 7.14: Series of UV-Vis spectra of three types of carbamates upon irradiation at 

193 nm: (a) DIPA-DM; (b) DIPA-NO2; (c) DIPA-OX. 
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Table 7.2: Summary of rate constants for PBG decomposition at 193 nm measured 

with UV-Vis. 

Sample kb 10-2 (cm2/mJ) 

DIPA-NO2 1.70 

DIPA-OX 9.93 

DIPA-DM 0.99 

 

The rate constants for DIPA-DM and DIPA-NO2 derived from UV-Vis data agree 

well with those obtained using FTIR, whereas the rate constant for DIPA-OX is 

inconsistent between the two techniques. This may be due to the nature of UV-Vis 

measurements. UV-Vis measures the absorbance from any structures in the sample at a 

specific wavelength range. Specifically, if the starting material, the photoproducts, and 

the side products absorb at similar wavelengths, the overall absorbance is measured for 

all individual species. If the photochemical reaction is clean, and the photoproducts do 

not undergo secondary reactions, the UV absorbance can be used to calculate the kinetics 

since the change in absorbance at any wavelength is linearly proportional to the reaction 

extent. Unfortunately, DIPA-OX undergoes various secondary reactions (e.g. radical 

recombination, hydrolysis) as shown in Figure 7.5 and Figure 7.6, thus the resulting 

absorbance change is complex, which makes it difficult to obtain accurate kinetic 

constants using UV-Vis. Comparatively, the photolyses of DIPA-NO2 and DIPA-DM are 

relatively clean as evidenced by the isosbestic points (Figure 7.3 and Figure 7.4), thus 

their rate constants obtained with UV-Vis agree well with the FTIR results. FTIR detects 

the information from an individual chemical bond, and there are often certain chemical 

bonds that can be used to distinguish starting materials and products. For example, the 

absorbance peak at 1310 cm
-1

 in the FTIR spectra represents the C-N stretch in the 

carbamates exclusively, and hence any change in this peak should arise from the 
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decomposition of this functional group. In short, the rate constants obtained with FTIR 

are more reliable than those obtained with UV-Vis. Thus, the inconsistency observed in 

the rate constant of DIPA-OX should not be surprising. 

 

Figure 7.15: Conversion plots for the photolysis of DIPA-NO2 derived from its UV-Vis 

spectra. 
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at 248 nm. The comparison between the sample media reveals that the PBG decomposes 

faster in solution. This result can be attributed to the freedom of conformational rotation 

in solution, while in solid thin film the molecule is sterically hindered. Thus, the PBG 

molecule is less flexible to undergo intramolecular proton abstraction, which is the rate 

limiting step towards the final base. 

Photolysis Study by GC-FID 

With UV-Vis and FTIR, two powerful analytic techniques, the photochemical 

decomposition of PBGs were measured and quantitatively evaluated. However, the direct 

detection of base formation has not yet been demonstrated. GC-FID results (Figure 7.16) 

helped to confirm that the amine is formed in irradiated solutions containing DIPA-NO2. 

Diisopropylamine was also observed from irradiation of DIPA-OX and DIPA-DM 

solutions. Analogically, it is can be deduced that dicyclohexyl carbamates will generate 

the corresponding amine (DCHA) upon UV irradiation although the actual experiments 

have not been performed. It is safe to make this conclusion because the structural 

difference between PBGs containing DIPA and DCHA is trivial to their photochemistry. 

Although base generation was pronounced, it is difficult to quantify the quantum 

yield by GC-FID due to its difficulty in accurate ion quantification. One may calculate a 

quantum yield using the rate constants and the absorbance value obtained from the UV-

Vis and FTIR data shown previously, but this quantum yield simply depicts the efficiency 

of photolysis. It is still unclear that what percentage of the destroyed PBG molecules 

leads to the corresponding amine. Therefore, a reliable technique for quantifying amine 

would be necessary to determine the quantum efficiency of base generation. 
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Figure 7.16: GC diagram demonstrated the appearance of diisopropylamine (DIPA) from 

a 6 mM solution of DIPA-NO2 in acetonitrile irradiated at 254 nm over the 

time. 

7.4 QUANTIFYING ACID GENERATION 
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be used to compare with those of base generations to assess the capability of achieving 

dual-tone behavior. 

There have been many techniques reported for quantifying acid generation 

efficiencies of conventional PAGs. These methods include, but are not limited to, 

nonaqeous potentiometric titration [39], spectrofluorometry using acid sensitive dyes [40-

43], and standard addition [44-46]. 

Among them, acid-base titration is the simplest and easiest to implement. The 

basic idea of this method is to add a base quencher into the resist formulation in varying 

amounts and evaluate the influence of this action on the dose-to-clear (E0) value. An E0 

value indicates a specific acid concentration is reached in the resist matrix for E0 of 

incident exposure dose. This critical acid concentration, also known as threshold acid 

concentration, is a constant under a fixed processing condition (i.e. PEB temperature, 

PEB time, PAG loading). The base quencher is strong enough to quantitatively form salts 

upon reacting with one equivalent of acid. The addition of a base quencher requires a 

corresponding additional amount of exposure dose compared to the original E0. It can be 

inferred that this additional dose is used to generate the exact amount of acid that is 

consumed by the base quencher to achieve the critical acid concentration. By plotting E0 

against base quencher loading, the relationship between the exposure dose and acid 

generation, which is commensurate with base quencher loading, can be established to 

calculate the rate constant. This method is usually criticized for the high absorbance of 

248 nm phenolic polymers that are used as the resist matrix, which may provide 

additional photosensitization and cause trouble in measuring the actual acid generation 

from PAG by direct irradiation. This problem can be solved by using a generic resist 

polymer (Figure 7.17) intended for ArF lithography, which is much more transparent at 

both 193 nm and 248 nm. In addition, there are usually no aromatic components in the 
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resist polymer, and thus the polymer matrix is usually not considered as a photosensitizer 

during the irradiation. 

 

 

Figure 7.17: Structure of a generic 193 nm resist polymer. 

7.4.1 Experimental 

All PAGs are commercially available, and the resist polymers were generously 

provided by DuPont. Solvents and base quenchers were purchased from Sigma-Aldrich 

Chemical Co. unless otherwise noted. The instruments used for this study are same as 

those mentioned in section 7.3.1. 

A resist formulation was prepared in the following manner. A generic ArF resist 

polymer was dissolved in propylene glycol monomethyl ether acetate (PGMEA) to form 

a 5wt% solution. Triphenylsulfonium Trifluoromethanesulfonate (TPS-Tf) was then 

added. The resulting solution contained 10wt% of TPS-Tf relative to the polymer. This 

solution was then used a mother solution. Dicyclohexylamine was added to yield 

solutions of 10mol% and 13mol% base quencher with respect to the PAG. The sample 

solutions were spin coated on standard silicon wafers and then baked at 90 ºC for 1 min. 

The resist films were exposed stepwise to 248 nm irradiation with a dose increment of 

0.13 mJ/cm
2
. The 193 nm exposure study was performed with an ArF laser with a dose 

increament of 0.32 mJ/cm
2
. The post exposure bake (PEB) was performed at 90 ºC for 1 

min. The processed films were developed in a 2.38 % aqueous TMAH solution for 1 min 
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to produce the relief image arrays, and thicknesses of which were measured. Contrast 

curves were constructed through plotting the remaining film thickness as a function of the 

exposure dose. The dose-to-clear, the dose required to completely develop the film, is 

known as E0. The change in E0 is used to quantify the influence of the base quencher 

loadings on the photosensitivity of the resist, from which the rate constant can be 

determined. 

7.4.2 Results and Discussion 

Figure 7.18 shows the changes in E0 of the resist with varying loadings of the base 

quencher. For a high PAG loading (10 wt % to polymer), the shift in E0 was essentially in 

direct proportion to the base quencher loading. Since the base quencher loading is within 

a relatively small range (< 25mol%), the first-order acid generation can be considered as 

a linear function against exposure dose. 

a

a              (when )
k Dose

1 e k Dose Dose 0
 

       (1) 

Thus, a linear regression can be performed on the data points. The interpretation of the 

intersection between the X-axis and the fitted line is the threshold acid concentration, 

because the E0 value at the intersection is 0, meaning that no exposure is required to 

produce sufficient acid for total dissolution of resist film. The slope of this fitted line is 

the inverse of the rate constant. 
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Figure 7.18: Experimental data of measured dose-to-clear (E0) with varying base 

quencher loading. The data is fitted with linear function, which is 

extrapolated to E0 = 0 mJ/cm
2
. 

However, the rate constant obtained from that slope needs to be adjusted to 

account for the finite absorption of the resist film, which causes the actual incident dose 

inside the resist to be different from that displayed on the photometer. This is much the 

same case as seen in irradiation of films containing PBG molecules. We experimentally 

observed that there is no obvious change in the absorbance of the film during exposure, 

so the initial absorbance of the film can be used to correct the incident dose. The detailed 

correction is provided in Appendix C. The final expression of ka is shown in equation (2), 
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where the slope is shown in Figure 7.18 and a is equal to the product of log(10)/log(e) 

and the total absorbance of the sample film at the irradiation wavelength. The film 

thickness is 119 nm, and the absorbance at 248 nm and 193 nm are 0.066 and 0.25 
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respectively. Hence, the acid generation rate constants for TPS-Tf, by equation (2), are 

0.056 cm2/mJ (248 nm) and 0.072 cm2/mJ (193 nm) respectively. 

7.5 TEST FORMULATIONS FOR DISSOLUTION BEHAVIOR EVALUATION 

With the knowledge of the rate constants ka and kb, the ratio of kb/ka can be used to 

find the optimized [PBG]0/[PAG]0 for a high chemical contrast. The contour plot in 

chapter 8 is used for that purpose. The optimized range of [PBG]0/[PAG]0 is around 3, 

according to the simulation. A test resist formulation can therefore be made and tested for 

a contrast curve measurement. Contrast curves are a type of plot that can reveal the 

dissolution contrast of a certain resist formulation against exposure dose under a given 

processing condition (e.g. illumination, PAB, PEB and development). This dissolution 

contrast is conventionally plotted as remaining film thickness versus exposure energy. 

Alternatively and more accurately, one can measure dissolution rates of resist films 

irradiated with various exposure doses. This measurement usually requires a dissolution 

rate monitoring (DRM) device, which measures the dissolution rate of each exposed area 

individually.  This method takes long time to construct a single dissolution contrast 

curve. Thus, the contrast curve defined by thickness measurements was used in this 

study, and the outcome was generally satisfactory. In addition, the contrast curve 

measurement is an alternative method to provide evidence for the base formation based 

on whether a dual-tone behavior can be observed. 

7.5.1 Experimental 

A test formulation was made according to the following recipe (5wt% generic 193 

nm polymer in PGMEA, 5wt% TPS-Tf relative to polymer, and 3 equivalents of PBG to 



 163 

TPS-Tf). The solution was stirred overnight and filtered through a 0.20 μm PTFE filter 

before use. The resist solution was then spin coated onto a wafer and soft baked at 100 ºC 

for 1 min to yield a resist film about 120 nm thick. 

On a commercial scanner with an automated track, the contrast curve 

measurement can be done with pre-programmed recipes, whereas in a conventional 

engineering lab this experiment is performed in an exposure box. A light guide placed on 

the top of the box perpendicularly points to the bottom. A diverging lens is used 

underneath the light guide to provide a relative uniform beam. A sheet of aluminum foil 

with a 1 cm by 1 cm square hole was used as a contact mask for this study. After each 

exposure, the sample wafer was shifted manually by certain distance. The exposure dose 

was varied for each patch on the wafer. After the exposure was finished, the wafer was 

immediately transferred onto a hotplate and baked at a certain temperature (for example, 

110 ºC) for 1 min. The baked wafer was cooled to room temperature, immersed in a 

developer bath containing 2.38% TMAH for 1 min, then rinsed with deionized water, and 

finally blow-dried. The remaining thickness in each exposed patch was measured on an 

ellipsometer. 

7.5.2 Results and Discussion 

Formulations containing DIPA-NO2 or DCHA-NO2 showed dual-tone contrast 

curves as shown in Figure 7.19. Note that the negative tone contrast of DCHA-NO2 is 

slightly higher than that of DIPA-NO2. This observation persists during adjusting the 

PBG/PAG feeding ratio or PEB temperature. The difference in the slope of the 

dissolution curve may be due to the high volatility of diisopropylamine (DIPA). DIPA 

boils at 84 ºC [47] and may vaporize into the atmosphere during the PEB process. As a 
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result, there will be a considerable amount of base loss in the high exposure region, and 

thus the contrast is reduced. 

 

 

Figure 7.19: Contrast curves of resist formulations containing different PBG: (a) DCHA-

NO2; (b) DIPA-NO2. 

N,N-Diisopropyl dimethoxybenzyl carbamate (DIPA-DM) formulations also 

exhibit dual-tone behavior as shown in Figure 7.20. Comparatively, these dual-tone 

contrast curves are less steep than those produced by o-nitrobenzyl type carbamates. The 

negative tone side is especially gradual, and in some case, the resist is partially developed 

even with medium exposure dose. The reason for that has not been further investigated. 

Unfortunately, the acetophenone oxime type carbamates failed to show any dual-tone 
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contrast curve. Only a positive tone curve was observed, even with increasing loadings of 

PBG. 

 

 

Figure 7.20: Contrast curves of resist formulations containing DIPA-DM. Different 

loadings of DIPA-DM were compared. 

As a conclusion, N,N-dicyclohexyl o-nitrobenzyl carbamate (DCHA-NO2) 

demonstrates a superior capability of producing dual-tone responses and is therefore a 

promising candidate for the photobase generator for pitch division lithography. 

7.6 SUMMARY 

PBGs reported by others [24, 48] were assessed in terms of potential candidates 

for enabling dual-tone resist. Three types of carbamates, which are o-nitrobenzyl, dimeth-

oxybenzyl, and acetophenone oxime, were synthesized and characterized. The 

photochemical decomposition of all the PBGs was quantitatively studied in depth using 

UV-Vis and FTIR. The rate constants were calculated, which will be used for 
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formation of base from the PBGs was directly confirmed with GC-FID using pure 

theoretical amines as references. A series of test formulations was prepared and 

processed to generate contrast curves. Both DIPA-NO2 and DCHA-NO2 showed 

excellent dual-tone response. DIPA-DM showed dual-tone contrast curve, but the 

negative tone slope was unacceptable for pitch division testing. Additionally, the DIPA 

version of the carbamates showed slightly worse negative tone contrast, which may be 

attributed to the low boiling point of DIPA (Tb = 84 ºC). In conclusion, DCHA-NO2 

showed the best performance in terms of generating dual-tone behavior with high contrast 

and thus was employed in further lithographic evaluations. 
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Chapter 8: Simulation of Pitch Division Lithography 

A dual-tone response is the key to the success of pitch division lithography. This 

chapter describes a simulation based analysis of the dual-tone response to variables that 

affect pitch division performances and patterning feasibility. 

8.1 DUAL-TONE BEHAVIOR AND PITCH DIVISION 

A typical dual-tone contrast curve is illustrated in Figure 8.1. The plot describes 

the remaining film thickness of the resist after development as a function of exposure 

dose. From the low exposure region to the high exposure dose region, the exposed resist 

switches from insoluble to soluble and then back to insoluble, which is a transition from 

positive tone to negative tone. The dual-tone contrast curve has two dose thresholds, 

which are defined as the exposure dose at which half of the film is developed. It should 

be noted that this definition is slightly different from that in a single tone contrast curve, 

as the slope of the transition in dual-tone is relatively gradual. E0 denotes the positive 

tone dose threshold, and En denotes the negative tone threshold. 

 

 

Figure 8.1: Schematic illustration of a dual-tone contrast curve. 
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To fully assess the influence of dual-tone responses on pitch division 

performance, it is necessary to take into account the optical image created by the 

exposure system. Consider an aerial image obtained from a grating mask under specific 

illumination conditions (i.e. pitch size, wavelength, coherency, polarization), for high 

resolution imaging, the aerial image is a sinusoidal function as shown in Figure 8.2 (a). 

The Y-axis in plot (a) is exposure dose, thus the exposure time or pulse number is built 

into the aerial image in this context. The contrast of the aerial image is defined on the 

basis of Imin and Imax through the equation below plot (a). Similarly, a parameter based on 

E0 and En, called the E-factor, can be defined by the equation below plot (b). Plot (b) 

divides the exposure dose into three regimes defined by the dose thresholds. 

 

 

Figure 8.2: Definition of aerial image contrast and E-factor 

In order for the dual-tone resist to produce pitch division, the E-factor must match 

the contrast of the aerial image. Specifically, both of the thresholds denoted in Figure 8.2 

(b) must cross the sinusoidal optical image in order to produce pitch division. The 

exposure time must be optimized to center the aerial image on the dose axis with respect 

to the E0 and En in order to capture both thresholds. The image contrast lumps all the 
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illumination parameters whereas the E-factor lumps all the formulation information and 

resist processing conditions. With a known image contrast and a known E-factor, the 

resist profile can be determined. Figure 8.3 shows the resist profiles for various 

combinations of image contrast and the E-factor. 

 

 

Figure 8.3: Illustration of resist responses upon different matching patterns of the aerial 

image contrast and the dose threshold. 

Pitch division occurs only when the image contrast is higher than the E-factor as 

illustrated in column (a) and (b). Higher image contrast may produce thicker lines. Equal 
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line width deviates from equal lines and spaces. Figure 8.4 is an extended 2-D plot, in 

which the lumped parameters are varied continuously. 

 

 

Figure 8.4: Surface plot of the extent of line width deviation from 1:1 L/S pattern with 

varying the image contrast and the E-factor [1]. 

The black region, which stands for 100% line width error, indicates no pitch 

division. The whitest region highlighted by the dash dot line stands for 0% error, 

indicating a perfect 1:1 line and space pattern. The two dashed lines representing 10% 

deviation from the ideal pattern specify the boundary of an acceptable linewidth within 

10% error tolerance. For any given value of the image contrast, a suitable range of E-

factors for 1:1 L/S pattern with pitch division can be found within the window between 

the dashed lines. In the lithography process, image contrast is the input parameter that 

lithographers always try to maximize. A higher image contrast leads to a greater chemical 

gradient across the line edge and therefore produces sharper resist patterns. Furthermore, 

when the lithography operates at a higher image contrast, the process tolerance to errors 
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in the E-factor is accordingly larger. In short, the plot in Figure 8.4 allows for a better 

understanding of the relationship between dual-tone thresholds and pitch division 

patterns. 

8.2 OPTIMIZATION OF RESIST FORMULATIONS 

High image contrast is demanded for a large process window and a robust pitch 

division process. For a target pitch size (e.g. 1:1 L/S), the corresponding E-factor can be 

found using the plot as shown in Figure 8.4. The E-factor is dictated by many parameters 

in the processes, but mainly by the molar feed ratio of PBG and PAG, the ratio of kb/ka, 

and the PEB temperature*. Different combinations of the values of these parameters may 

produce the same E-factor; however, the resulting latent image gradients (i.e. acid 

concentration gradient) across the line edges can be surprisingly different. Therefore, it is 

necessary to assess the actual acid concentration gradient across the line edge as a 

function of the major processing parameters. 

8.2.1 Acid Concentration Gradient 

The acid concentration gradient, the slope of acid concentration across the line 

edges, is illustrated in Figure 8.5. The line edges are defined by the intersection between 

the acid threshold and the acid profile. It can be reasoned that the steeper the acid slope at 

the line edge, the better the edge definition of the dissolution contrast, and as a result, the 

better the edge definition of the resist pattern. The ultimate concern about the pitch 

division pattern is the control of the pattern size, so the critical metric of the chemical 

                                                 
* PEB stands for post exposure bake, which is a critical process for chemical amplified resists. This 

temperature dictates how much acid-catalyzed deprotection reactions may occur during the bake, which in 

turn determines the threshold amount of acid that causes the resist dissolution. 



 175 

response (i.e. acid concentration) that influences patterning performance is the acid 

concentration gradient at the desired resist line edge. 

 

 

Figure 8.5: Illustration of chemical gradient at line edges. 

The acid concentration profile is determined by the input aerial image in 

conjunction with a conversion by the resist chemistry. In this study, the resist chemistry is 

the dual-tone acid generation. Consider a simple 1-D case as illustrated in Figure 8.6. The 

aerial image is produced by a grating mask, and the intensity profile is shown in the top 

plot. The middle plot is a dose profile of this aerial image, which is simply the product of 

the incident dose (Eincident) and the intensity profile I(x). The incident dose is the exposure 

dose being applied to the mask, and hence E(x) is the dose modulation produced by the 

mask. For pitch division lithography, the resist line edges are defined by the two dose 

thresholds, E0 and En. Thus, there are two important slopes in the optical images, the 

slope at positive-tone threshold and the slope at negative-tone threshold. The optical 
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resist formulation and the resist processing parameters, it is assumed that the image-in-

resist is the same as the aerial image. 

 

 

Figure 8.6: Schematics of acid profile derivation. 
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referred to the net amount of acid after neutralization, which is expressed in equation 

(8.5), 

       a b1 1 ,
k E x k E x

A x e p e
   

        (8.5) 

where ka and kb are the rate constants, and E(x) is the actual exposure dose that the resist 

receives at x position. If the PAG concentration is normalized to 1, p is the molar feed 

ratio of PBG to PAG, [PBG]0/[PAG]0. 

Differentiation on both sides against position yields the slope of the acid 

concentration, 

        
 

a b

a b

ln( )
,

x xk E k E d E xdA x
k E x e p k E x e

dx dx

   
         (8.6) 

where the expression, 
 lnd E x

dx
, is the slope of the dose profile at the positive tone 

edge, and also follows equation (8.7). 

    incidentlnln ln ( )
.

d E I xd E x d I x

dx dx dx


     (8.7) 

The expression dlnI(x)/dx is called the image log-slope [2-4] and is considered to be the 

metric for the quality of optical images. In short, equation (8.6) is derived and used for 

calculating the acid gradients at line edges. These acid gradients are the metric for the 

chemical response that determines the patterning performance. 
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8.2.2 Optimization 

With the expression for the slope of acid concentration established, the 

performance of various resist formulations (i.e. varying the molar feed ratio of PBG to 

PAG and the ratio of kb/ka) can be quantified, which enables the optimization of the resist 

formulation. 

The optimization study was performed with MATLAB (R2009a). An aerial image 

needed for the optimization was produced as shown in Figure 8.7 by PROLITH under a 

normal illumination condition. To produce a 1:1 L/S pattern with pitch division, the 

target E-factor for such an aerial image can be found on the contour plot in Figure 8.4 to 

be 0.57. The molar ratio of PBG to PAG (p) and the ratio of kb/ka were varied. The slopes 

of the acid concentration at both the positive-tone and negative-tone edges were 

calculated while the E-factor was hold at 0.57. The parameter ka must be known, for 

which the rate constant for TPS-Tf reported in Chapter 7 was used (0.0722 cm
2
/mJ). 

 

 

Figure 8.7: Input aerial image for the optimization. This aerial image was produced by 

PROLITH under the following illumination conditions. (CYMER XLA-300 

ArF, dipole source, NA = 0.85, flare = 3%, 100 nm half-pitch phase shift 

mask with 6% attenuation) 
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The algorithm of the optimization is as follows. With a known value of ka (0.0722 

cm
2
/mJ for TPS-Tf), the input variables, p and kb/ka, were used to calculate the net acid 

production curve. A resulting curve is, for example, the one shown in Figure 8.8. The 

acid threshold was varied from the maximum acid concentration to zero as indicated by 

the dashed line in the figure. This action is equal to adjusting the PEB temperature, and 

E-factors were calculated during this scan. Once the E-factor hits the target value 0.57, 

the scan is forced to stop. The dose thresholds, E0 and En, were read and then used to 

calculate the slopes of the acid profile at both positive and negative edges. This cycle was 

repeatedly performed for combinations of various p and kb/ka. 

 

 

Figure 8.8: Illustration of the searching algorithm for a target E-factor. 
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indicated by the dashed line. A comparison between the two contour plots reveals that 

when targeting 1:1 L/S the acid gradient is generally lower at negative-tone edges than 

that at positive-tone edges. This observation is more pronounced in Figure 8.10. 

 

 

 

 

Figure 8.9: Acid gradient at the positive edge (top) and the negative edge (bottom) with 

varying the feed ratio of PBG to PAG and the ratio of kb/ka with given other 

conditions (e.g. E-factor = 0.57, ka = 0.0722 cm
2
/mJ, and the aerial image in 

Figure 8.7). The results are also presented in 3-D surface plots shown on the 

right side. The white dashed line in the bottom left indicates the surface 

maximums. 
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Figure 8.10: A schematic comparison between the acid gradients at positive and negative 

tone edges. 

The best formulation (e.g. [PBG]0/[PAG]0 and kb/ka) was chosen to maximize the 

acid gradients at both positive and negative tone edges. Unfortunately, the maximum acid 

gradients at the two edges are achieved with different formulations. The maximum acid 

gradient at the negative-tone edge should be satisfied because the overall acid gradient is 

lower at the negative-tone edges than the positive-tone edges. The white dashed line in 

Figure 8.9 specifies these best formulations. Another consideration is how much incident 

dose is required to capture E0 and En and produce pitch division patterns as there was a 

concern of the exposure dose exceeding 100 mJ/cm
2* [5-7]. Figure 8.11 shows the 

calculated incident dose required to achieve pitch division with various formulations 

                                                 
* The amount of the light continuously absorbed by the lens is trivial but becomes considerable when the 

dose is high. The heat generated by the light absorption in the lens material may lead to lens distortion and 

further lens damage. The upper limit for the maximum dose in a single exposure scan that can be supplied 

by the lithography tools is suggested to be 100 mJ/cm
2
.This limitation may be circumvented by exposing 

the same area for multiple times to exceed the specified limit and allowing the heat to dissipate between 

each exposure scan, but this method has not yet been tried by the author. 

Acid gradient at En

Acid gradient at E0

Acid gradient 
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under the same processing conditions as those in Figure 8.9. It can be seen that to achieve 

the maximum acid gradient at En requires an incident dose above 100 mJ/cm
2
, which 

unfortunately is beyond the tool specification. Thus, if the 100 mJ/cm
2
 limit is to be 

believed, it must be taken into account when searching for the best formulation. 

 

 

Figure 8.11: Incident exposure dose required to obtain a target pitch division with 

varying the feed ratio ([PBG]0/[PAG]0) and the ratio of the rate constants 

(kb/ka). The black dashed line in the left plot denotes 100 mJ/cm
2
. 

As reported in Chapter 7, the rate constant for base generation from DCHA-NO2 

at 193 nm is 0.013 cm
2
/mJ. Since DCHA-NO2 will be the PBG in the experiment, the 

optimization was therefore run for the case of DCHA-NO2. The variable kb/ka in the 

optimization then becomes a constant (kb/ka = 0.013/0.0722 = 0.018), which simplifies 

the optimization shown previously. Figure 8.12 shows the results of the study. As 

expected, the acid gradients at the positive-tones edge are greater than those at the 

negative-tone edges. The absolute maximum acid gradient possible at the negative-tone 

edges must be satisfied to produce the best pattern. The incident dose required for pitch 

division under that condition can be found on the thick green line. The tool-specified 

dose limit (100 mJ/cm
2
) is indicated by the red dashed line. The incident dose required to 
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achieve the maximum acid gradient at the negative-tone edge is at the 100 mJ/cm
2
 limit 

and corresponds to a loading ratio of 1.5. This loading ratio was used in the simulation of 

lithographic patterns. 

 

 

Figure 8.12: Calculated results of acid gradients at positive and negative tone line edges 

for the following conditions (ka = 0.0722 cm
2
/mJ, kb = 0.013 cm

2
/mJ, CD 

target = 1:1 L/S). The acid gradient at the positive-tone edge (■) and that at 

the negative-tone edge (○) are corresponded to the left Y-axis. The green 

thick line which represents the incident dose required to achieve 1:1 L/S 

pitch division is corresponded to the right Y-axis. The red dashed line 

indicates the assumed 100 mJ/cm
2
 limit for one continuous exposure. 
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8.3 LITHOGRAPHY SIMULATION 

8.3.1 Simulation Strategies 

The purpose of the lithography simulation was to study the pitch division 

performance and therefore guide the actual lithographic tests. The simulation was 

performed with the assistance of PROLITH, an industry recognized simulation software. 

PROLITH is equipped with sophisticated theoretical and empirical models that are 

employed to simulate illumination conditions, image formation, resist chemistry, and 

resist development. These features make PROLITH ideal for simulating pitch division 

lithography. PROLITH v9.3 is not capable of simulating customized photochemistry 

other than that of the conventional PAG decomposition. Fortunately, PROLITH does 

provide a programming interface (PPI) that can be used with Visual Basic or MATLAB 

to extend the simulation capability, including incorporation of customized resist 

chemistry. In this study, customized modules coded in MATLAB were developed to 

perform the dual-tone resist chemistry, manage the lithography unit operations, optimize 

the processing conditions, and generate process windows. This code was derived from 

Lee’s original code [8] for the simulation of DEL materials but was considerably 

modified to perform the dual-tone chemistry and provide a searching algorithm that 

targets E-factors. The details of the simulation algorithms are presented in Appendix D. 

Here, only the processing conditions in the simulation are described. 

First, the illumination parameters were set to mimic state-of-the-art ArF 

lithography tools at IMEC* and JSR Micro† to provide guidance for lithography tests at 

                                                 
* IMEC, which stands for Interuniversity MicroElectronics Center, is a world-leading research program in 

nano-electronics. IMEC is headquartered in Leuven, Belgium. 
† JSR Micro Inc. is a Japanese chemical company dedicated in development and production of advanced 

materials for semiconductor manufacturing. JSR Micro has production plants and development facilities in 

Sunnyvale, CA. 
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these specific facilities. The illumination conditions are summarized in Table 8.1. 

Second, the dual-tone chemistry was described using the kinetic equation (8.5) in section 

8.2.1. This equation was used for the simulation with the assumption that no side 

reactions or secondary photochemical reactions occur during exposure and the post 

exposure bake (PEB). Third, the resist parameters employed in this simulation was based 

on JSR-ARX2419JN resist, which is a state-of-the-art high-resolution ArF resist polymer. 

The resist parameters and processing conditions are listed in Table 8.2. All processing 

conditions were “standard”, except the PEB temperature, which was varied to adjust E-

factors for given specific resist formulations. 

Table 8.1: Illumination conditions for the simulation. 

Illumination Conditions 

Wavelength (λ) 193 nm 

Source Shape Dipole 

Numerical Aperture 0.85 

Flare 0.01 

Polarization Y 

Mask Phase-shift 

Pitch Size Varied 
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Table 8.2: Resist processing conditions for the simulation. 

Parameter Value Description 

Dill A (μm
-1

) 0 Photobleachable absorbance 

Dill B (μm
-1

) 1.60 Non-photobleachable absorbance 

ka (mJ/cm
2
) 0.0722 Rate constant for acid generation 

kb (mJ/cm
2
) 0.0130 Rate constant for base generation 

n 1.736 Refractive index 

[PBG]0/[PAG]0 1.5 Feed ratio of PBG to PAG 

TPEB (ºC) Varied Post exposure bake temperature 

Ar (nm
2
/s) 17.9 Pre-factor for acid diffusivity 

Ea (kcal/mol) 13.00 Activation energy for acid diffusion 

 

With these conditions and parameters established, the lithography simulation was 

carried out. The eventual output of the simulator is the metrology of the resist pattern, 

including the resist profile, CD*, sidewall angle, resist loss, and feature placement error. 

Of the simulation results, resist pattern profiles are particularly important because they 

are a direct indication of whether pitch division is achieved. The robustness of the 

processes for achieving target CDs is also crucial. If tiny perturbations in the processing 

conditions lead to big changes in the resulting resist linewidth, this technique is not likely 

to be useful. Process robustness is commonly characterized by a type of process window 

measurement, focus-exposure matrix (FEM), in the lithography field. This method 

intentionally inputs a matrix of deviated exposure doses and focuses into a simulator and 

then analyzes the resulting linewidth variations. Smaller linewidth variations indicate a 

more robust process. One thing worth noting is the fact that there are two sets of resist 

patterns in pitch division lithography, those for positive-tone lines and negative-tone 

                                                 
* CD, which stands for critical dimension, is equal to the feature size. In line and space patterns, CD is 

equal to the linewidth. 
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lines. Each of these is dictated by a corresponding dose threshold and is imaged using a 

different portion (upper and lower) of the aerial image. Therefore, the changes in the 

positive and negative tone linewidths respond differently to the exposure and focus, so 

two separate process window measurements are necessary. The two process windows 

must be convoluded to produce the overall process window. 

8.3.2 Results and Discussions 

The simulation results predicted a successful pitch division of a 200 nm pitch line 

and space pattern on the mask. Figure 8.13 shows the final resist profile. Clearly, the 

pitch size of the resist profile is reduced to 100 nm, which is a result of pitch division. 

The apparent scaling factor k1 for this pitch division process can then be calculated using 

Rayleigh’s equation, in which the resolution R is expressed as the half pitch. In this case, 

R equals to 50 nm. The process related factor k1 is then calculated to be 0.22 according to 

equation (8.8), which is beyond the resolution capability of any exposure tool with 

conventional resist processing techniques, but was successfully achieved by the dual-tone 

resist. This k1 of 0.22 is an apparent or effective value, because the resolution limit of the 

projection optics can never be exceeded below 0.25. That is the absolute physical limit of 

an optical system, but it is obviously possible to exceed the physical limit by 

circumventing the harsh processing condition at low k1 with pitch division lithography. 
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Figure 8.13: The top plot is the input aerial image with 200 nm pitch size. The bottom 

plot is the lithography simulation result using a dual-tone photoresist, which 

reveals a resist pattern with 100 nm pitch size. “P” denotes the positive-tone 

lines, and “N” denotes the negative-tone lines.
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The pitch division image was very encouraging, but the robustness of this process 

must be studied as it is important for practical applications. The process window for the 

pitch division was therefore constructed in terms of the exposure and focus latitude using 

a dedicated software, ProDATA (v1.4.3), which is used for metrology data processing. 

The ProDATA software first maps the raw CD data on the plot with varying the 

exposure dose and focus. The CD data is then fitted with a polynomial surface function 

against the exposure and focus. Figure 8.14 shows a contour plot of the fitted positive-

tone CDs against the input exposure and focus for the above process. This plot 
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demonstrates how exposure and focus works together to affect the resist linewidth. In this 

contour plot, there exists a region whose borders are the outer limits of the acceptable CD 

(commonly ±10% of the target CD). Since the target CD is 50 nm, the outer limits then 

are 45 nm and 55 nm respectively as shown in Figure 8.15. This region represents a 

nominal process window for producing an acceptable CD. However, the actual 

processing condition (i.e. exposure and focus) inside the tools may vary from the nominal 

values because of random and sometimes even systematic errors. Thus, a process window 

or extent of tolerance to error must be defined. 

 

 

Figure 8.14: Contour plot of fitted positive-tone CD data (Target CD = 50 nm). 
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Figure 8.15: A nominal process window that specifies the outer limits of an acceptable 

CD range (target CD of 50 nm ± 10%). 

The definition of process window for focus-exposure matrix is well described by 

Mack [9]. According to his description, the process window can be thought of as how 

much error a process is able to tolerate. One type of error, random processing errors, 

usually arises from the limited precision of the optics and the instability of the laser 

source. Sometimes, systematic errors occur due to poor tool calibrations. These errors 

may cause the CD to be out of the specification and thereby adversely affect the device 

yield. Because of the inevitable presence of errors, the actual process condition falls into 

some range of exposure doses and focuses, that is, an area of uncertainty around the 

nominal condition instead of a single nominal condition in the focus-exposure coordinate. 

This area is elliptical in shape for pure random errors, called Gaussian errors, but is 

rectangular if the errors are systematic [9]. Here, pure random errors are assumed. The 

process window, also regarded as the tolerance to error, can be therefore expressed as the 
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“largest” elliptise that would fit into the CD limits as shown in Figure 8.16. It is worth 

noting that the “largest” is not unique, and it means that the ellipse cannot be expanded in 

either direction without going beyond the CD limits. The best processing condition, the 

one that is chosen to start with, is the dot shown in Figure 8.16. The process under this 

condition exhibits maximum tolerance to vertical variation (exposure dose) and 

horizontal variation (focus) within the specific CD range. The maximum tolerance to 

exposure error (specified by the maximum heights of the ellipse) is known as Exposure 

Latitude (EL), whereas the maximum tolerance to focus error is known as Depth of Focus 

(DOF). Larger EL can be obtained if DOF can be minimized. Similarly, DOF can be 

enhanced if the exposure dose is precisely controlled. Clearly, DOF and EL cannot be 

improved simultaneously. 

 

 

Figure 8.16: A “maximal” process window (in red) that is specified by the CD limits. 

The dot represents the best processing condition within this process window. 
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In order to produce a successful pitch division, both positive and negative tone 

CDs have to be within the specifications (target CD ± 10%). The overall process window 

must be the intersection of the process windows for both lines. Figure 8.17 presents the 

overlapping process windows. The process conditions must fall into the overlapped area 

in order for a qualified pattern. The dimensions of this overlapped window are mainly 

dictated by the narrow process window of the negative-tone lines because of the shallow 

acid gradient at the negative-tone edges and the nature of the negative-tone imaging of 

thin lines, which is discussed in the future work in Chapter 10. 

 

 

Figure 8.17: An overlapped nominal process window (PW) between the positive-tone 

and negative-tone ones. Only the process condition within the overlapped 

window can produce a pattern within the CD specifications. 

Another method of analyzing the process window is to adjust the shape of the 

elliptical process window within the CD constraints, i.e. varying the DOF (maximum 

width), and then plot the corresponding exposure latitude (maximum height) against the 
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DOF as shown in Figure 8.18. This curve reveals the trade-off between exposure and 

focus. This graph is particularly useful for assessing a process, because all of the possible 

process windows are consolidated into one graph. 

 

 

Figure 8.18: An exposure latitude vs. depth of focus plot that specifies the EL and the 

according DOF of all the possible “maximal” elliptical process windows 

within the CD limits. 

The ultimate question in this content is whether pitch division lithography can be 

implemented on commercial exposure tools and how it would perform compared to the 

conventional lithography. This question can be answered by comparing the process 

windows between these two processes at different k1. In this case, the process-dependent 

factor k1 is mainly adjusted by desired pitch size, for example if a resist pattern with 50 

nm half-pitch is targeted at NA = 0.85, the k1 then equals 500.85/193 = 0.22, and the 

corresponding process window can be calculated. Figure 8.19 presents the EL vs. DOF 

graph for pitch division lithography at various half pitch sizes. In general, the smaller the 

desired feature, the lower the exposure latitude. For a simple comparison, the EL at a 
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fixed DOF (e.g. 0.05 μm) for pitch division can be plot against k1 and compared to those 

for the conventional lithography. 

 

 

Figure 8.19: EL vs. DOF graph for various half-pitch sizes (i.e. various k1) for pitch 

division lithography. 

Figure 8.20 shows a comparison of the exposure latitude (EL) for the two 

processes at a constant depth of focus (DOF) of 0.05 μm. The plot clearly implies that 

when the pitch size is very demanding (k1 < 0.27), the conventional lithography has 

completely failed, whereas pitch division lithography can still be implemented with a 

relative normal EL compared to its EL values at high k1. However, when k1 is above 0.30, 

conventional lithography exhibits much larger exposure latitude. Therefore, pitch 

division lithography is only an advantage at small k1, particularly k1 < 0.27. Note that in 

all cases shown in the plot, the aerial images produced by the optics are sinusoidal waves, 

which is a requirement for successful pitch division. 
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Figure 8.20: Comparison of exposure latitude (EL) between the conventional lithography 

and the pitch division lithography at various process aggressiveness k1. The 

illumination conditions for both processes are identical. 

Another comparison can be made using the EL vs. DOL graph is to compare the 

process window at [PBG]0/[PAG]0 = 1.5 with that at [PBG]0/[PAG]0 = 3.5. This can help 

to confirm the optimized formulation. Figure 8.21 shows the EL vs. DOL plot for the 

cases in which the PBG/PAG loadings are different, but other critical processing 

conditions are held constant except PEB temperatures and base quencher loading that are 

used to adjust the E-factor. Clearly, the formulation of [PBG]0/[PAG]0 = 1.5 produces a 

larger process window as predicted in section 8.2.2. 
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Figure 8.21: Comparison of pitch division process windows between two formulations. 

The line and dot in blue denotes the formulation with 1.5 PBG/PAG 

loading, whereas that in yellow denotes the formulation with a ratio of 3.5. 

8.4 CONCLUSIONS 

A dual-tone resist response is necessary but not sufficient to achieve pitch 

division. This was confirmed by a detailed analysis of the influence of the dual-tone dose 

thresholds (E0 and En) on pitch division performance. A lumped parameter, termed the E-

factor, was established to describe these two dose thresholds. The analysis concluded that 

the E-factor of a resist formulation must be smaller than the image contrast in order to 

produce a pitch division response. Additionally, the E-factor must be matched with a 

corresponding value of image contrast to produce line and space patterns with specific 

CD sizes. An optimization of the resist formulation, specifically the feed ratio of PBG to 

PAG and the ratio of kb to ka, was performed to find the best acid gradient possible at 

both line edges. The results showed that smaller ratios of PBG to PAG yield higher acid 
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gradients. The optimized feed ratio for DCHA-NO2 was 1.5. This value was used in a 

simulation to assess the feasibility of pitch division lithography. PROLIITH software, 

coupled with a customized MATLAB codes, was used to perform the simulation, which 

included simulating dual-tone chemistry, optimizing E-factors, and simulating the final 

resist patterns. The simulation results demonstrated pitch division operated at various k1 

from 0.35 to 0.15. The process windows for these conditions were acceptable. 

Conventional lithography completely failed to print any features when k1 was below 0.27. 

Therefore, pitch division lithography is advantageous under demanding processing 

conditions (i.e. small pitch size), and is worth exploring on commercial lithography tools. 
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Chapter 9: Lithographic Evaluation and Analysis 

The ultimate goal of this study was to demonstrate the feasibility of pitch division 

using the dual-tone formulation in a commercial exposure tool. The simulation results in 

the last chapter are encouraging as they suggest that pitch division lithography is 

advantageous at a low k1 (< 0.27) whereas conventional lithography fails to print under 

such harsh processing conditions. Since pitch division lithography is fully compatible 

with the current exposure tools, it is ready to test. We have collaborated with three 

industrial corporations to perform lithographic evaluations on the dual-tone photoresists. 

The results are presented in this chapter. In addition, an analysis of the sources for line 

edge roughness was conducted, and the details are also described in the chapter. 

9.1 LITHOGRAPHIC EVALUATION 

9.1.1 Demonstration of Pitch Division 

The resist formulations were tested in collaboration with Intel, IMEC, and JSR 

Micro. In all cases, contrast curve measurements were conducted for each formulation 

prior to the patterning. E-factors calculated from the contrast curves were tuned with two 

process parameters; PEB temperature (tune the acid threshold) and quencher loading 

(tune the acid baseline). Once the desired E-factor was achieved, the processing 

conditions and formulations were ready for the patterning. The actual process parameters 

were subjected to adjustments depending upon the resist patterning performances 

observed using scanning electron microscopes (SEM). 

The lithography tests at Intel were performed by Robert Bristol, a research 

scientist at Intel, using an interferometric lithography tool. This tool produces a pure 
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sinusoidal aerial image with all available NA values, which is beneficial for studying 

pitch division lithography. Figure 9.1 shows the SEM images of successfully pitch 

divided line and space patterns using the dual-tone formulations. The process latitude 

factor k1 was calculated to be 0.125. This interferometric lithography tool was originally 

designed for near 0.25 imaging. With the help of a dual-tone resist, the resolution 

capability of the tool has been extended by a factor of two. 

 

 

Figure 9.1: SEM images (Left: top down view; Right: 45° view) of pitch divided line 

and space patterns at NA = 0.22. The half-pitch (HP) size defined by the 

mask is 220 nm, and the resulting resist pattern reveals a feature size of 110 

nm HP. [1] 

The dual-tone formulation was also printed at NA = 0.54 which is a half-pitch 

size of 90 nm defined by the mask. The resulting resist pattern (Figure 9.2) showed 45 

nm HP lines and spaces: a successful proof-of-concept demonstration for pitch division 

lithography! One interesting observation in the images is that every other line is sharper 

than its neighbor. Although there was no direct indication of which lines are positive-tone 

lines, it is believed that the sharper lines are the positive-tone ones created in low 

exposure regions as predicted by the simulation in which the acid gradient across the 

positive-tone edges is higher than that for the negative tone. 
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Figure 9.2: An SEM image of 45 nm HP line and space pattern with pitch division. The 

half-pitch size of the optical image as defined by the mask is 90 nm HP. [1] 

The lithographic tests were performed by the author in collaboration with IMEC 

and JSR Micro. These experiments also successfully demonstrated pitch division at 

various pitch sizes. The exposure tool used for patterning was an ASML TWINSCAN™ 

XT:1250, which is a dry ArF tool with a maximum NA of 0.85. The illumination was a 

non-polarized dipole source with an NA of 0.85. The resist formulation was a 

commercial ArF resist with an additional of 5.5 mM of DCHA-NO2 PBG. Figure 9.3 

shows the SEM images of pitch division at various pitch sizes using this tool and the 

dual-tone resist. 

 

 

Figure 9.3: SEM images of pitch divided pattern with various pitch sizes. [2] 
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SEM images taken at a 45° angle are shown in Figure 9.4 They reveal more 

details about this pitch division pattern. It is relatively easy to assign the lines in this 

pattern because the mask pattern is known to be an array of 9 trenches. The aerial image 

produced with this mask was simulated in PROLITH as shown in Figure 9.5. Apparently, 

the lines are alternatingly positive-tone and negative-tone. The intensity maximum on the 

side of the pattern is relatively low due to the lower illumination on the edge of the 

pattern. This low intensity maximum perfectly corresponds to the thinnest line on the 

very side of the SEM image (Figure 9.4), indicating negative-tone lines. Hence, the 

second left line is inferred to be a positive-tone line, which is thicker than the rest of the 

positive-tone lines as shown in the SEM image. This also agrees well with the simulated 

aerial image (Figure 9.5). 

 

 

Figure 9.4: An SEM image (45° view) of 50 nm HP pitch divided line and space 

patterns printed with a 100 nm HP mask. 

Negative
Positive
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Figure 9.5: Simulation of an aerial image produced through a 9-trench dark field mask 

(top left). The dual-tone dose thresholds (E0 and En) are listed for illustration 

purposes. 

Figure 9.6 also confirms the previous assignment of the dual-tone lines. In this 

case, the trench to pitch ratio is 1:3, for which the aerial image was simulated as shown in 

the inset. The overall intensity of the aerial image decreased as the trenches became 

smaller relative to the pitch. For the same amount of incident dose, the actual dose at the 

very left intensity peak was lower and unable to capture the negative dose threshold, 

which led to a disappearance of the negative-tone lines at the sides of the pattern. This 

perfectly rationalizes the line assignments made previously. 
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Figure 9.6: An SEM image of line and space patterns printed with a mask of 60 nm 

trenches with 180 nm pitch. The negative-tone lines on both sides failed to 

print because of the low peak intensity as illustrated in the inset. 

The line assignment should not be based on the line edge performance (i.e. 

roughness and straightness), because the line edge performance is determined by the acid 

gradient at the actual line edges, and the acid gradients at one type of line edge (e.g. 

positive) are not consistently higher or lower than the other depending upon the line 

width for each tone. In Chapter 8, the simulations concluded that when targeting equal 

line patterns, the acid gradients at the positive-tone edges are always higher than those at 

the negative-tone edges. This is no longer true when the positive-tone linewidth and the 

negative-tone linewidth are not equal in the final pattern. A simulation was carried out to 

predict acid gradients at line edges of both positive and negative tones with varying the 

CDs of each tone. The CDs were adjusted by increasing the incident exposure dose from 

0 mJ/cm
2
 to 160 mJ/cm

2
. Figure 9.7 shows how CDs of positive-tone and negative-tone 

lines respond to changes in incident dose. The point at which two curves cross is the 

equal line pattern. In theory, the more gradual the curve, the greater the error in exposure 

dose that the process can tolerate. 
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Figure 9.7: Simulated CDs of both positive and negative tone lines against the incident 

exposure dose. The simulation conditions are the same as those for Figure 

8.12 in Chapter 8. The target CD is 50 nm. 

Figure 9.8 presents the result of a simulation on acid gradient on line edges with 

changing exposure doses. The X-axis (incident dose) in this plot corresponds to that in 

Figure 9.7. It can be seen that the acid gradient at the positive-tone line edges is higher 

when the resist pattern is equal lines. The acid gradient at the positive-tone line edge 

quickly drops below that at the negative-tone edge when overexposed, and in this case, 

the negative-tone edges should be much sharper than the positive-tone ones. This 

simulation result is confirmed by the observation of poor positive-tone lines with excess 

exposure doses as shown in Figure 9.9.  
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Figure 9.8: Simulated acid gradient at line edges of both tones with changing incident 

dose. The corresponding pattern sizes to the dose can be found in Figure 9.7. 

 

 

Figure 9.9: An SEM image of 49 nm HP pitch division pattern printed with a mask of 

85 nm trenches with 195 nm pitch under an incident exposure dose of 80 

mJ/cm
2
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9.2 IMPROVING LINE EDGE PERFORMANCE 

Although the SEM images showing distinct dual-tone lines are encouraging, 

severe line edge roughness (LER) is present in the resist patterns on most of the wafers 

processed. The patterning performance is not satisfactory as the LER exceeds the ITRS 

specifications (3ζ < 8% CD) [3]. Continuing efforts have focused on reducing the LER 

and enlarging the lithographic process window for pitch division. 

The patterning performance for dual-tone resists is directly related to the optical 

image contrast and the acid gradients at the dual-tone dose thresholds. This is different 

from the conventional resist case in various ways. First, the line edges for dual-tone 

resists are defined simultaneously by the high and low intensity regions of the sinusoidal 

image, whereas for conventional resists they are defined near the medium intensity 

regions where the image slope is the highest. Second, the net acid generation for the dual-

tone resist is a parabola like function rather than a first order exponential decay from the 

conventional resist. Last but not least, defocusing of illumination in the resist affects two 

tones simultaneously and more profoundly than it does in a conventional resist. We 

postulate that it is the convolution of these unique behaviors of the dual tone resist that 

are responsible for the poor LER. There are three major challenges associated with these 

unique behaviors, which must be addressed to achieve a pitch division with low LER. 

Those challenges are listed below. 

 

1) Minimize the non-uniformity of the image-in-resist along the Z direction 

2) Maximize the slope of the acid generation curve across the threshold dose 

3) Limit the diffusion of photochemically produced acid and base 
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Simulations and experiments were designed and performed to provide guidance 

for addressing these challenges. The results are described in the following sections. 

9.2.1 Z-directional Non-uniform Image-in-resist 

A single-layer bottom anti-reflective coating (BARC) has been used in the 

photolithography process for years to reduce substrate reflectance. Although multilayer 

BARC have been proven to further reduce standing waves [4], a single-layer BARC is 

enough for imaging with conventional resist. However, some trace amount of substrate 

reflectance, which is inevitable with single-layer BARCs, might cause trouble in 

patterning the dual-tone resist. Simulations described below were performed to 

demonstrate this point. 

The resist profiles after development were simulated for a given image-in-resist 

for both conventional lithography and pitch division lithography. The simulation strategy 

is to keep as many processing parameters constant as possible for both types of 

lithography, except the following parameters: acid generation kinetics, incident exposure 

dose and PEB temperature. The acid generation kinetics in the dual-tone resist refers to 

the net acid generation. The simulation was performed with PROLITH and a customized 

MATLAB code that was discussed in Chapter 8. 

Figure 9.10 show a typical optical image (top) in the resist film under a specific 

illumination condition. The illumination parameters are described in the caption. The Dill 

B parameter, which is the film absorbance, is slightly higher than normal in order for a 

better illustration. The resist profile of a single positive tone resist after development was 

simulated using PROLITH and shown in the bottom image in Figure 9.10. It can be seen 

from the input image-in-resist that there exists a low extent of standing wave and a fair 
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amount of absorbance. As expected, the resulting resist profile for the positive tone is still 

quite acceptable. The side wall angle is slightly reduced due to the absorbance but the 

pattern is satisfactory for the next etching step. 

 

 

Figure 9.10: The top image is a typical optical image in the resist produced by the 

following illumination condition (NA = 0.85, Y-Dipole, 100 nm L/S PSM 

w/ 6% Attn., n = 1.736, Dill B = 3.08 μm
-1

, BARC(ARC29A) = 84 nm). The 

dashed line represents the line edges. The bottom image is the simulated 

developed resist profile for this aerial image with conventional lithography. 

Yet, the patterning of dual-tone resists is different. The cross-section profile is 

defined by the high intensity and low intensity region in the image-in-resist. Standing 

waves have the greatest effect on the high intensity end. This can also be seen in the 

stacked intensity profiles shown in Figure 9.11. There is greater intensity variation near 

the intensity peak, directly leading to a poor CD uniformity in both the XY direction and 

Z direction. The simulated pitch division profile is shown in Figure 9.12. As can be seen, 

the negative tone lines undercut, reproducing the shape of the high intensity portion of 

the image-in-resist, whose shape is largely determined by the absorption. It is necessary 
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to mention that the negative lines are more sensitive to perturbation than the positive lines 

as observed from simulation results. The bottom of the negative lines tends to disappear, 

resulting in peeling off or “adhesion loss” of the negative lines. This greatly reduces the 

exposure latitude for the negative images. 

 

 

Figure 9.11: Stacked z-directional intensity profile (light intensity profiles at each z 

position in the image-in-resist shown in the top image in Figure 9.10). This 

plot shows the intensity variance along the z-direction in the image-in-resist 

for conventional lithography (left) and pitch division lithography (right). 
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Figure 9.12: The top image shows the image-in-resist with two sets of dashed lines, 

indicating how the positive tone lines and the negative tone lines are defined 

by E0 and En. The right image is the simulated cross-section profile for pitch 

division patterns with a dual-tone photoresist. 

The implication of these observations and analyses is that in order to solve the 

poor negative tone performance, the standing wave and the absorption must be reduced. 

Therefore, the z-directional uniformity in the image-in-resist must be maximized. One 

way to achieve this is to reduce the resist film thickness. Thinner resist films result in 

lower total film absorbance, which will improve the side wall angle. Also, when the resist 

layer is thinner than the standing wave, only part of the wave influences the standing 

wave. Figure 9.13 shows the PROLITH simulation of image-in-resist with varying the 

resist film thickness. Assuming the optical focus is on the resist surface, the uniformity of 

the image-in-resist improves as the resist thickness is decreased. The stacked intensity 

profiles are also plotted and show a much smaller variation at the high intensity region of 

the optical image, thereby improving LER in the negative tone lines. 

Negative (En)Positive (E0)
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The resist profile was simulated with a 50 nm thin resist film by PROLITH using 

the same PPI code. The side wall angles for both positive and negative lines are greatly 

improved as shown in Figure 9.14. Hence, the process window for pitch division is 

enlarged accordingly and can be further improved in conjunction with the methods 

described in the next section. There are several concerns about the thin resist film. These 

include acid loss through the resist surface and changes in resist physical properties [5]. 

These concerns will be considered during the lithographic evaluation with thin resist 

films (~ 50 nm) that will be carried out in the future. 

 

 

Figure 9.13: Influence of resist film thicknesses on the image-in-resist and the stacked 

intensity profile. 
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Figure 9.14: A simulated pitch divided resist profile with thinner resist films for a dual-

tone resist. 

9.2.2 Improving Acid Gradient 

Acid Gradient Depression by Addition of PBG 

The acid gradient at dual-tone line edges directly affects the patterning 

performance. Compared to conventional ArF resists, the PBG based dual-tone resists 

have lower acid gradients mainly because the base generation slows down and ultimately 

shuts off the net acid production. If one ignores the optical image contrast and merely 

considers the dose dependent acid generation slope at the thresholds, it is clear that the 

acid generation slope in a conventional resist can be expressed as the first derivative of 

the acid concentration against dose as shown in equation (9.1), whereas for the PDL 

resist, the acid slope becomes equation (9.2), which adds a base generation term. This 

term is in negative value and therefore degrades the acid slope. 

aconv
a

[Acid] k Dosed
k e

dDose

 
      (9.1) 

a bdual-tone
a b

[Acid] k Dose k Dosed
k e k e

dDose

   
       (9.2) 

In these equations, ka and kb are the kinetic constants and Dose is the exposure 

dose applied to the resist. The PAG loadings for both resists are normalized to the same 
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value to ensure a valid comparison of the kinetics. Figure 9.15 illustrates this comparison 

in which the acid generation slope with the conventional acid generation is higher than 

that with a dual-tone resist. 

  

 

Figure 9.15: Schematic comparison of the acid gradient between conventional acid 

generation kinetics and net acid generation in dual-tone resists at the same 

dose threshold. 

However, a more important metric is the acid gradient versus position. The dual-

tone resist usually needs higher incident dose to print a pitch divided 1:1 L/S pattern than 

the conventional resist needs for 1:1 L/S, and the higher dose enhances the acid gradient 

for dual-tone resists. Therefore, when the aerial image and the dose profile are taken into 

account in calculating the acid gradient, the equation (9.3) derived in Chapter 8 for 

calculating the acid gradients is still valid for this case. Similarly, equation (9.4) can 

describe the acid gradient at the threshold dose for the conventional resist. 

        
 

a bdual
a b

ln( ) x xk E k E d E xdA x
k E x e p k E x e

dx dx

   
       

  
(9.3) 

    
 

aconv
a

ln( ) xk E d E xdA x
k E x e

dx dx

 
   

    
(9.4) 

Assuming the same condition as that in Chapter 8 (i.e. same aerial image, ka = 

0.722 cm
2
/mJ, kb = 0.013 cm

2
/mJ, and p = 1.5) and a CD target of 1:1 L/S, the maximum 

Conventional acid generation

Net acid generation with presence of PBG
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attainable acid gradient for conventional resist is 9.310
-3

 nm
-1

, whereas that for the dual-

tone resist is 3.410
-3

 nm
-1

 as previously shown in Figure 8.12. This is a considerable 

acid gradient degradation, and it is due to the addition of PBG into a conventional resist. 

Improving Acid Gradient by Two-stage PBG 

This degradation must be, to some extent, responsible for the line edge roughness 

(LER), especially the high frequency LER. Clearly, it is important to improve the acid 

slope to reduce the LER. It can be imagined that a delay in generating base would 

maintain the chemical contrast at the same level as that of a conventional resist at the 

positive end; and a following onset of rapid base generation after certain amount of 

exposure would create a sharp drop in acid generation, producing a high contrast negative 

tone. There is no chemical analog of photochemical base generation of the sort described 

above in the existing literature, but this unique kinetic response can be achieved if there is 

a slow increase in base concentration at the beginning of the exposure followed by a 

rapid increase in rate with conversion. Kinetics of this sort can be realized by a series 

reaction as shown below, 

b1 b2

Latent PBG PBG Base ,hv hv

k k
   

where the base generation is executed in a linked two-stage reaction, and the latent PBG 

is also called two-stage PBG. Photobase generation of this sort is described in equation 

(9.5), 
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   b1 b20
b2 b1

b2 b1

[L-PBG]
[Base] ,

k Dose k Dose
k 1 e k 1 e

k k

        
 

  (9.5) 

where [L-PBG]0 is the initial concentration of the latent PBG, and kb1 and kb2 are the rate 

constants for the two steps respectively. The base generation from this two-stage PBG is 

plotted in Figure 9.16 (b). The kinetic constants and loadings used for the simulation in 

Figure 9.16 are as follows. (ka = 0.0722 cm
2
/mJ, kb = 0.013 cm2/mJ, kb1 = 0.02 cm

2
/mJ, 

kb2 = 0.02 cm
2
/mJ, [PAG]0 = 1, [Conv-PBG]0 = 1.5, [L-PBG]0 = 2). As can be seen, the 

base generation accelerates in the beginning stages of the reaction, slows down after 

roughly 30% conversion, and eventually plateaus just as a conventional PBG does. It is 

the acceleration at the very beginning of the exposure that is useful for the acid gradient 

enhancement. Like regular PBGs, the two-stage PBG loading must be higher than the 

PAG loading in order to fully quench the acid produced in the high exposure regions. The 

resulting net acid generation is compared to that produced with a regular PBG as shown 

in Figure 9.17. Under the same processing condition, the acid slopes with a two-stage 

PBG are superior. 

 

  

Figure 9.16: (a) Acid and base generation from a regular dual-tone resist; (b) A base 

generation with a self-acceleration produced by a two-stage PBG (kb1  kb2). 
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Figure 9.17: Comparison of net acid production curves between the conventional PBG 

quenching and the 2-stage PBG quenching. 

To fully utilize the beginning portion of the base generation from a two-stage 

PBG, there is a need to quantitatively assess this acceleration effect in the base 

production. The nonlinear acceleration effect stops at the inflection point of these curves, 

where the second derivative of the curve equals zero. Any portion of the curve above the 

inflection point loses the acceleration effect and no longer enhances the acid gradient. 

Fortunately, there is only one parameter, the ratio of kb1 to kb2, which dictates where the 

inflection point appears on the curve. Figure 9.18 shows various base generation curves 

with different kb1/kb2 values. The red circle denotes the inflection point. The PBG loading 

is normalized to 1. The rate constant for the second stage, kb2, is assumed to be 0.131 

cm
2
/mJ, that for DCHA-NO2. This parameter does not affect the position of the 

inflection point. It only changes the x-axis scale, which is not an issue for the purpose of 

this calculation. 
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Figure 9.18: Simulated base generation of a two-stage PBG with various kb1/kb2 values 

ranging from 1 to 38. The red circles denote the inflection point on each 

curve. 

The inflection point appears at 26% production of the total base with a kb1/kb2 of 

1. When the first stage reaction becomes faster (kb1/kb2 > 1), the inflection point appears 

at a lower base production. It should be noted that the same phenomena has also been 

observed when the first stage reaction becomes slower (kb1/kb2 < 1). This finding implies 

that the inflection point decreases when the kb1/kb2 value deviates from 1. A lower 

inflection point essentially indicates that a higher PBG loading is required to fully capture 

the acceleration effect. In an extreme case as shown in Figure 9.18 where the very left 

curve is produced with a kb1/kb2 of 38, the PBG loading must be at least 10 times to the 

PAG loading in order to see the acceleration effect in base production. 

It is clear that the PBG with a kb1/kb2 ratio of 1 is advantageous in terms of the 

amount of loading required to use the acceleration effect. Another interesting comparison 
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is one that allows identification of the curve that exhibits the greatest acceleration. A 

mathematic approach to achieve this is to normalize all of the inflection points in Figure 

9.18 to a single point such that the acceleration effect for all the curves takes place 

between this point and the origin. A comparison of these normalized curves is presented 

in Figure 9.19. The curve representing the kb1/kb2 ratio of 1, which is the bottom curve, 

shows the greatest acceleration effect. Therefore, it is safe to conclude that a two-stage 

PBG with equal kb1 and kb2 is ideal to achieve maximum enhancement of acid gradients 

across line edges. 

 

 

Figure 9.19: Base generation curves of various two-stage PBGs (different kb1/kb2 values) 

normalized to their inflection points. 

With guidance from the above analysis, three types of two-stage PBG were 
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difunctional photolabile base generator. The latent PBG is an amine protected by two 

photolabile functional groups. The possible photolabile groups include the o-nitrobenzyl 

carbamoyl group, toluenesulfonyl group and nitroso group. In these systems, it takes two 

consecutive photo-cleavage reactions to release the amine. The second category is based 

on the PBGs with protected photosensitizers, e.g. benzophenone and tetramethoxy 

benzoin. Upon irradiation, the first photochemical reaction cleaves the protecting group 

(phenyl acetyl), which releases a triplet photosensitizer for the reaction that produces an 

amine. The third category involves PBGs with latent aromatic rings. A PBG of this sort 

undergoes a Norrish type II cleavage of the protecting group with the first photon, 

producing an aromatic ring. The substance thereby becomes more absorbing at 193 nm 

and is able to generate base in a second photochemical process. The synthesis and 

characterization of these PBGs are currently being pursued by the my colleagues. 

 

 

Figure 9.20: Structures of designed two-stage PBGs divided into three categories in 

terms of base generation mechanism. 
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9.2.3 Diffusion of Acid and Base 

Diffusion of photo acid has been indicated as a cause for LER in ArF and KrF 

resists and has been extensively studied in the lithography field [6-9]. In the early stage of 

our study, acid and base diffusion was thought to be one of the major contributors to the 

LER observed with the 45 nm HP pitch division patterns and might be also the limiting 

factor preventing the pitch division approach from achieving smaller features. We 

therefore set out to limit the acid and base diffusion by covalently attaching the PAG and 

PBG to the resist polymer backbone. This approach to controlling mass transport has 

been used by many others [10-12]. Our purpose was to compare the non-bound and 

bound cases and learn whether a major source of the observed LER is diffusion of acid 

and base. The synthesis and characterization of polymer bound PAGs and PBGs is 

described by Cho et al. in detail [13]. 

 

 

Figure 9.21: Structures of PAG and PBG bound polymers. The basic polymer contains a 

methyladamantyl methacrylate (MAdMA) unit and a gamma-butyl lactone 

methacrylate (GBLMA) unit. 

The structures of these polymers are shown in Figure 9.21. The polymer bound 

PAG, in particular, might be much less sensitive than non-bound PAG, since the 

corresponding photoacid is bound to the backbone. During PEB, the bound acid would 

affect less volume and catalyze fewer deprotection reactions. This is indeed what we 

observed with polymer bound PAG in the contrast curve measurement as shown in 
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Figure 9.22. When the two dose thresholds get closer through formulation optimization, 

and at some level the soluble film in the medium dose region becomes partially insoluble 

as indicated by the residue of undissolved film in the medium dose region. Under the 

same conditions with non-bound PAG, the resist film exposed with medium dose is still 

soluble. Hence, the polymer bound PAG was not further investigated but the polymer 

bound PBG was studied and compared to the non-bound case. 

 

 

Figure 9.22: Measured contrast curve of a dual-tone formulation with the polymer bound 

PAG shown in Figure 9.21. 

To study the effect of attaching PBG to the polymer backbone, two resist 

formulations were prepared such that the only difference between the two is whether the 

PBG is bound to polymer backbone or not. However, the composition of GBLMA and 

MAdMA units in the polymer bound PBG might not be exactly the same as those in the 

non-bound resin. Also, incorporation of PBG monomer into the polymer backbone might 

change the dissolution properties of the resin, which was not investigated in this study. 

Thus, the loadings of each component were slightly adjusted to produce similar E-factors 

as the goal. 
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Figure 9.23 shows contrast curves from the two formulations that have similar E-

factors. The contrast of the negative tone response is sharper with the polymer bound 

PBG. The two formulations were then subjected to lithographic evaluation. The exposure 

tests were performed with a 300 nm pitch 1:1 L/S binary mask under NA of 0.85. The 

exposure dose was varied, and the results are shown in Figure 9.24. Although 

microbridging was severe in both cases, successful pitch division was observed as 

indicated by the 150 nm pitch size, which is half of that on the mask. Clearly, the 

polymer bound PBG provides a wider exposure latitude (~10%) for producing a pitch 

division pattern, as indicated by the box in Figure 9.24. Under these conditions, the non-

bound PBG formulation barely produces pitch division. We are assuming that the 

unreacted PBG and the released base on the polymer backbone do not enhance the 

dissolution contrast of the resist polymer. This is an assumption that needs to be verified 

in the future. Limiting base diffusion is clearly advantageous to some extent, but it is not 

the cure for the LER problem. 

 

 

Figure 9.23: Measured contrast curves of dual-tone resist formulations with the polymer 

bound PBG and a conventional non-bound PBG. 
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Figure 9.24: Lithographic evaluations for resist formulations with non-bound PBGs and 

polymer bound PBGs. The two formulations produce similar contrast 

curves, similar E-factor, as shown in Figure 9.23. 

9.3 CONCLUSIONS 

The pitch division concept has been successfully demonstrated by patterning 

PBG-based dual-tone resists on commercial lithography tools. Pitch division was 

successfully achieved at various pitch sizes with a NA of 0.85, and the resulting k1 

obtained was as low as 0.20. The negative-tone and positive-tone lines were identified. 

However, severe line edge roughness in the form of microbridging and footing is still a 

challenge. Efforts have been focused on understanding and improving LER. 

Three major contributors to the LER were identified, and appropriate solutions 

were proposed. First, PDL requires an optical image in resist that is uniform in the z 

direction to ensure straight side walls for both positive and negative tone lines. A thinner 

resist layer and very tight control of BARC thicknesses were proposed to achieve z-

44.5 mJ/cm2 47.0 mJ/cm2 49.5 mJ/cm2

Non-bound PBG

Bound PBG
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uniformity through minimizing both standing waves and total film absorbance. Second, 

the degradation of the acid gradient that results from addition of PBG must be reduced. 

Two-stage PBGs were proposed to improve the acid gradients at both positive and 

negative tone line edges. Simulation results indicate that a two-stage PBG with equal kb1 

and kb2 provides maximum enhancement in the acid gradient. The synthesis of two-stage 

PBGs is currently being pursued by a few colleagues. Last but not least, the diffusion of 

acid and base is a long term issue in chemically amplified resist and might be a 

contributor for the LER in the dual-tone resist. Limiting diffusion by attaching the 

photoacid and photobase generating groups to polymer backbones was studied. The 

lithography results showed that the pattern quality was not improved as much as 

expected, but through limiting the base diffusion, a larger exposure latitude for pitch 

division was observed. 
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Chapter 10: Conclusion Remarks 

The immaturity of next generation lithography (NGL) technology options, 

especially EUV, forces the semiconductor industry to explore extension of existing 

methods to enable production beyond 32 nm nodes. ArF lithography is the most advanced 

lithography technology that is employed in the semiconductor manufacturing. Using ArF 

lithography as a launching pad, new processing technologies must be developed to enable 

the patterning at 32 nm and beyond. In 2009, Intel began 32 nm high volume 

manufacturing (HVM) for their new Westmere microchips [1]. Double pattern 

lithography (DPL) has been extensively used for manufacturing, especially for producing 

gate structures [2, 3]. The flash memory market has already adopted the self-aligned 

double patterning (SADP) in the manufacturing of NAND memories [4]. All of these 

alternative techniques have successfully extended the use of the ArF lithography and 

achieved resolution enhancement beyond 32 nm for manufacturing. However, the 

requirement for additional processing steps to implement these techniques has 

tremendously increased the cost of ownership (CoO). 

This thesis describes two process-based resolution enhancement techniques that 

can produce doubled patterns with minimal extra processing steps and no modification of 

the existing exposure tools. 

10.1 DOUBLE EXPOSURE LITHOGRAPHY 

10.1.1 Conclusions 

The first technique is called double exposure lithography (DEL). This technique 

requires two exposure passes in a single litho process. The first exposure is done with a 
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mask that has a relaxed pitch, and the mask is then shifted by half pitch and re-used for 

the second exposure. The resulting pattern on the wafer is doubled with respect to the 

features on the mask. Lee et al. have paved the road towards feasible DEL materials with 

rigorous simulations [5, 6]. The simulation results suggested that the optical threshold 

layer (OTL) exhibits the best process window for double exposure lithography. This 

approach requires a threshold exposure dose to induce a photochemical event in the 

material, and the information of the sub-threshold exposure must not be stored. 

Using the simulation results, a principle exploration was carried out for the OTL 

approach. A working principle based on photoinduced isothermal permeation modulation 

was proposed for the OTL. Chapter 3 details the principle and mechanism of this 

approach. Based on the materials requirement for this approach, several types of 

polymers with long crystalline alkyl side chains with azobenzene pendant groups were 

synthesized and characterized. The melting processes of long alkyl side chain crystalline 

homopolymers have been shown to modulate the gas permeability of the polymers as 

reported by O’leary et al. [7]. With the incorporation of the azobenzene moieties, which 

undergo trans-to-cis isomerization upon irradiation, the crystalline domains in these 

polymers are expected to be disrupted by the geometric changes of the azobenzene units 

during the photo-isomerization, leading to an isothermal phase transition. This hypothesis 

of crystal disruption was investigated using X-ray scattering techniques and calorimetry 

measurements. The X-ray peak at q = 15.1 nm
-1

 confirmed the presence of crystalline 

alkyl domains in the azobenzene copolymers. The calorimetry data revealed that the alkyl 

chains exhibit two stages of crystallization, primary crystallization and crystal thickening. 

Detailed data analysis is provided in Chapter 4. According to the crystallinity data, the 

average number of alkyl carbons participating in the primary crystallization is four, and 

these lamellar crystallites extend the crystalline domain towards the polymer backbones 



 229 

by roughly two carbons during the crystal thickening process. Two types of possible 

azobenzene inclusion were proposed: sandwiched between the lamellar crystallites and 

packed in the amorphous region near the polymer backbones. 

Finally, the OTL materials were evaluated in thin film form using a variety of 

analysis techniques. The photochemical isomerization of azobenzene functional groups in 

the thin films was confirmed with UV-Vis spectroscopy. The isomerization was proven 

to induce a melting temperature depression by roughly 2 ºC in the OTL thin film, which 

was documented by comparing the melting temperatures of the exposed and unexposed 

thin films. This finding implies that if the OTL materials are held at a temperature 

between the initial melting point and the depressed melting point, irradiating the OTL 

film with UV light can induce an isothermal phase transition. The permeability of such 

OTL materials was characterized using a trilayer film stack design. Chapter 5 details the 

experimental design and analysis of the diffusion coefficient measurements. The results 

confirmed that the permeability of the OTL material can be altered by irradiation at 365 

nm light, and thus demonstrated an important proof-of-concept for the OTL approach. 

10.1.2 Recommendations for Future Work 

There are a number of aspects in this research worth further exploring. Achieving 

a higher melting temperature modulation is always critical and beneficial to the usability 

of the OTL material. As suggested in Chapter 4, the crystal thickening at both ends of the 

lamellar crystallites is probably responsible for a large portion of the melting temperature 

increase during the course of crystallization. If the thickened crystals instead of the entire 

crystal as a bulk can be destroyed, the melting temperature is expected to be greatly 

reduced. To test this idea, the azobenzene units are suggested to be covalently inserted 
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between the polymer backbone and the border of the lamellar crystalline regions to have 

a direct impact on the thickened crystals. Figure 4.14 in Chapter 4 illustrates this 

configuration, and the design for the polymer structure is shown in Figure 4.13. This 

material is particularly worthy of further pursuit because of the existence of the 

methodologies that we have developed to characterize the photoinduced isothermal phase 

transition. 

The diffusion coefficient measurement should continue to be improved. The 

diffusion coefficient is calculated by the diffusion length (i.e. the thickness of the OTL 

layer) and the acid transit time for a Fickian diffusion model. The diffusion length was 

well controlled and precisely measured, whereas the consistency of the acid transition 

times at the same testing temperature was not highly satisfactory. A major reason for that 

is the inconsistent concentration of the acid source from one sample to the other. 

Specifically, the free acid (i.e. penetrant) is photochemically generated in the bottom 

feeder layer using an ArF laser, but the fluctuation in the light intensity causes dose 

inconsistency from sample to sample, which thereby affects the acid transit time. 

Solutions to this issue would allow for a more precise measurement for the diffusion 

coefficients. 

For the OTL to be ultimately used in DEL, the azobenzene chromophores must be 

replaced with other chromophores that undergo an efficient photo-isomerization under 

irradiation of 193 nm light. In addition, a cross-linking chemistry between the penetrant 

and the imaging layer must be developed to prevent the penetrants from further 

permeation into the imaging layer. 
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10.2 PITCH DIVISION LITHOGRAPHY 

10.2.1 Conclusions 

The second topic in the thesis is the development of a new technique, pitch 

division lithography (PDL), for extending the resolution capability of ArF lithography. 

This technique uses a single exposure to double the line density of a grating mask and 

therefore reduce the pitch size by a factor of two. Because of the use of only a single 

exposure and the ability to be implemented on the current lithography tools, this 

technique is expected to be highly cost-effective. The pitch division with a single 

exposure is enabled by using a dual-tone photoresist in the lithography process, and this 

thesis describes a method of achieving a dual-tone behavior.  

The dual-tone resist employs a classical photoresist polymer together with a 

photoactive system that incorporates both a photoacid generator (PAG) and a photobase 

generator (PBG). The PBG is added to the resist formulation in higher molar 

concentration than the PAG, but has a base production rate that is slower than the acid 

production rate of the PAG. In such a formulation, the PBG functions as a dose-

dependent base quencher, which mainly neutralizes the acid generated in high dose 

regions but has minor influence in low dose regions. The resulting acid generation is a 

parabola-like function versus exposure dose and produces a critical amount of acid only 

with medium exposure doses. An acid response of this sort can be exploited to produce 

pitch division patterns by creating a set of negative-tone lines in the overexposed regions 

in addition to the conventional positive-tone lines. 

Several types of PBGs, including N,N-dialkyl o-nitrobenzyl rbamate, N,N-dialkyl 

dimethoxybenzyl carbamate, and O-(N,N-dialkylcarbamoyl) acetophenone oxime, were 

synthesized and characterized. FTIR and UV-Vis were employed to study the kinetics of 
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the photolysis of these PBGs in both thin film and solution form. The rate constants for 

these PBGs were established and are shown in Chapter 7. N,N-dicyclohexyl o-

nitrobenzyl carbamate (DCHA-NO2) was chosen as the PBG for the lithography 

evaluation because of its clean photolysis pathway and relatively low kb compared to that 

for PAG. 

This pitch division technique was simulated on PROLITH with a customized 

MATLAB control module that extends the capability of the PROLITH software. The 

simulation showed that pitch division can be implemented at a process latitude k1 as low 

as 0.15, whereas the conventional lithography with advanced photoresists fails at k1 = 

0.29. In addition, it was concluded that the process window for PDL is lower than that for 

conventional lithography at high k1 (> 0.3) but is highly advantageous when k1 is below 

0.30. Moreover, a lower PBG/PAG feed ratio was proven to be beneficial for achieving a 

higher acid gradient at the line edges, which in turn improves the patterning performance. 

The lithographic evaluations of dual-tone resist formulations were conducted in 

collaboration with Intel, IMEC, and JSR Micro. Line and space patterns with pitch 

division at various pitch sizes were successfully demonstrated at all three facilities. 

However, LER and micro-bridging were observed in the resist patterns, which 

may limit the practical application of pitch division lithography for manufacturing. These 

patterning issues have not yet been addressed, but attempts have been made to tackle the 

problems. Three possible contributors to the LER issue were considered: (1) acid 

diffusion; (2) low chemical contrast; (3) z-directional non-uniformity in image-in-resist. 

First of all, an approach to limit the acid diffusion by a use of polymer bound PAGs and 

PBGs in the formulation was attempted. Although the process windows for pitch division 

were considerably enlarged, no obvious improvement of roughness at the pattern edges 

was observed. Secondly, the low chemical contrast across the pattern edges was 
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attributed to the gradual slope on both sides of the parabolic acid production curve. The 

acid slopes of a dual-tone formulation may be improved by using a PBG that generates 

base in two steps. PBGs of this sort consume two photons to liberate a single base 

molecule, which leads to an increase in the base generation rate with increasing exposure 

dose. This sort of kinetic behavior is expected to improve the acid gradients at the line 

edges. Last but not least, the z-directional non-uniformity in image-in-resist is observed 

in the form of standing waves in the high intensity regions of the optical images. These 

standing waves in the high dose region are not captured by conventional resists in the 

final pattern but are critical to the shape of the negative-tone lines in the pitch division 

lithography. According to the simulation, thinner resist films were proven to be highly 

favorable for pitch division lithography because the standing wave is significantly 

reduced in thinner films. Unfortunately, initial lithographic tests with thinner films 

showed no success. Possible reasons include thin film effects, the enhancement of base 

contamination to thin films, and the acid loss from the resist surface. 

10.2.2 Future Perspectives for PDL 

The proof-of-concept for pitch division lithography (PDL) has been successfully 

demonstrated in the early lithography evaluations. In order for this technique to be 

adopted by the semiconductor manufacturers, the patterning performance must be 

improved by careful optimization and even a redesign of the photobase generators. Two-

stage PBGs have shown great promises to enhance the acid gradient at line edges. 

Continuing efforts are focused on the synthesis and characterization of new two-stage 

PBGs. Thinner resist films (< 55 nm) that reduce the z-directional non-uniformity in 

image-in-resist must continue to be explored for a better patterning performance. A 
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number of issues and challenges must be addressed for the use of thinner resist films, 

such as low etch selectivity with thin films and acid loss at the resist surface. 

Acid-base neutralization is the key step in the concept of pitch division 

lithography. During the course of the simulation, it was assumed that acid and base 

neutralize readily and form an inert salt. However, in reality, most of the acid and base 

molecules generated are not immediately within reactive distance. A small extent of 

diffusion is necessary for the molecules to find each other in the solid state thin films. 

There is a possibility that an acid molecule could catalyze the deprotection reaction on 

the resist polymer before been neutralized by a base molecule. This could potentially 

reduce the acid gradient across the line edges. Michaelson has reported that resist films 

containing 1:1 equivalence of triflic acid and amine were observed to initiate deprotection 

of TBOC groups [8]. This implies that direct subtraction of base from acid to calculate 

the net acid concentration might need to be modified. Furthermore, he concluded that the 

neutral salt of a triflic acid and an amine is not strictly neutral and could catalyze the 

deprotection reaction, however, at a relatively low rate compared to free acids [8]. This 

creates a background deprotection of the resist polymer, which may be a limitation of this 

pitch division concept. 

Another reaction in the resist matrix worth noting is the acid-catalyzed cleavage 

of carbamates at elevated temperatures. Acid cleavage reactions of carbamates have been 

previously reported by many others [9, 10]. The role of this side reaction in the resist film 

is complex because the cleavage of carbamate and the resist deprotection are competing 

reactions. The acid cleavage of carbamate may stop the acid as the released amine can 

neutralize with the acid. The overall influence of this side reaction may be a reduction of 

effective net acid concentration, which is likely to adversely affect the acid gradient. 
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Future effort may be focused on quantifying the acid-catalyzed cleavage of carbamates in 

thin films. 

The patterning of negative-tone lines has been shown to exhibit relatively small 

process windows. Even with 2-stage PBGs, the process window for negative-tone CDS is 

not improved significantly. This may be rationalized by the curves in Figure 10.1 that 

have been previously shown in Chapter 9. In order to produce negative-tone lines with 

half of the size defined by the mask, the exposure dose must fall into the region indicated 

by the circle, but unfortunately, the negative-tone CD increases rapidly with the dose. 

This is the nature of imaging a negative-tone resist and can be further explained in Figure 

10.2. When the exposure dose is increased by 10%, the dose profile is enlarged, and the 

resulting positive and negative tone linewidths change accordingly. At the dose 

thresholds, the negative-tone CDs are more sensitive to an increase in dose than the 

positive-tone CDs. This is one of the reasons why using negative-tone resists to print 

small trenches (relative to pitch) is more advantageous than using positive-tone resists. 

Similarly, using positive-tone resists to print small lines (relative to pitch) is preferred 

over using negative-tone resists. Therefore, the difficulty in printing negative-tone lines 

using the top portion of the aerial images may be the ultimate challenge for pitch division 

lithography. 
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Figure 10.1: Simulated CDs of both positive and negative tone lines against the incident 

exposure dose. The target CD is 50 nm.  

 

Figure 10.2: CD variations in positive and negative tone lines with 10% increase in 

exposure dose. 
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Appendix A: Synthesis and Characterization of OTL Materials 

The starting materials were purchased from Sigma-Aldrich Co. and used without 

further purification unless otherwise noted. n-Octadecyl methacrylate was recrystallized 

from acetone. Azobisisobutyronitrile (AIBN), the radical initiator for polymerization, was 

recrystallized from methanol prior to use. 

The intermediate compounds and the final products of the synthesis schemes were 

characterized with a variety of instruments. 
1
H-NMR spectra were obtained on a Varian 

MR (400 MHz) or a Varian Unity spectrometer (300 MHz). All chemical shifts are 

reported in ppm and referenced to residual pronated solvents, such as CDCl3 at 7.26 ppm 

and DMSO-d6 at 2.54 ppm. 
13

C-NMR spectra were recorded on a Varian MR (100 MHz) 

or a Varian Unity spectrometer (75 MHz) routinely with broadband decoupling, and all 

chemical shifts are referenced to residual solvents, such as CDCl3 at 77.00 ppm and 

DMSO-d6 at 39.5 ppm. UV spectroscopy (UV-Vis) was performed on a HP UV-Vis 

spectrometer. IR spectroscopy (IR) was conducted on a Nicolet Magna-IR 500 with an 

extended compartment for reflective FTIR measurements. Melting temperatures of the 

intermediate species were collected on a Meltemp II apparatus in open capillary tubes. 

All molecular weights were measured on an Agilent 1100 series isopump with an 

autosampler and a Viscotek Model 302 tetra-detector platform referenced to a PMMA 

standard. 
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A.1 P(ODMA-CO-C6CN) 

 

 

 

4-((4-hydroxy)phenylazo)benzonitrile (1a): 4-aminobenzonitrile (3.45 g, 29.2 

mmol) was dissolved in 80 mL of acetic acid. To this solution, 8 mL of concentrated 

sulfonic acid was added dropwise. An ice-cooled solution of sodium nitrite (2.42 g, 35.1 

mmol, 10 mL) was cautiously poured into the above stirred solution while keeping 

temperature below 5 °C. After 5 min, the clear yellowish solution was added dropwise 

into an ice-cooled aqueous solution of phenol (2.50 g, 26.6 mmol) and sodium hydroxide 

(1.20 g, 30.0 mmol). The reaction mixture was stirred below 5 °C for 2 hours and then 

neutralized with hydrochloric acid to pH 7. The resulting brown precipitates were 

collected, washed with water, and dried in vacuum. Yield: 90%; mp: 208 ~ 209 °C; 
1
H-

NMR (300 MHz, CDCl3, δ): 10.5 (s, 1H), 8.00 (d, J = 8.45, 2H), 7.91 (d, J = 8.70, 2H), 

7.77 (d, J = 8.96, 2H), 7.00 (d, J = 8.79, 2H); 
13

C-NMR (75.48 MHz, DMSO-d6, δ): 

162.1, 145.3, 133.7, 125.6, 122.8, 116.2, 118.6; IR (KBr, cm
-1

): 3320, 1610, 1590, 1500, 

1460, 1430, 1400, 1350, 850; HR-MS (EI): calcd for [M+H
+
], m/e 224.0824; found, m/e 

224.0819. 
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4-((4-(6-hydroxyhexyloxy)phenylazo)benzonitrile (1b): A 250 mL round bottom 

flask was charged with 1a (2.00 g, 10.1 mmol), 6-chlorohexan-1-ol (1.39 g, 10.6 mmol, 

1.35 mL), K2CO3 (4.39 g, 31.9 mmol), KI (0.25 g, 1.51 mmol) and 80 mL of anhydrous 

DMSO. The mixture was stirred under nitrogen atmosphere at 80 °C for 36 h. After being 

cooled, the reaction mixture was poured into water and filtered. The precipitate was 

rinsed with water and dried in vacuum to yield a brown solid. Yield: 98%; mp: 147 ~ 

148 °C; 
1
H-NMR (300 MHz, CDCl3, δ): 7.92 (dd, J = 7.94, 4H), 7.77 (d, J = 8.71, 2H), 

6.99 (d, J = 8.97, 2H), 4.05 (t, J = 6.40, 2H), 3.66 (t, J = 6.40, 2H), 1.84 (p, J = 7.20, 2H), 

1.52 (m, 6H); 
13

C-NMR (75.48 MHz, CDCl3, δ): 162.2, 132.7, 125.0, 122.6, 114.4, 67.4, 

62.4, 32.8, 27.8, 25.4, 14.5, 12.6; IR (KBr, cm
-1

): 3500, 2930, 2870, 2230, 1600, 1580, 

1500, 1470, 1420, 1400, 1255, 1137, 1111, 1057, 1022, 846, 796, 730, 559; HR-MS (EI): 

calcd for [M+H
+
], m/e 324.1712; found, m/e 324.1711. 

 

 

 

 

6-(4-((4-cyanophenylazo)phenoxy)hexyl methacrylate (1c): A mixture of 1b 

(0.300 g, 0.928 mmol) and triethylamine (0.113 g, 1.113 mmol, 0.16 mL) was dissolved 

in 9 mL of dried THF. The solution was stirred in the ice bath for 10 min. Distilled 

methacryloyl chloride (0.107 g, 1.02 mmol, 0.1 mL) was added dropwise into the cool 

mixture under nitrogen atmosphere. After addition, the mixture was stirred at room 

temperature overnight. The solvent was then evaporated. The crude mixture was washed 

with a solution of sodium carbonate (3.2 wt%). The solid was filtered, washed with 
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water, and recrystallized from ethanol. The resulting substance is an orange solid. Yield: 

90%; mp: 92 ~ 93 °C; 
1
H-NMR (300 MHz, CDCl3, δ): 7.92 (dd, J = 7.94, 4H), 7.77 (d, J 

= 8.71, 2H), 6.99 (d, J = 8.97, 2H), 6.08 (s, 1H), 5.53 (s, 1H), 4.15 (t, J = 6.66, 2H), 4.04 

(t, J = 6.40, 2H), 1.92 (q, 
4
J = 0.51, 1.53, 3H), 1.83 (p, J = 6.66, 2H), 1.71 (p, J = 7.20, 

2H), 1.50 (m, 4H); 
13

C-NMR (75.48 MHz, CDCl3, δ): 167.1, 162.2, 154.3, 146.2, 136.0, 

132.7, 125.0, 124.8, 122.6, 118.2, 114.4, 122.6, 67.8, 64.1, 28.6, 28.1, 25.3, 25.2, 17.9; 

IR (KBr, cm
-1

): 3440, 2940, 2870, 2230, 1710, 1600, 1580, 1500, 1470, 1410, 860; HR-

MS (EI): calcd for [M+H
+
], m/e 392.1974; found, m/e 392.1973. 

 

 

 

 

 

Copolymer P(ODMA-co-C6CN): A mixture of 1c (0.087 g, 0.222 mmol, 1 

equv.), n-octadecyl methacrylate (ODMA, 0.300 g, 0.886 mmol, 4 equv.) and AIBN 

(0.0019 g, 0.5wt%) was dissolved in 2.50 mL of n-butyl acetate. The solution was 

degassed for 5 times and then stirred at 80 °C for 36 h. The polymer was obtained by 

pouring the reaction mixture into 40 mL methanol. The product, an orange solid, was 

separated and dried in vacuum. Yield: 60%; mp: 32.8 °C; Composition by mole (
1
H-

NMR): 14.9% Azo, 85.1% ODMA; Mn = 23,691; Mw = 42,212; PDI = 1.78. 
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A.2 P(ODMA-CO-C11CN) 

 

 

 

4-((4-(11-hydroxyundecyloxy)phenyl)diazenyl)benzonitrile (2b): The synthesis 

procedure and the feeding ratio for 2b were the same as those for 1b. The resulting 

product is a brown solid. Yield: 98%; 
1
H-NMR (300 MHz, CDCl3, δ): 7.92 (d, J = 8.89, 

2H), 7.91 (d, J = 8.45, 2H), 7.76 (d, J = 8.21, 2H), 7.00 (d, J = 8.89, 2H), 4.03 (t, J = 

6.50, 2H), 3.6 (t, J = 6.50, 2H), 1.81 (p, J = 7.52, 2H), 1.20~1.52 (m, 16H); 
13

C-NMR 

(75.48 MHz, CDCl3, δ): 162.98, 155.00, 146.88, 133.39, 125.70, 123.30, 118.92, 115.10, 

113.29, 68.71, 63.24, 33.01, 29.81, 29.77, 29.74, 29.66 29.59, 29.36, 26.22, 25.98; IR 

(KBr, cm
-1

): 3527, 2917, 2850, 2233, 1600, 1582, 1500, 1417, 1251, 1142, 1047, 843, 

559; LR-MS (CI): calcd for [M+H
+
], 394; found, 394. 

 

 

 

 

11-(4-((4-cyanophenyl)diazenyl)phenoxy)undecyl methacrylate (2c): The synthe-

sis procedure and feeding ratio for 2c were the same as those for 1c. The resulting 

product is an orange powder. Yield: 85%; mp: 88 ~ 89 °C; 
1
H-NMR (400 MHz, CDCl3, 

δ): 7.92 (d, J = 9.23, 2H), 7.91 (d, J = 8.89, 2H), 7.77 (d, J = 8.89, 2H), 6.99 (d, J = 8.89, 

2H), 6.07 (s, 1H), 5.52 (s, 1H), 4.12 (t, J = 6.67, 2H), 4.04 (t, J = 6.50, 2H), 1.92 (q, 3H), 



 243 

1.81 (p, J = 7.52, 2H), 1.65 (p, J = 7.52, 2H), 1.20~1.52 (m, 14H); 
13

C-NMR (75.48 

MHz, CDCl3, δ): 167.80, 162.98, 155.03, 146.90, 136.77, 133.40, 125.70, 125.41, 

123.30, 118.92, 115.10, 113.32, 68.71, 65.05, 29.72, 29.58, 29.46, 29.36, 28.83, 26.19, 

18.59; IR (KBr, cm
-1

): 2916, 2850, 2229, 1705, 1603, 1584, 1504, 1475, 1419, 1397, 

1328, 1302, 1255, 1170, 1157, 1142, 855; LR-MS (CI): calcd for [M+H
+
], 462; found, 

462. 

 

 

 

Copolymer P(ODMA-co-C11CN): The copolymerization of 2c and n-octadecyl 

methacrylate (ODMA) followed the same procedure as that for P(ODMA-co-C6CN). 

Yield: 76%; mp: 33.8 °C; Composition by mole (
1
H-NMR): 19.1% Azo, 80.9% ODMA; 

Mn = 35,252; Mw = 64,819; PDI = 1.84. 

A.3 P(ODMA-CO-C2CN) 
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4-(4’-Cyanophenylazo)phenethyl Alcohol (3a): 4-Amino-benzonitrile (1.18 g, 

10.0 mmol) was dissolved in 15 mL of DCM. In another flask, Oxone (12.3 g, 20.0 

mmol) was dissolved in 61 mL of water. This aqueous solution of oxone was then added 

to the previous solution. The reaction mixture was stirred under nitrogen atmosphere at 

room temperature until TLC indicated complete consumption of the starting materials 

(1.5 hours). After completion, the aqueous layer was separated and extracted with 10 mL 

of DCM twice. The combined organic layers were washed with 1N HCl, saturated 

sodium bicarbonate solution, water, brine, and dried with anhydrous magnesium sulfate. 

After filtering, the solvent was removed in vacuum, yielding a yellow green solid. The 

product was then used in the next step without further purification. A mixture of this 4-

nitroso-benzonitrile (1.32 g, 10.0 mmol) and aminophenethyl alcohol (1.65 g, 12.0 mmol) 

was dissolved in 27 mL of absolute ethanol. The mixture was stirred under nitrogen 

atmosphere while glacial acetic acid (1.06 mL) was added slowly. The mixture was then 

stirred at 70 °C for 2 hours. After cooled at room temperature, the solution was poured 

into distilled water (400 mL). The precipitate was filtered and then recrystallized from an 

ethanol/water mixture (3:2 by volume). A subsequent overnight vacuum drying afforded 

an orange-yellow solid. Yield: 60%; mp: 151 ~ 152 °C; 
1
H-NMR (300 MHz, CDCl

3
, δ): 

7.95 (d, J = 8.71, 2H), 7.89 (d, J = 8.45, 2H), 7.79 (d, J = 8.71, 2H), 7.40 (d, J = 8.20, 

2H), 3.92 (t, J = 6.50, 2H), 2.96 (t, J = 6.40, 2H); 
13

C-NMR (75.47 MHz, DMSO-d6, δ): 

154.0, 150.3, 145.3, 133.8, 130.1, 123.1 122.9, 118.4, 113.0, 61.7, 39.6; IR (KBr, cm
-1

): 

3489, 2949, 2927, 2884, 2864, 2796, 2236, 1600, 1491, 1456, 1414, 1304, 1292, 1158, 

1136, 1111, 1069, 851, 586, 564; HR-MS (EI): calcd for [M+H
+
], m/e 252.1137; found, 

m/e 252.1131. 
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4-(4'-Cyanophenylazo)phenethyl Methacrylate (3b): A solution of 3a (2.51 g, 10 

mmol) and triethylamine (1.50 mL) was dissolved in 32 mL of dried THF. The solution 

was kept in an ice bath for 10 min until is cooled to 0 ºC. Distilled methacryloyl chloride 

(1.01 mL, 10.4 mmol) was then added dropwise to the above mixture under nitrogen 

atmosphere. The resulting mixture was slowly warmed to room temperature and stirred 

overnight. The solvent was evaporated in vacuo. The resulting solid was washed with a 

solution of sodium carbonate (3.2 wt%), water and then filtered. The crude solid was 

recrystallized from ethanol, resulting in an orange powder. Yield: 83%; mp: 160 ~ 

162 °C; 
1
H-NMR (300 MHz, CDCl

3
, δ): 7.95 (d, J = 8.45, 2H), 7.88 (d, J = 8.20, 2H), 

7.78 (d, J = 8.45, 2H), 7.39 (d, J = 8.20, 2H), 6.06 (s, 1H), 5.54 (s, 1H), 4.39 (t, J = 6.79, 

2H), 3.06 (t, J = 6.79, 2H), 1.90 (s, 3H); 
13

C NMR (75.48 MHz, DMSO-d6, δ): 166.4, 

154.0, 150.5, 143.5, 135.8, 133.8, 130.1, 125.8, 123.1, 123.1, 118.4, 113.1, 64.4, 34.2, 

17.9; IR (KBr, cm
-1

): 3441, 3095, 3056, 3041, 2951, 2921, 2842, 2235, 1717, 1602, 1494, 

1457, 1416, 1304, 1285, 1207, 1158, 969, 947, 852, 715, 563; HR-MS (EI): calcd for 

[M+Na
+
], m/e 342.1218; found, m/e 342.1218. 
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Copolymer P(ODMA-co-C2CN): The copolymerization of 3b and n-octadecyl 

methacrylate (ODMA) followed the same procedure as that for P(ODMA-co-C6CN). 

Yield: 65%; mp: 31.4 °C; Composition by mole (
1
H-NMR): 19.1% Azo, 80.9% ODMA; 

Mn = 27,478; Mw = 48,121; PDI = 1.75. 

A.4 P(ODMA-CO-C2HE) 

 

 

 

4-((4-(2-hydroxyethyl)phenyl)diazenyl)benzoic acid (4a): 4-Aimnobenzoic Acid 

(4.00 g, 29.2 mmol) was dissolved in 45 mL of DCM. To this solution Oxone (28.7 g, 

46.7 mmol) dissolved in 180 mL of water was added. The solution was stirred at room 

temperature until TLC monitoring indicated complete consumption of the starting 

materials (3 h). The precipitate was separated, washed with water and dried in vacuum to 

yield yellow-green solid. 4-Nitrosobenzoic acid (4.93 g, 32.6 mmol) was suspended in 

150 mL of AcOH/DMSO (1:1). The suspension was stirred strongly and sonicated until it 
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completely dissolved. To this solution was added 2-(4-aminophenyl)ethanol (4.93 g, 35.9 

mmol). The mixture was stirred at 65 °C overnight. The product was obtained by careful 

pouring the mixture into water, separated and washed with water. Recrystallization from 

Aceton/H2O (4:1) afforded 0.710 g (60 %) of 4a as an orange crystalline solid. Yield: 

60%; mp: 248 ~ 249 °C; 
1
H-NMR (300 MHz, CDCl3, δ): 8.13 (d, J = 8.20, 2H), 7.94 (d, 

J = 8.45, 2H), 7.85 (d, J = 8.20, 2H), 7.46 (d, J = 8.20, 2H), 3.66 (t, J = 6.66, 2H), 2.83 (t, 

J = 6.79, 2H); 
13

C-NMR (75.48 MHz, DMSO-d6, δ): 166.7, 154.3, 150.4, 144.7, 132.6, 

130.6, 130.1, 122.8, 122.4, 61.7; IR (KBr, cm
-1

): 3300, 2950, 2860, 2660, 2530, 1680, 

1600, 1580, 1500, 1420, 870, 850, 820; HR-MS (EI): calcd for [M+H
+
], m/e 271.1083; 

found, m/e 271.1079. 

 

 

 

 

hexyl 4-((4-(2-hydroxyethyl)phenyl)diazenyl)benzoate (4b): A 100 mL round 

bottom flask was charged with 4a (1.50 g, 5.55 mmol), 1-bromohexane (1.01 g, 6.10 

mmol), K2CO3 (1.53 g, 11.1 mmol), KI (0.138 g, 0.831 mmol) and 45 mL of dried 

DMSO. The mixture was stirred for 48 h at 65 °C and then poured into 400 mL water. 

The pH of the solution was adjusted to 8~10 by addition of saturated NaHCO3 solution 

and then filtered. The product, an orange solid, was rinsed with water and dried in 

vacuum. Yield: 93%; mp: 100 ~ 102°C; 
1
H-NMR (300 MHz, CDCl3, δ): 8.17 (d, J = 

8.71, 2H), 7.89~7.92 (dd, J = 8.20, 4H), 7.38 (d, J = 8.20, 2H), 4.33 (t, J = 6.66, 2H), 

3.91 (t, J = 6.53, 2H), 2.95 (t, J = 6.53, 2H), 1.77 (p, J = 6.89, 2H), 1.42 (m, 6H), 0.89 (t, 
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J = 6.92, 3H); 
13

C-NMR (75.48 MHz, CDCl3, δ): 166.1, 155.1, 151.3, 142.9, 132.0, 

130.5, 129.8, 123.3, 122.5, 65.4, 63.3, 39.1, 31.4, 28.6, 25.6, 22.5, 14.0; IR (KBr, cm
-1

): 

3330 (b), 2950, 2930, 2870, 1720, 1450, 1410, 860; HR-MS (EI): calcd for [M+H
+
], m/e 

355.2022; found, m/e 355.2017. 

 

 

 

 

hexyl 4-((4-(2-(methacryloyloxy)ethyl)phenyl)diazenyl)benzoate (4c): A mixture 

of 4b (0.800 g, 2.26 mmol) and triethylamine (0.274 g, 2.71 mmol) was added into 20 

mL of dried THF. The solution was stirred in ice bath for 10 min until is cooled to 0 ºC. 

Distilled methacryloyl chloride was then added dropwise into the cold mixture under 

nitrogen atmosphere. After the addition, the mixture was slowly warmed to room 

temperature and stirred overnight. The solvent was then removed under vacuum. The 

residue solid was washed with a solution of sodium carbonate (3.2 wt%). The solid was 

filtered, washed with water and recrystallized from ethanol. The final product is an 

orange solid. Yield: 87%; mp: 90 ~ 91 °C; 
1
H-NMR (300 MHz, CDCl3, δ): 8.17 (d, J = 

8.71, 2H), 7.89~7.92 (dd, J = 8.20, 4H), 7.38 (d, J = 8.20, 2H), 6.06 (s, 1H), 5.54 (s, 1H), 

4.40 (t, J = 6.79, 2H) 4.33 (t, J = 6.79, 2H), 3.06 (t, J = 6.92, 2H), 1.91 (s, 3H), 1.77 (p, J 

= 6.89, 2H), 1.44 (m, 6H), 0.89 (t, J = 6.92, 3H); 
13

C-NMR (100.66 MHz, CDCl3, δ): 

167.3, 166.1, 155.1, 142.2, 136.2, 132.1, 130.5, 130.0, 123.3, 122.5, 65.4, 64.7, 35.3, 

31.4, 28.6, 25.7, 22.5, 18.3, 14.0; IR (KBr, cm
-1

): 2950, 2920, 2860, 1720, 1600, 1580, 

1500, 860; HR-MS (EI): calcd for [M+H
+
], m/e 423.2284; found, m/e 423.2280. 
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Copolymer P(ODMA-co-C2HE): A mixture of 4c (0.094 g, 0.222 mmol, 1 

equv.), n-octadecyl methacrylate (0.300 g, 0.886 mmol, 4 equv.) and AIBN (0.0020 g, 

0.5wt%) was dissolved in 2.54 mL of n-butyl acetate. The solution was degassed for 5 

times and then stirred at 80 °C for 36 h. The polymer was obtained by pouring the 

reaction mixture into 40 mL methanol. The product, an orange powder, was separated 

and dried in vacuum. Yield: 60%; mp: 31.5 °C; Composition by mole (
1
H-NMR): 18.8% 

Azo, 81.2% ODMA; Mn = 30,600; Mw = 60,900; PDI = 1.99. 

A.5 MISCELLANEOUS MATERIALS FOR PERMEABILITY MEASUREMENTS 

Poly(n-butyl methacrylate), PBMA, was synthesized through a free radical 

polymerization of n-butyl methacrylate. Poly(phthalaldehyde), PPHA, was synthesized 

through living anionic polymerization of phthalaldehyde and end capped by acetic 

anhydride. Both monomers were purchased from Sigma Aldrich and used without further 

purification except that n-butyl methacrylate was filtered through a flash column made of 

basic alumina to remove the radical inhibitors. 
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Poly(n-butyl methacrylate) (PBMA): A mixture of n-butyl methacrylate (1.500 g, 10.549 

mmol) and AIBN (0.0075 g, 0.046 mmol) was dissolved in 10 mL of toluene. The 

solution was degased for 5 times and bubbled with dry nitrogen for 5 min. The solution 

was then stirred at 75 °C for 48 h. The reaction mixture was allowed to cool down and 

poured into 100 mL of methanol. The white precipitate was collected through filtration 

and dried under vacuum. Yield: 82.1%; Tg: 29.2 °C; Mn = 38,251; Mw = 69,497; PDI = 

1.817. 

 

Poly(phthalaldehyde) (PPHA): A solution of phthalaldehyde was prepared by dissolving 

phthalaldehyde (1.00 g, 7.43 mmol) into 3 mL of freshly distilled tetrahydrofuran in a 

round bottom flash. The flask was cooled to -60 ºC in a dry ice and isopropyl alcohol 

bath. After 10 min, titrated n- butyllithium (0.02 mmol) was added to the solution, and 

the mixture was stirred at -60 ºC overnight. Cold acetic anhydride (0.153 g, 0.14 mL, 

1.50 mmol) was then added to the reaction mixture. The reaction was allowed to run for 

another 1 h, and then warmed to room temperature. The reaction mixture was precipitated 

into a mixture of methanol and water (1:1) at 0 ºC. The product was filtered and dried 

under vacuum to afford a white powder. Yield: 65.9%; Mn = 2,488; Mw = 3,480; PDI = 

1.39. 
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Appendix B: Synthesis and Characterization of PBGs 

The starting materials were purchased from Sigma-Aldrich Co. and used without 

further purification unless otherwise noted. The characterization tools were the same as 

those described in Appendix A. 

 

N,N-diisopropyl O-(2-nitrobenzyl)carbamate (DIPA-NO2): Sodium hydride 

(60% in mineral oil, 195 mg, 4.89 mmol) was suspended in 6 mL of dry THF. The 

suspension was cooled to 0 °C and stirred for 10 min. A solution of o-nitrobenzyl alcohol 

(624 mg, 4.07 mmol) in dry THF (2 mL) was added dropwise. The resulting mixture was 

stirred for 15 min after the bubbling ceased.  A solution of N,N-diisopropylcarbamoyl 

chloride (800 mg, 4.89 mmol) in 3 mL of dry THF was then slowly added. The reaction 

mixture was warmed to room temperature and stirred for 2 days. The solution was poured 

into a cooled mixture of H2O (10 mL) and 2 M HCl (1.5 mL) at 0 °C and extracted with 

TBME (20 mL) three times. The combined organic solution was washed with saturated 

NaHCO3 and brine and dried over MgSO4. The solvent was evaporated in a rotary 

evaporator. Column chromatography was performed on the residue using EtOAc/Hex 

(1:3) to yield 0.455 g of the product as a white solid. Yield: 40%; mp: 55 ~ 56 °C; IR 

(KBr, cm
-1

): 1695 (s, C=O str), 1529 (s, asymmetric N-O str), 1336 (s, symmetric N-O 

str); 
1
H-NMR (400 MHz, CDCl3, δ): 8.05 (dd, J = 8.2 Hz, 

4
J = 1 Hz, 1H), 7.65-7.51 (m, 

2H), 7.47-7.40 (dt, J = 8.2 Hz, 
4
J = 1 Hz, 1H), 5.51 (s, 2H), 4.04-3.78 (br m, 2H), 1.21 (d, 

J = 6.8 Hz, 12H); 
13

C-NMR (100 MHz, CDCl3, δ): 155.08, 148.00, 134.03, 133.97, 

129.40, 128.77, 125.30, 63.60, 46.47, 21.34; UV: ε193 = 14406, ε254 = 4714; HR-MS (EI): 

calcd for [M+H
+
], m/e 280.1423; found, m/e 280.1428. 
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N,N-dicyclohexyl O-(2-nitrobenzyl)carbamate (DCHA-NO2): O-nitrobenzyl 

alcohol (5.000 g, 32.6 mmol) was dissolved into 100 mL of distilled dioxane. The 

solution was cooled to 0 ºC in an ice bath. To this solution was slowly added a solution of 

phosgene (20% in toluene, 35 mL, 65.2 mmol). The reaction mixture was then allowed to 

heat up to 50 ºC and stirred overnight. The mixture was evaporated, and the phosgene 

was quenched in a trap by a mixture of methanol and ammonia water. After evaporation, 

dicyclohexylamine (23.644 g, 26.0 mL, 130.4 mmol) was added dropwise, and the 

solution was stirred overnight. The mixture was added to a solution of sodium carbonate 

(100 mL, 10 wt.%) and extracted with ether (100 mL  2). The extract was successively 

washed with water twice and brine. After drying over anhydrous MgSO4, the solvent was 

evaporated. The residue was purified using column chromatography on silica gel with 

1:15 ethyl acetate/hexane as the eluent. A yellow viscous liquid was obtained after 

evaporation. The liquid solidified when cooled. Yield: 78%; mp: 61 ~ 62 ºC; 
1
H-NMR 

(400 MHz, CDCl3, δ): 8.05 (dd, J = 8.2 Hz, 
4
J = 1 Hz, 1H), 7.61 (dd, J = 8.2 Hz, J = 7.2 

Hz, 1H), 7.53 (d, J = 7.2 Hz, 1H), 7.44 (dd, J = 8.2 Hz, J = 7.2 Hz, 1H), 5.50 (s, 2H), 

3.30-3.60 (br m, 2H), 1.50-1.90 (br m, 14H), 1.00-1.35 (br m, 6H); 
13

C-NMR (100 MHz, 

CDCl3, δ): 155.26, 147.96, 134.06, 133.85, 129.287, 128.638, 125.224, 63.57, 55.82, 

31.30, 26.54, 25,71; IR (KBr, cm
-1

): 1699 (s, C=O str), 1525 (s, asymmetric N-O str), 

1337 (s, symmetric N-O str); UV: ε193 = 22000, ε254 = 4226; HR-MS (EI): calcd for 

[M+H
+
], m/e 360.2049; found, m/e 360.2049. 

 

O-(N,N-diisopropylcarbamoyl) acetophenone oxime (DIPA-OX): To a round 

bottom flask equipped with an addition funnel was added sodium hydride (1.5 g, 60% in 

mineral oil, 36.5 mmol) and 25 mL of anhydrous THF. The solution was cooled to 0 ºC 

in an ice bath. A 25 mL THF solution of acetophenone oxime (4.874 g, 34.3 mmol) was 
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added dropwise. Upon addition, foaming and bubbling were observed. The reaction 

mixture was stirred for 1.5 hours at 0 ºC. Diisopropylcarbamoyl chloride (6.000 g, 37.0 

mmol), dissolved in 25 mL of THF, was added dropwise to the cold solution. The 

reaction was warmed to room temperature and stirred for overnight. TLC analysis of the 

solution was used to monitor the reaction extent. After 48 hours, the solvent was 

evaporated in vacuo, leaving a white solid. The product was dissolved in hexane and 

filtered through a column of silica gel. The product was eluted off using 500 mL of ethyl 

acetate. The solvent was removed in vacuo, leaving a yellow liquid. The crude product 

was purified by column chromatography on silica gel with 1:9 ethyl acetate/hexane. A 

yellow viscous liquid was obtained after evaporation. Yield: 18%; mp: 36 ~ 37 ºC; 
1
H-

NMR (400 MHz, CDCl3, δ): 7.75 (m, 2H), 7.37 (m, 3H), 3.98 (br m, 2H), 2.36 (s, 3H), 

1.28 (d, J = 6.84, 12H); 
13

C-NMR (100 MHz, CDCl3, δ): 160.05, 153.89, 135.32, 130.04, 

128.36, 126.91, 46.45, 21.00, 14.89; IR (KBr, cm
-1

): 2967, 2931, 1709, 1467, 1434, 1369, 

1309, 1282, 1214, 1156, 1138, 1012, 918, 897, 754, 695, 603, 563; HR-MS (EI): calcd 

for [M+H
+
], m/e 262.1681; found, m/e 262.1683. 

 

N,N-diisopropyl O-(3,5-dimethoxybenzyl)carbamate (DIPA-DM): To a round 

bottom flask was added 3,5-dimethoxybenzyl alcohol (1.009 g, 6.0 mmol), 4-

Dimethylaminopyridine (0.0733 g, 0.6 mmol), triethyl amine (0.6071 g, 0.836 mL, 6.0 

mmol), and 30 mL of dioxane. The mixture was cooled to 0 ºC in an ice bath. 

Diisopropylcarbamoyl chloride (0.9819 g, 6.0 mmol), dissolved in 10 mL of distilled 

dioxane, was added slowly to the cold mixture. After 15 min, the combined solution was 

warmed to room temperature and stirred for overnight. TLC analysis of the solution was 

used to monitor the reaction extent. After 24 hours, the solvent was evaporated in vacuo, 

leaving yellow slurry. The mixture was extracted with 30 mL of ether, washed with water 
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and brine, and dried with MgSO4. The solution was concentrated in vacuo, and the crude 

product was purified by column chromatography on silica gel with 1:15 ethyl 

acetate/hexane in the beginning and 1:9 after the first fraction was obtained. A clear 

viscous liquid was obtained after evaporation. Yield: 50%; 
1
H-NMR (300 MHz, CDCl3, 

δ): 6.49 (d, 2H), 6.37 (t, 1H), 5.05 (s, 2H), 4.03 (br m, 2H), 3.76 (s, 6H), 1.20 (d, 12H); 

HR-MS (EI): calcd for [M+H
+
], m/e 295.1784; found, m/e 295.1785. 
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Appendix C: Correction for Exposure Dose 

C.1 STUDY OF PBG KINETICS 

Figure C.1 shows a common conversion plot describing the kinetics of base 

generation discussed in Chapter 7. The exposure dose on the X-axis is the value that was 

displayed on the photometer. This value represents the incident exposure dose above the 

sample film. However, the incident dose inside the film is different from the value shown 

on the plot because the light passing through the film is partially absorbed by the film. 

The incident dose at each depth of the film is then equal to the dose of transmitted light at 

each depth. Therefore, the absorbance of the film has to be taken into account when 

calculating the overall average incident exposure dose on the film. 

 

 

Figure C.1: Percent conversion of DIPA-NO2 against exposure dose (KrF) based on the 

area change under the nitro absorption peak (1525 cm
-1

) in its IR spectrum. 
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In Figure C.2, a sample film on a substrate was exposed under UV light for an 

incident dose of EInc. This exposure dose was measured by a photometer. We define the 

position of the film surface as zero and normalize the depth of the film to one. E(z) is the 

exposure energy at a relative depth z. Due to the film absorbance, E(z) decreases as z 

increases. 

 

 

Figure C.2: Schematic illustration of a thin film being exposed. 

The total film absorbance measured with UV-Vis was Abs. Assuming the film 

does not undergo significant photo bleaching, Abs can be considered constant. Thus, the 

exposure energy at the depth z follows relation (C.1) then (C.2), 

( )
log ,

( )

E z
Abs z

E 0
        (C.1) 

( )
ln 2.303 ,

( )

E z
Abs z a z

E 0
          (C.2) 

where 2.303 is a factor based on conversion of common to natural logarithm, and a is the 

converted absorbance based on natural logarithm. The exposure dose at z then becomes, 

Substrate

z = 0

z = 1

EInc

dz

E(z)
Sample Film
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Inc( ) ,a zE z E e        (C.3) 

where EInc equals E(0). The overall exposure energy E  within the film can then be 

obtained through integration of E(z) against z over 0 to 1 as shown in equation (C.4). 

Inc

Inc

( ) 1
1 1

0 0

1 1

0 0

a z aE z dz E e dz e
E E

adz dz

   
    
 

 
   (C.4) 

Thus, it is clear that the measured incident dose EInc must be multiplied by a correction 

factor in order to represent the actual incident dose. 

When the dose is small, the exponential growth function can be considered a 

linear function as shown in equation (C.5). The slope of this linear function f(E’) is the 

rate constant kb. Based on the previous discussion, the corrected dose E’ can be derived 

from the raw dose data Einc in Figure C.1 using the correction factor in equation (C.4). 

The rate constant kb thereby follows equation (C.6), 

b
b

-
1- ( ) ,

k E
Conversion e k E E 0

           (C.5) 

Inc 1

,
1

b

a

a

dConversion
k

dE

dConversion a

dE e

a
slope

e








 


 


     (C.6) 

where slope is the slope of the conversion curve in Figure C.1.  

Thus, the actual rate constant kb was obtained by multiplying the correction factor 

in the box to the slope of the fitted line in the conversion plot in Figure C.1. 
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It is worth noting that the assumption of constant film absorbance throughout the 

irradiation is fair for the calculation of rate constant kb. Since the rate constant is 

calculated using the slope of the conversion at the beginning stage of the exposure (low 

dose), the chemical composition of the film does not change significantly in that period. 

Hence, the film absorbance can be considered constant for the calculation of kb. 

C.2 STUDY OF PAG KINETICS 

The calculation shown below is referred to the calculation performed by Szmanda 

et al. [1]. In this exposure study of PAG, the scenario previously mentioned in Figure C.2 

was considered. The exposure dose at any depth z can be derived in the same way shown 

in the last section, 

 2.303( ) (0) (0) e ,Abs z a zE z E e E           (C.7) 

where z is the relative depth in the resist referenced to the top of the resist as z = 0, and 

Abs is the total absorbance of the film measured on a UV-Vis spectrometer for the 

irradiation wavelength. E(z) is the actual incident dose at the depth of z, and a equals to 

2.303Abs based on conversion of common to natural logarithm. Same assumption was 

made that the absorbance of the film does not change significantly upon irradiation. The 

acid concentration in an infinitesimal sub-layer dz at the depth z equals the following, 

0
a ( )

[Acid] [PAG] ( ) .
k E z

d 1 e dz
 

       (C.8) 

Integration on both sides over the entire film yields the average acid concentration, 
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0
a ( )

[Acid] [PAG] ( ) ,
1

0

k E z
1 e dz

 
      (C.9) 

0
a (0)

[Acid] [PAG] ( ) .
1

0

a zk E e
1 e dz

   
      (C.10) 

When the incident doses are small, first order kinetics can be modified according 

to the classic approximation in equation (C.11). 

(When )b x1 e b x x 0        (C.11) 

Equation (C.10) then becomes, 

0 a[Acid] [PAG] (0) .
1

0

a zk E e dz        (C.12) 

This integral equals the following, 

0 a Inc

( )
[Acid] [PAG] ,

a1 e
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        (C.13) 

where EInc equals E(0). The rate constant ka for the acid generation then becomes, 
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    (C.14) 

The slope in equation (C.14) was described in Figure 7.18 in chapter 7. 
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Appendix D: Simulation of Pitch Division Lithography in PROLITH 

PROLITH was employed to perform the simulation for pitch division lithography. 

The biggest difference between pitch division lithography and conventional lithography 

is the use of a dual-tone resist, which exhibits an unconventional photoresponse. As of 

version 9.3, PROLITH by itself is not capable of simulating customized chemistry or 

photoresponse in the photoresist, but PROLITH provides a programming interface (PPI) 

which can be used to extend the simulation capability, including customized resist 

chemistry. In this study, a series of code written in MATLAB was used to communicate 

with PROLITH through PPI. 

One of the purposes of this code is to precisely translate an image-in-resist into a 

latent image through a dual-tone chemistry, replacing the corresponding module that 

simulates the conventional acid generation in PROLITH. PROLITH can output the 

image-in-resist as a matrix. Although the elements in the matrix are discrete, the physical 

models used to generate these elements are all continuum models. These elements are 

then used to calculate the net acid generation through the dual-tone chemistry. The 

equations governing this chemistry are discussed in both Chapter 7 and Chapter 8. The 

processed matrix then becomes one describing the acid concentration (latent image), 

which must be inputted back to PROLITH for post exposure processing. Unfortunately, 

PROLITH does not provide an input interface for the latent image but only for the image-

in-resist. A solution to circumvent this limitation is to convert the latent image (2-D net 

acid profile) back to the image-in-resist (2-D dose profile) through an inverse calculation* 

and input this image-in-resist to PROLITH for the rest of the simulation. This image-in-

resist is nominal and cannot be obtained with any optics, but the latent image produced 

                                                 
* Given the acid centration, calculate the required exposure dose. 
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by this image-in-resist through conventional resist chemistry should be identical to that 

produced by the original image-in-resist through the dual-tone chemistry. This strategy 

can be illustrated in Figure D.1  

 

 

Figure D.1: Flow chart for simulation of resist profiles with pitch division lithography. 

It should be noted that the calculation (1) in Figure D.1 must be the exact inverse 

of the calculation (2), suggesting that the Dill C parameters and PAG loading in the 

MATLAB code and the PROLITHI simulation must be same. In addition, the imaginary 

image-in-resist must be directly applied to the resist without any modification due to 

substrate reflection and interference within the resist. Thus, the optical property of the 

resist used in simulation for the final resist profile is changed to be the same as air, which 
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eliminates any interfacial effect between the resist and the air. Other resist properties 

remain the same. 

With the simulation for resist profiles in pitch division lithography being 

established, the processing conditions (e.g. exposure dose, PEB temperature, formulation) 

must be optimized to achieve a desired feature size. The flow chart in Figure D.2 

describes the strategy of achieving a target linewidth. Once the target linewidth is 

achieved, the processing condition is optimal. 

 

 

Figure D.2: Flow chart for simulation of optimal processing conditions for an equal line 

pattern with target CD. 
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To test the robustness of pitch division lithography, focus-exposure matrix (FEM) 

measurements were performed on this simulation toolkit. The optimal processing 

condition found in the simulation as shown in Figure D.2 was used for simulating the 

final resist profile. The input focus and exposure dose were varied within a range of 

interest (e.g. > ±30% of the optimal dose and > 0.05 μm deviated from the best focus). 

Each combination of focus and exposure dose produces a pair of CDs for positive-tone 

lines and negative-tone lines. These metrology results were analyzed in ProDATA 

(v1.4.3) to produce a FEM process window that describes the process tolerance to errors 

in focus and exposure. The detail analysis is discussed in Chapter 8 section 8.3.2. 
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