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Abstract 

Pattern variations can cause challenges in device scaling. Since the last few decades, the 

semiconductor industry has successfully utilized the device scaling technique by reducing the 

transistor area to meet the requirements needed for optimum device performance and fabrication 

cost during each generation of development. The main challenges in the development of this 

technique are imaging resolution and pattern variations. Extreme ultraviolet (EUV) lithography 

and the multiple-patterning method can be used to push the imaging resolution to sub-30 nm. This 

thesis investigates the mechanism of pattern variations and proposes methods for pattern 

improvement.  

The thesis begins by investigating the origin of pattern variations in an EUV–chemically 

amplified photoresist system. The experimental results show that the chemical composition and 

inhomogeneity of the material contribute to pattern variations in EUV lithography. A difference 

in the localized-material-removal rate indicates the contribution of stochastics chemical kinetics 

in the photoresist during the development process. The study then investigates the effects of the 

plasma etching process on the pattern variations. The plasma etching process can alter the pattern 

variations by modifying the etching behavior and the etching selectivity. The thesis also discusses 

the system-level or integrated process-induced pattern variations. The method proposed herein 

involves surface modification and tone inversion technique and reduces the line edge roughness 

by 26% on a 20-nm pitch line pattern. Using a multicolor line-cut process, the thesis 

experimentally demonstrated the control of the edge-placement error from system-level pattern 

variations.  
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Chapter 1: Introduction 

This thesis investigates unwanted variations created during patterning, particularly their 

origins, and proposes a method to mitigate them for modern microelectronic device fabrication. 

Chapter 1 provides a general patterning process background, introducing various patterning types, 

and lithography and plasma etch processing in particular. Chapter 2 discusses surface variations 

on photoresist after development with or without electron exposure, details how material 

inhomogeneity affects physical surface variations in a chemically amplificated photoresist systems. 

Chapter 3 focuses on extreme ultra-violet (EUV) photon induced pattern variations on the 

photoresist surface and subsequent line patterns, and discusses EUV followed by plasma etching 

to modulate surface and pattern variations. Chapter 4 proposes a surface modification method 

using plasma treatment and tone inversion to mitigate line edge roughness for self-aligned double 

patterning. Chapter 5 focuses on pattern variation at the system level, and proposes an integrated 

flow system to remove lines during multi-patterning and hence reduce variation. 

1.1 Photolithography and Multi-Patterning 

Modern microelectronic device fabrication almost universally uses patterning technology to 

realize device miniaturization. Patterning processes largely comprise photolithography and etching 

processes, as shown in Fig. 1 [1,2]. Lithography prints designed patterns onto the substrate using 

photosensitive materials, called photoresists, by various exposure approaches including photons, 

electrons, ions, or x rays. A mask embodying the desired pattern information is placed into the 

beam path to produce the desired shape in the photoresist, created exposed and non-exposed 
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regions. Interactions during exposure and subsequent chemical reactions and post-exposure bake 

(PEB) cause differential photoresist removal rates between exposed and non-exposed regions to 

form the desired patterns.  

The formed patterns are transferred into the final material using plasma etching [3–5], which 

employs reactive species to enhance chemical reactions with the surface material and generate 

volatile byproducts for material removal. For example, positive charge ions can be used to control 

etching anisotropic characteristics by applying direct current or radio frequency bias in the 

substrate [6–8]. Potential between the plasma and substrate promotes accelerates positive charge 

ions to promote material removal rate, i.e., the etching rate. Section 1.4 discusses plasma physics 

and etching processes in details.  

Finally, plasma etching or wet cleaning are commonly employed to strip remaining photoresist 

from the substrate.  
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Figure 1. Patterning steps for microelectronic device fabrication [1,2] 

 

A good metric for device miniaturization is the patterning imaging resolution, which defines 

the minimum distance between neighboring pattern features. Imaging resolution in an optic system 

can be described by the Rayleigh equation [1,9,10], 

 w =  𝑘1
𝜆

𝑁𝐴
, (1) 

where w is imaging resolution and hence minimum pitch between neighboring patterns; k1 is a 

process dependent parameter, λ is the incident light wavelength; and NA is the numeric aperture, 
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defined as the maximum light interface angle for at least two diffracted beams. Reducing λ and/or 

increasing NA reduces the pitch and improves imaging resolution for single patterning processes.  

Multi-patterning overcomes some physical limitations for single patterning process w using 

integrated processing steps. This was first introduced as the double patterning process [11–13], 

where the substrate receives two lithography and plasma etching processes sequentially to create 

final features with half the minimum pitch compared single lithography resolution.  

The substrate typically initially includes at least two material deposition layers. The first 

lithography creates the photoresist pattern, and the first plasma etching transfers the pattern into 

the first layer. The second lithography creates another pattern within the first pattern spaces, and 

the subsequent second plasma etching transfers both patterns into the second layer, with half the 

minimum pitch compared with the first lithography. Figure 2 shows how multi-patterning repeats 

this lithography-etching sequence sequentially to further reduce the final pitch.  

A particular technical challenge for multi-patterning approaches is pitch-walking control [13], 

where pitch-walking is undesired pitch deviation between neighboring patterns. Conventional 

double patterning approaches include intrinsic pattern placement error or overlay between the first 

and the second lithography, and this placement error creates pitch differences in the final features. 

Similarly, etching rate differences between the first and second etchings can introduce additional 

pattern variation complexities.  
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Figure 2. Double patterning process  

 

Figure 3 shows the self-aligned double patterning (SADP) process [14–18] used in this study. 

In contrast with classic double patterning, SADP only includes a single lithography, applied to one 

underlayer material, commonly called the “mandrel”. As with the conventional approach, 

lithography creates photoresist features on the layer, and the first etching transfers the photoresist 

feature into the mandrel. Subsequent conformal deposition by atomic layer deposition (ALD) 

deposits fresh material over the mandrel, and plasma etching then removes the top and bottom 

material on the mandrel and the substrate, leaving sidewall material around the mandrel. Once the 

mandrel is removed, the sidewall features remain on the substrate with half the minimum pitch. 

Repeating this process can consistently reduce pitch, leading to self-aligned quadruple patterning 
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(SAQP) and even self-aligned octuple patterning [19–23]. Chapters 4 and 5 provide a more 

detailed demonstration of this method and related SADP/SAQP improvements.  

 

 

Figure 3. SADP patterning 

 

1.2 Pattern Variation and Edge Placement Error 

This section introduces pattern variation types discussed throughout this thesis. Pattern 

variations critically influence device design and development [24–27]. The semiconductor 

industry has used microelectronic device scaling to improve device performance and power 

consumption as well as reducing manufacturing costs for each generation. The general concept to 
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two-dimensionally shrink the device, i.e., in both X and Y dimensions. Smaller equivalent area 

means more chips can fitted within finite substrate sizes. Fabrication costs per chip are also reduced. 

However, this strategy faces a fundamental challenge from pattern variation. 

Pattern variation expresses physical dimension pattern variability on the wafer, including 

global and local variations. Global critical dimension uniformity (CDU) is a commonly employed 

metric for global variation, defined as 3 × standard deviation for one measurable critical dimension 

pattern across the wafer. Higher global CDU implies larger pattern deviation within the wafer. In 

contrast, local variation defines pattern deviation within the surrounding region or a single pattern. 

local variations for line and space patterns are determined by line width roughness LWR, line edge 

roughness LER, and space width roughness SWR [28],  

 𝐿𝑊𝑅 = 3𝜎𝐿𝑊𝑅 = 3√
1

𝑁
∑ (𝑊𝑖 − �̅�)2𝑁

𝑖=1 , (2) 

 𝐿𝐸𝑅 = 3𝜎𝐿𝐸𝑅 = 3√
1

𝑁
∑ (𝑋𝑖 − �̅�)2𝑁

𝑖=1  , (3) 

 𝑆𝑊𝑅 = 3𝜎𝑆𝑊𝑅 = 3√
1

𝑁
∑ (𝑆𝑖 − 𝑆̅)2𝑁

𝑖=1 , (4) 

where σLWR, σLER, and σSWR are standard deviation for LWR, LER, and SWR, respectively; N is the 

sample size; Wi and W- are the ith and average line width, respectively; Xi and X- are the ith and 

average distance from feature edge to the nominal line, respectively; and Si and S- are the ith and 

average space width, respectively.  
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The LWR, LER, and SWR metrics provide useful tools to determine critical dimension (CD) 

variation for the patterns. LWR is also 3 × standard deviation for line CD with sample size N in 

one line or multiple lines. Hence higher LWR implies increase CD discrepancy in each section on 

the line. Similarly, LER is 3 × standard deviation for the distance from line feature edge to nominal 

line, i.e., SWR = 3 × standard deviation for space CD. Prior studies have shown that increasing 

pattern variations reduce device performance and reliability [24–27]. higher LWR and LWR at 

gates suggests significant threshold voltage and off-state current fluctuation, and hence increased 

current leakage and reduced operational speed [29–33]. Higher LWR and LER at metal 

interconnections can cause device degradation by inducing electrical field clouding and electron 

scattering on the metal surface [34–38]. Thus, carefully controlling these pattern variations is 

critical for advanced node microelectronics fabrication.  

Power spectral density (PSD) methods have become widely adopted to derive line 

roughness contributions to spatial frequency and hence allow increased sensitivity and better 

understanding regarding line roughness impacts [39–42]. PSD considers line roughness as a 

waveform and applies the Fourier transform to provide PSD representation for the frequency 

domain. Figure 4 [41] shows that three parameters are generally sufficient to characterize PSD 

curves:  

• PSD(0), the flat region in the graph and the main indication for roughness 

performance in a long line (or low frequency region); 
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• correlation length ξ determines the PSD curve slope inflection point correlated to 

1

2𝜋𝜉
; and 

• roughness exponent H determines the curve slope in the high frequency region.  

Approximation relationships between these three components and the standard deviation for 

line roughness performance has been previously determined as [41] 

 𝜎2 ≈
𝑃𝑆𝐷(0)

(2𝐻+1)𝜉
, (5) 

where 𝜎2 is related to the area under the PSD curve using Parseval’s theorem.  

 

 

Figure 4. Typical PSD curve showing each component in the approximation (5) [41] 
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All the pattern wafer line roughness data in this study was captured by a 300 mm internally 

fabricated CD secondary electron microscope (CD SEM), commonly used in high volume 

manufacturing. CD SEM is a fast metrology option, and provides visual evidence for process 

control purposes. However, previous studies have suggested potentially significant line roughness 

contamination by measurement noise and device settings. Lorusso et. al showed PSD curve and 

LWR 3σ shifts from different CD SEM settings, including number of frames and pixel size for 

each image [43].  

Most measurement noise occurs in the high frequency region, and is generally identified as 

white noise signals. Subtracting CD SEM measurement noise had been proposed to obtain 

unbiased line roughness considering an analytical model for SEM scattering behavior [41,43]. 

Figure 5 shows typical biased and unbiased PSD curves (before and after the subtraction, 

respectively). White noise mainly occurs in the high frequency region, hence little modulation is 

expected in the low frequency region due to the subtraction. All line roughness data reported in 

this thesis are unbiased.  

Atomic force microscopy (AFM) is another commonly used method to detect surface/line 

roughness. All overall surface roughness measurements in this thesis were captured by AFM to 

help understand various processing impacts on surface roughness, particularly for PR surfaces. 

Figure 6 [44] shows typically comparable PSD curves for AFM and CD SEM in the low frequency 

region but disparate in the high frequency region. This implies measurement noise in the high 

frequency  region and good agreement between AFM and CD SEM measurements.  
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Figure 5. Typical biased and unbiased line edge roughness (LER) power spectral density (PSD) 

curves 

 

 

Figure 6. Sidewall atomic force microscopy (AFM) and critical dimension scanning electron 

microscope (CD SEM) top view images in power spectral density (PSD) curves on a 90 nm pitch line 

and space pattern [44]. Adapted with permission from Lorusso et. al.  
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Pattern defect is another pattern variation type, defined as undesirable pattern formation or 

missing design features. Figure 7 shows microbridge and line break pattern defect types using e-

beam inspection for advanced node microelectronic devices [45–48]. Microbridges are unwanted 

material connecting adjacent patterns, whereas line breaks are unwanted material loss in the pattern. 

Formation of these defects is correlated with exposure dose, which can be considered as line CD. 

Line CD in a positive tone resist system reduces with increasing exposure dose, hence narrow line 

CD has higher line break probability and density; whereas wider line CD has higher microbridge 

defect density. Both defects are reduced, but still co-exist, for 50–52 mJ exposure doses. Their co-

existence relates to complex stochastic effects in EUVL.  

 

 

Figure 7. Typical microbridge and line break defect types for line and space patterns with respect to 

EUVL exposure dose [45] 
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Pattern variations generated by pattern placement with more than two layers have become 

significant in modern microelectronic device manufacture, and alignment error between two or 

more photo layers has been gradually reduced using conventional overlay control approaches, 

including alignment marks, and detection, correction, and alignment systems. However, placement 

error is not the only critical mask layer alignment as device scaling continues, but also local and 

global pattern variation has begun to significantly impact operation performance and device 

reliability. Layer-to-layer patterning variation is called edge placement error (EPE) [49–51], 

Improvement in either local or global pattern variation contributes to EPE improvement in EPE. 

Chapter 5 discusses a proposed integration flow for EPE improvement on line and space patterns.  

1.3 Extreme Ultraviolet Lithography and Stochastic Effects 

Constantly miniaturizing devices requires improved lithographic imaging resolution. In 

principle, imaging resolution increases with reducing source wavelength of the light resource as 

the Rayleigh equation. The semiconductor industry selected 13.5 nm as the standardized light 

source for the newest generation lithography, called extreme ultraviolet lithography (EUVL) 

[1,9,10]. This wavelength range is close to X-ray bands, and hence most photons are absorbed in 

air, water, and quartz material. Thus, EUVL systems require vacuum environments and specific 

mirrors to direct EUV photons into the substrate and mitigate photon absorption in other media.  

The most common EUV light source is a laser produced plasma [1,9,10], using high intensity 

CO2 lasers (λ = 10.6 um) targeted onto Sn droplets. The plasma contains highly charged ions, 

electrons, neutrals, as well as light radiation. Light is collected and reflected in the optical module, 

eventually carrying mask information onto the substrate. Li and Xe have also been considered as 
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the potential candidates for this application due to similar energy bands for resonance transition. 

However, these metals have relatively low plasma conversion efficiency, unsuitable for EUV 

generation [10].  

The Sn laser produced plasma generates a considerably broad wavelength range outside the 

desired 13.5 nm, and this unwanted light can cause interaction with the photoresist and reduce 

imaging resolution. Several techniques have been proposed to remove or filter unwanted light in 

the optics module, with manifold multi-layer mirrors and spectral purity filters currently the most 

common practices to remove actinic and deep UV light [10].  

High EUV mask reflectance is an important property for fabrication productivity, and several 

previous studies have proposed mask designs using multi-layer structure with optimum thickness 

and defect control to achieve reflectance ≈ 70% [1]. 

The imaging process is initiated by photon interactions with the photoresist material. One of 

the most common PR in EUVL is chemically amplified resist (CAR) [1,9,10]. Insufficient photons 

from the light source raised productivity and cost concerns during early stage EUVL development, 

and improve productivity and fabrication efficiency was a critical bottleneck for high volume 

manufacturing. Thus, EUVL photoresist material criteria were targeted to achieve high imaging 

efficiency, high imaging resolution, and low pattern variation. EUVL efficiency is defined as the 

number of reactions caused per photon. The number of deprotection reactions in CAR directly 

correlating with imaging efficiency is amplified by photoelectron and chemical reactions within 

the photoresist. Several deprotection reactions also occur per photon, improving imaging 

efficiency [1,9,10].  
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Figure 8 shows the CAR reaction pathway. The process starts from photon injection into the 

resist. Primary electron and subsequent secondary electrons are generated in the photoresist by 

photoelectron and ionization reactions, generating several electrons for each photon. These 

electrons then cascade into photoacid generator (PAG) sites and hence generate photoacids that 

act as catalysts to reduce activation energy and promote chemical transformations in the 

surrounding matrix. This chemical transformation changes the polymer structure’s polarity, 

creating image contrast between exposed and non-exposed regions, called deprotection reactions.  

Generally, applied heat supplies sufficient energy in PEB to achieve deprotection and 

photoacids are diffused thermally to catalyze other deprotection reactions. This second 

amplification creates several deprotection reactions from one photoacid. Wet etching subsequently 

removes exposed areas, called development in lithography. Combination these two amplifications 

provides significantly improved efficiency for EUVL CAR systems. 

 

 

Figure 8. EUVL CAR exposure reaction 
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However, improving efficiency by EUVL CAR amplification comes at the cost of difficult 

process control leading to pattern variation. These stochastic effects are the combination of EUV 

photon shot noise and chemical inhomogeneity [1,9,10,52–57]. If the photoresist thickness is thin 

enough, the change of absorption is negligible. Photon absorption count for a generic resist system 

can be expressed as [58] 

 𝑁 = 𝛼 × 𝐸 ×  𝑉 (
𝜆

ℎ𝑐
), (7) 

where N is average number of absorbed photons, α is the absorption coefficient, E is exposure 

dose [mJ/cm2], V is reactive volume in the PR, λis incident light wavelength, h is Planck’s 

constant, c is speed of light, and (
𝜆

ℎ𝑐
) is the energy per photon [J].  

Incident light wavelength decreases with reducing N, assuming equivalent absorption 

coefficient, exposure dose, and photoresist volume. As discussed in Section 1.1, imaging 

resolution is improved by using short wavelength incident light, hence EUVL uses λ = 13.5 nm. 

The reducing wavelength results a few numbers of absorbed photon under a equivalent exposed 

dose. Absorbed photon fluctuations in EUV photon shot noise follows the Poisson distribution 

around N [59], 

 
𝜎𝑁

𝑁
=

1

√𝑁
, (8) 

where σN is the standard deviation for the number of photons under N.  
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Thus, fluctuation represented by the number of standard deviations over the average number is 

inversely proportional to the square root of average number of absorbed photons. Therefore, 

fluctuation or photon statistics becomes a major contributor to pattern variation and final feature 

displacement for EUVL with small photon count and short wavelength.  

Chemical inhomogeneity or chemical noise in the material also contributes to stochastic effects. 

Chapter 2 discusses chemical noise induced pattern variation in more depth. 

1.4 Process Induced Pattern variation: Plasma Etch & Others 

Section 1.3 discussed pattern variation causes in lithography, and particularly in EUVL. The 

current section focuses on other patterning processes that modulate pattern variation in plasma 

etching, deposition, and integration. Plasma etching is a common method to transfer the PR pattern 

into the desired material due to its anisotropy. Plasma is partial ionized gas, hence supplying 

energy into the gas generally causes four reactions within the plasma: ionization, dissociation, 

recommendation, and excitation [6–8, 60,61]; with corresponding ion, electron, radical, and 

photon reaction products. Optimal etching processes are designed to balance these species under 

the target chemical reaction with appropriate energy supply to meet the model requirements. Two 

metrics are commonly employed to determine physical characteristics for etching processes: 

etching selectivity and anisotropic factor [7]. Etching selectivity defines etching rate differences 

between two materials under the same etching conditions as 

 𝑆 =  
𝐸𝐴

𝐸𝐵
, (10) 
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where S is etching selectivity for material A over material B; and EA and EA are etching rate for 

material A and B, respectively. Etching selectivity is a primary criteria for patterning between 

etching and material selection.  

The fundamental requirement for patterning process is to transfer the lithography pattern into 

the desired material. Etching behavior in the vertical direction represented by the anisotropic factor 

is also a primary criteria for etching. The anisotropic factor defines etching rate differences 

between horizontal and vertical directions under the same etching conditions,  

 𝑎 = 1 −
𝐸ℎ

𝐸𝑣
, (11) 

where a ∈ [0, 1] is the anisotropic factor; Eh and Ev are etching rate in horizontal and vertical in a 

cross-section, respectively. Thus, α = 1 represents ideal isotropic etching, i.e., equivalent etching 

rates in all directions; and α = 0 when etching is wholly anisotropic [60,61]. These two criteria 

serve as primary requirements to design plasma etching processes for patterning.  

Other plasma characteristics that focus on plasma-induced pattern variation have become 

important for overall pattern variation during pattern transfer as device scaling continues. Plasma-

induced LER and polymer material surface roughness have been considered previously [62], which 

correspond with plasma-polymer interaction. Species inside the plasma modify the polymer top 

surface and penetrate into the polymer material. Cross-linking also occurs in some polymer 

systems through hydrogen and oxygen depletion by the plasma. Localized morphology and stress 
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distributions change once the polymer is modified by these incident species, inducing mask 

distortion.  

The modified layer also has different bond structure and chemical composition from the 

original polymer material. Resulting differences in etch selectivity between the mask and target 

material becomes another cause for LER degradation when used as the mask material. Ions and 

ion energy in key parameters for plasma etching to maintain etching behavior in anisotropic 

conditions, considerably influencing pattern variation particularly in LER during pattern transfer.  

 A controlling parameter for process condition in a plasma etching system is the bias power, 

which creates additional plasma potential to accelerate positive ions into the substrate. Increased 

plasma bias power increases plasma ion energy, which tends to induce severe mask distortion 

through high energy ions striking the surface and modifying the polymer structure.  

Figure 9 compares LER performance between polymer (soft) and dielectric (hard) mask 

material [63]. The soft mask sample exhibits significantly inferior LER than the hard mask sample, 

as well as narrower processing window (Fig. 9(a)). LER for the soft mask sample increased sharply 

under high bias power condition (bias power > 450 W) compared with the hard mask, which 

controlled LER performance < 3 nm under equivalent etching conditions. Thus, the hard mask 

stack provided better LER and process control over the parameter change. Figure 9 (b) compares 

top view images between soft and hard mask samples after post target material etching with 

equivalent etching condition (bias power = 300 W). 

 



 

20 

 

 

Figure 9. (a) Line edge roughness (LER) with respect to applied bias power at post-target material 

etching; and (b) top view under bias power = 300 W for soft and the hard mask samples [63] 

 

Stack selection and material property also contributed to pattern variation [64–66]. Film 

stress management is an patterning active research area. Figure 10 compares aspect ratio (AR) and 

film stress impacts on roughness for a silicon etch 30 nm line pattern [64]. Film stress parameters 

were collected and calculated for four different stress level silicon nitride-base films (Films A, B, 

C, and D). The films exhibit different tensile stress in the order: D > C > B > A. Considering 

potential impacts from etch selectivity and profile degradation during patterning, we selected the 

top layer alone as the target material for these stress level films.  

Feature height was is customized to 6.4, 8.7, and 13.3 AR, representing feature physical 

geometry. Higher AR represent taller features that typically have worse patterning variation. 

Figure 10 confirms AR has significant impact on LER, exhibiting deteriorating performance with 
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increasing AR. Thus, high AR with relative deep structure tends to cause pattern deflection and 

deformation, inducing line wiggling and poor LWR/LER.  

Roughness performance also significantly improvs with increasing tensile stress. The 

tensile stress generates shear stress within the interface that helps to straighten the line along the 

pattern direction. 

 

 

Figure 10. Line width roughness (LWR) and line edge roughness (LER) with respect to film stress 

(Films A, B, C, and D) and aspect ratio AR = 6.4, 8.7, and 13.3. AR = space critical dimension / 

feature depth [64] 
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Chapter 2: Characterization of Surface Variation of 

Chemically Amplified Photoresist to evaluate Extreme 

Ultraviolet Lithography Stochastics Effects 

In this chapter, we focus on understanding the creation of surface variation on the EUV 

photoresist. This study starts from the electron interaction with the photoresist by the e-beam 

exposure and extends to understanding material removal during the development. A strong 

dependence of photoresist formulation has been identified to impact the surface roughness by 

atomic force microscopy (AFM). The histogram of the AFM results revealed the skewness as the 

development time increased. This skewness implies the preferential material removal in a specific 

site than the other site. A difference in localized material removal rate indicates the contribution 

of chemical stochastics in the photoresist during the development process. We propose in a 

chemical amplified resist system, material inhomogeneities and composition affect the 

physical surface variations of the resist.  

2.1 Introduction 

In the semiconductor industry, device dimension reduction is one of the most effective 

strategies to reduce the manufacturing cost and enhance the device performance. A lithography 

process, known as extreme ultraviolet (EUV) lithography, has been successfully introduced into 

the advanced logic node device fabrication. Given the novelty of EUV lithography, still several 

areas require extensive research efforts such as productivity, pattern fidelity, and stochastic effects 
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[1-4]. In general, the stochastic effects in EUV lithography include the contributions from the 

probability distribution between photons, electrons, the photoresist material, and post-exposure 

treatments [5, 6]. These stochastic effects usually form defects in the devices and introduce pattern 

variations in the physical features [2, 7-10]. The pattern variation is generally described as line-

edge-roughness (LER) in line/space patterns and contact-edge-roughness (CER) in circular 

patterns. High LER and CER in semiconductor logic devices deteriorate the device performance 

[11-15].      

In EUV lithography, the use of photoresist can be categorized into two types: CAR and Non-

CAR. CAR generally contains the backbone polymers, PAG, and a base, known as the quencher. 

The imaging mechanism and reaction of CAR have been well studied in the past [16-18]. The 

complexity of resist material, chemically amplified reaction, and EUV lithography exposure 

conditions make the estimation of stochastic effects and physical variation in CAR a complex task. 

To understand the surface variation of a photoresist, one of the most common physical 

characterization methods is AFM. AFM has been widely used for the characterization of polymer 

surfaces as well as the EUV photoresists in the past few decades. Several research groups have 

shown a correlation of surface roughness obtained by AFM to the lithography condition and 

photoresist type [19-26]. The previous study reported an elevated surface roughness in the CAR, 

which was correlated with dark loss induced surface roughness and resist composition [21]. 

Another study correlated the surface roughness with device yield and defectivity in the CAR [26]. 

Most AFM data in previous studies showed just the RMS for the surface roughness. A more 

detailed data processing can be carried out to construct a complete physical presentation of the 
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photoresist surface such as power spectral density (PSD), area ratio, and histogram of height 

distribution. 

In this chapter, AFM was used to characterize the surface of photoresist as shown in Figure 1. 

The data was then used in the next step of data processing to determine the histogram, area ratio/ 

particle counts, and PSD. The height distribution, occupied area of peak and valley, and correlation 

length between two equivalent height signals within the scan area were also extracted. All this 

information was used to decouple the source of variation from each element in both non-CAR and 

CAR and to understand the EUV lithography stochastic effects as well as the inhomogeneity 

behavior of development-induced surface variation. 
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Figure 1. Illustration of AFM data collection on photoresist surface and data processing. The 

AFM is used to measure the surface roughness profile, which is then used to generate the power 

spectral density, counting of the number of peaks and valleys, and generating the histogram of 

these results.  



 

35 

 

2.2 Experimental Details 

2.2.1 Sample Preparation 

 

The CAR was formulated using 2 wt% of a solid polymer dissolved in propylene glycol methyl 

ether acetate (PGMEA). The solid polymer is a combination of poly(4-hydroxystyrene) (t-butyl 

acrylate) copolymer (PHS:tBA) or poly(4-hydroxystyrene)(polystyrene)(t-butyl acrylate) 

copolymer (PHSPS:tBA) as the backbone polymer, with di-(t-butylphenyl)iodonium 

perfluorobutane sulfonate (TBPI-PFBS) as the PAG, and tetrabutylammonium lactate (TBAL) as 

the quencher. PHS:tBA copolymer has a composition ratio of 60:40 and an average molecular 

weight of 11,500 g/mol. The two types of copolymers PHSPS:tBA, PHSPS:tBA 074 with a 

composition ratio of 61:24:15 and PHSPS:tBA 075 with a composition ratio of 66:19:15, were 

obtained from Dupont Chemical. The nominal condition of CAR in this study is 83.5 wt% of 

PHS:tBA or PHSPS:tBA polymer, 15 wt% of TBPI-PFBS as PAG, and 1.5 wt% of TBAL as base. 

The non-CAR was obtained as a premade 950 k molecular weight PMMA from MicroChem. The 

chemical structures of both CAR and non-CAR are shown in Figure 2. 

 

 

Figure 2 Chemical structure of CAR (a) PHSPS:tBA, (b) PHS:tBA, (3) TBPI-PFBS, and (d) 

TBAL and non-CAR (e) PMMA. 
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The photoresist was spin-coated onto 4-inch silicon substrates. The spin coat conditions for the 

CAR are 5 seconds in 500 rpm, followed by 45 seconds in 2000 rpm, 5 seconds in 500 rpm, and 

60 seconds in 1500 rpm for non-CAR. The wafer was subjected to a post-apply bake (PAB) on a 

hot plate at 120 oC for 60 seconds for the CAR and 180 oC for 75 seconds for the non-CAR. The 

samples were exposed to an electron beam (e-beam) in an Electron-Resist Interaction Chamber 

(ERIC) at the College of Nanoscale Science and Engineering in Albany, NY, described elsewhere 

previously [27-30]. The e-beam energy was 80 eV, and the nominal dosage of 8 μC/cm2. After the 

e-beam exposure, the samples were treated by PEB on a hot plate at 120 oC for 90 seconds. The 

CAR samples were rinsed with the developer solution consisting of 0.13 N and 0.26 N 

tetramethylammonium hydroxide (TMAH) at room temperature for 45 seconds, followed by 30 

seconds of deionized water rinse and drying with nitrogen. For the non-CAR samples, the samples 

were developed in 1:3 methyl isobutyl ketone/isopropyl alcohol for 30 seconds at room 

temperature, followed by deionized water rinse and nitrogen drying. The development-only 

samples were coated and baked under the PAB conditions. The tested development conditions 

included a development time between 0 and 110 seconds. 

 

2.2.2 Metrology 

 The surface roughness was characterized using a Dimension Icon AFM system from 

Bruker. The measurements were conducted in the noncontact mode of SCANASYST-AIR scan. 

The tip was made of a triangular shaped silicon nitride with 2 nm nominal tip radius. The scan area 

was 0.25 μm2. The horizontal scan speed was maintained at 500 nm per second, and the step size 
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in vertical direction was <4 nm per step. The results were processed using a NanoScope Analysis 

software from Bruker using a third-order flattening and noise removal filter to obtain the RMS, 

PSD, and height distribution histogram by centering the highest point. The AFM images were 

converted into a quantized color contour image. The area ratio was calculated from a feature with 

an area of 6 nm and below by normalizing the highest height of each data point. The thickness loss 

was obtained using a J.A. Woollam M-2000V spectroscopic ellipsometer equipped with a Cauchy 

thickness model for photoresist on the silicon substrate.  

 

2.3 Surface Roughness of PHSPS:tBA CAR vs PMMA Non-CAR  

To separate different sources of surface roughness on the resist, a simplified model was used 

assuming that each process is an independent source of roughness. Under the assumption of 

independent parameter, this simple view of EUV lithography stochastic effects on surface 

roughness is shown as Equations (1) and (2) for the non-CAR and CAR cases 

 

 𝜎𝑇𝑜𝑡𝑎𝑙 𝑜𝑓 𝑁𝑜𝑛−𝐶𝐴𝑅
2 = 𝜎𝐶𝑜𝑎𝑡

2 + 𝜎𝐸𝑥𝑝
2 + 𝜎𝐷𝑒𝑣

2       (1)                      

 

𝜎𝑇𝑜𝑡𝑎𝑙 𝑜𝑓 𝐶𝐴𝑅
2 = 𝜎𝐶𝑜𝑎𝑡

2 + 𝜎𝐸𝑥𝑝
2 + 𝜎𝐷𝑒𝑣

2        (2) 

 

σTotal of Non-CAR and σTotal of CAR are the photoresist surface roughness in non-CAR and CAR, 

respectively. σCoat is the surface roughness after coating, representing the surface roughness before 
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exposure. This includes the contributions from both the wafer roughness and the added resist film 

roughness. σDev is the surface roughness after the development process includes dark loss induced 

deprotection reaction variations in the developing process. σExp is the surface roughness from the 

exposure step. Part of the surface roughness comes from shot noise and chemical amplified 

reaction in CAR.  

The RMS of surface roughness was collected on both the PMMA as the non-CAR sample and 

the PHSPS:tBA+TBPI-PFBS+TBAL as the CAR sample in each processing step. The AFM 

images of both topview and tilt view for the non-CAR and CAR surfaces are shown in Fig. 3. In 

the non-CAR material, dark loss contributed to the RMS degradation of 0.3 nm. Further 

degradation to 0.8 nm can be explained by a combination of dark loss and e-beam exposure. Using 

Equation 1, the σExp was calculated as 0.63 nm in RMS to the overall roughness. In the CAR, the 

dark loss contributed to the RMS of 0.95 nm. The RMS roughness further degraded to 1.8 nm due 

to the contributions from the exposure and chemical amplified reaction. Using Equation 2, the 

contribution of σExp was calculated as 1.5 nm in RMS. The contribution of each term is shown in 

Fig. 4. In the CAR system, the exposure and dark loss can be attributed to the major portion of 

overall surface variation in this formulation.  
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Figure 3 AFM images of resist surface of PMMA (non-CAR) and PHSPS:tBA+TBPI-

PFBS+TBAL (CAR), showing increased roughness due to the development and the exposure.  
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Figure 4 Contribution of PMMA (Non-CAR) and PHSPS:tBA+TBPI-PFBS+TBAL (CAR) to 

surface roughness, all data excepts the exposure contribution are AFM roughness measurements, 

the exposure results are calculated from equations (1) and (2).  

2.4 Dark Loss Induced Surface Variation in PHS:tBA System  

In the following sections, the dark loss induced contribution of resist compositions to surface 

roughness is discussed since we have seen the contribution of development step to the surface 

roughness, especially the effect of polymer system and PAG loading. The first evaluated CAR 

sample was PHS:tBA as the backbone polymer. Fig. 5 (a) shows the thickness loss regarding 

development time. The sample had no PAG and quencher, resulting in the fastest etch rate of >2 

nm/s. The presence of PAG and quencher effectively reduced the etch rate to 0.5 A/s. PAG worked 

as a development inhibitor and reduced the etch rate as well as the backbone polymer, as reported 
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previously [31, 32]. No distinct difference in term of etch rate was observed between the presence 

of 1.5 wt% quencher with PAG in PHS:tBA. Fig. 5(b) shows the RMS performance regarding 

development time. The sample with PHS:tBA-only shows no roughness response with the 

development time. The film was mostly removed in the first 10 s of development. The AFM 

measurement was most likely conducted on the silicon substrate but not on the photoresist. The 

samples with PAG and quencher and without quencher show a similar trend as the surface 

roughness increases with the development time.  Fig. 6 shows the surface evolution with 

development time. The RMS increased from 0.29 nm after coating to 2.52 nm after 110 s of 

development. 
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Figure 5 (a) Film thickness change and (b) RMS change with the development time in the resist 

system of PHS:tBA. 

 

 Fig. 7 (a) and (b) show an AFM line scan comparison between the development time and 

comparison of height histogram. The surface roughness or variation is clearly associated with the 

development time as well as “valley” formation. The “valley” is classified as a big trench on the 

resist surface. The implication of “valley” formation is shown as a localized material loss with a 

relatively faster development rate than the adjacent site and resulted in a rough surface. A similar 
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result was observed in the height histogram. The histogram was started in the shape of a normal 

distribution in 0 s and then progressed into a skewness into the region of negative height. This 

indicates a localized dissolution rate difference that tends to be correlated with the resist 

component and inhomogeneity of resist structure. 

 

 

Figure 6 AFM images of PHS:tBA with 15 wt% of PAG and 1.5 wt% of TBAL with the 

development time. 
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Figure 7 (a) Surface profile line scan and (b) height histogram of PHS:tBA with 15 wt% of PAG 

and 1.5 wt% of TBAL with the development time. The black arrows show examples of valley 

formation. In (b), all the curve were normalized to the highest value in depth for a clear 

comparison of spread and skewness of the histogram. 
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 Fig. 8 shows the ratio of valley area to the total scan area with the development time. A 

clear valley area expansion was associated with the development time. In the first 20 s, the valleys 

were created locally and accounted only <10% of the total scan area. The area increased with the 

development time. At 80 s of development, the valleys account for close to 65% of the scan area 

of the resist and show a few features that protruded out of the surface. At 110 s of development, 

the valley area was slightly reduced to around 55% from the possible undercut etch and the 

isotropic etch behavior of the wet dissolution. 

 

 

Figure 8 Ratio of “valley” area over the scan area with the development time.  
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2.5 Dark Loss Induced Surface Variation in PHSPS:tBA System and 

PAG Loading  

In this section, the role of backbone polymers and PAG loading to dark loss induced surface 

variation is discussed. Fig. 9 (a) shows the thickness loss of tested samples with the development 

time. The PHS:tBA sample with PAG and quencher had an etch rate of about 0.5 A/s. The other 

tested samples had an etch rate of < 0.1 A/s or no average film loss. The development rate on these 

tested samples was effectively reduced by changing the polymer system from PHS:tBA to 

PHSPS:tBA. The presence of polystyrene in the copolymer system tends to alleviate the film loss 

during the wet process because it does not contain a polar group in the structure. One commercially 

available CAR resist was also included in the comparison with equivalent development condition. 

No noticeable thickness change was observed in this resist.  
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Figure 9 (a) Film thickness change and (b) RMS change with the development time 

 

 Fig. 9 (b) shows the progression of surface roughens with development time in PHS:tBA, 

PHSPS:tBA 074, PHSPS:tBA 075, and the commercial resist. The general trend was observed as 

the surface roughness increased with the development time among all the tested samples. The 

reduction in film loss in the presence of polystyrene can also be attributed to a reduction in the 

degradation of surface roughness. The amount of polystyrene in the two PHSPS:tBA systems also 

significantly affected the surface roughness.  PHSPS:tBA 074 has 24% of polystyrene than 19% 

in 075 in the copolymer system, resulting in an RMS difference from 0.4 nm to 1.01 nm under 110 
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s of development process. The presence of PAG and polystyrene works as a dissolution inhibitor, 

corresponding to a slower etch rate in the development process than the PHS:tBA system. The etch 

selectivity between the components of the resist is clearly associated with the dark loss induced 

surface roughness. In the PHSPS:tBA system, both components of backbone polymer and PAG 

had a relatively slower etch rate, thus resulting in a minor degradation of surface roughness with 

the development process. In the PHS:tBA system, the backbone polymer and PAG had a 

significant difference in etch rate. The faster etch rate component tends to be removed first, and 

the slow etch rate components tend to remain on the surface for creating a rough surface. The 

commercially available resist had a similar surface roughness as PHSPS:tBA 074 system with 

minor dark loss induced surface roughness. 
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Figure 10 PAG loading to (a) film thickness change and (b) RMS change with the development 

time in the resist system of PHSPS:tBA 074 with TBAL. 
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 Fig. 10 (a) shows the film loss with development time in the PHSPS:tBA 074  resist with 

1.5 wt% of TBAL and PAG loading of 1, 10, 15, 20, and 25 wt%. No obvious film loss was 

observed with the increase of development time except the condition of 1 wt% PAG. This 

observation matched the data reported in figure 5 (a). The presence of PAG in the resist 

formulation reduced the development rate. Fig. 10 (b) shows the RMS performance with the 

development time between the PAG loading tested conditions. In general, the surface roughness 

increased with development time. The high concentration of PAG has the lowest RMS. PAG was 

added to reduce the etch selectivity between resist components. Fig. 11 shows a PSD comparison 

between the PAG loading tested conditions. The tested condition with 1 wt% of PAG had a high 

PSD within all frequency domain. The correlation length beyond 100 nm was not considered due 

the lack of data points within the limited scan area. By increasing the PAG loading from 10 wt% 

to 25 wt%, a change in correlation length in spatial frequency was observed.  The correlation length 

increased from 33 nm to close to 100 nm. The presence of PAG affects both average surface 

roughness and the spatial frequency of surface topography from the PSD observation. 
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Figure 11 PSD comparison of PAG loading tested conditions in the resist system of PHSPS:tBA 

074 and TBAL at development of 45 s.  

 

2.6 Summary and Conclusions 

In summary, the surface topography of an EUV photoresist was characterized by AFM. In a 

particular CAR system, the photochemistry and dark loss were the main contributors to the overall 

surface variation. An extensive study was conducted to evaluate the effect of dark loss including 

the backbone polymer system and PAG loading. The AFM data was processed and extracted to 

determine the height histogram, line scan, area ratio calculation, and PSD.  Form this information, 

the dark loss induced surface roughness can be attributed to the competition of development 

selectivity in resist components. When the development selectivity is relatively low as well as low 

film loss, the dark loss induced surface roughness remains relatively smooth. In the case of a high 
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selectivity between the components, a substantial difference in etch rate in the deprotection front 

led to a high surface roughness as well as a change of correlation length in PSD and skewness in 

the height histogram. In a chemical amplify resist system, through the experiment, we identify that 

the material composition/inhomogeneous affects not only the material loss in a lithography process, 

but also the physical surface variations.    
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Chapter 3: Line Roughness and Defect Performance 

of a Chemically Amplified Photoresist System for 

Extreme Ultraviolet Lithography and Plasma Etching 

Processes 

This chapter is focused on the pattern variations associated with extreme ultraviolet 

lithography and the effect of plasma etching in 300 mm substrates. The target pattern variations 

were line roughness and defects. In the previous chapter, we have identified that the material 

composition affects the surface variations in dark loss. In this chapter, we extend the study to 

analyze the chemical composition and physical performance of the pattern variations in photoresist 

under EUV exposure. The result helps to determine an etching process that is designed to 

preferentially remove these defects and improve line roughness. We highlight that the use of a 

chemically amplified photoresist system for optimized plasma etching can help improving the line 

roughness and defect performance.  

3.1 Introduction 

In the semiconductor industry, extreme ultraviolet (EUV) lithography is a valuable tool that 

can drive device scaling to smaller features. Improving the image resolution in EUV patterning 

can help reduce the number of processing steps by moving to single exposure, single etch instead 

of the current multipatterning approaches [1-3]. Notably, decreasing the processing complexity 

can decrease the number of processing steps, manufacturing cost, and time required for device 
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fabrication. However, the pattern variations are not alleviated. Pattern variations typically originate 

from the stochastic effects associated with the lithography and plasma etching during pattern 

transfer [4-8]. This chapter describes the analysis of the pattern variations on 300 mm wafers 

processed using high-volume manufacturing equipment in a clean room environment. First, the 

EUV dose response on a blanket photoresist sample was examined to construct a contrast curve. 

The contrast curve of the photoresist thickness with the EUV dose and surface morphology results 

can help clarify the physical size and chemical composition of the residues. The samples were 

subjected to plasma etching in different experimental conditions. A post plasma etching analysis 

was performed to clarify the influence of the plasma etching processes on the residues. 

Subsequently, 30 nm pitch line pattern wafers were examined. The defect process window and line 

roughness measurements represented the change in the pattern variation performance from 

lithography to the selective plasma etching processes. 

3.2 Experimental Details 

3.2.1 Sample preparation 

Two different wafer types are used, both a 300 mm blanket wafer and a patterned wafer were 

processed at the State University of New York Polytechnic Institute, College of Nanoscale Science 

and Engineering in Albany, New York. The blanket sample was prepared by coating one layer of 

18-nm-thick silicon-containing spin-on material on a Si substate, followed by the introduction of 

a 30-nm-thick commercially available positive-tone chemically amplified photoresist layer. The 

sample had a checkerboard design implemented by the open frame exposure. The dimensions of 

each exposed area were 2.7 cm and 3.3 cm in the X and Y axes, respectively. The other wafer was 

a patterned wafer consisting of a layered stack of 20-nm-thick silicon oxide, 50-nm-thick spin-on 
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carbon (SOC), 18-nm-thick silicon-containing spin-on material (SiARC), and 30-nm-thick 

photoresist layer (similar to that of the blanket sample) to achieve a 30 nm pitch line pattern. Both 

samples were exposed on an ASML NXE:3400B EUV scanner and developed using 0.26 N 

aqueous tetramethylammonium hydroxide. The subsequent etching process was implemented in a 

capacitively coupled plasma chamber to examine the influence of the etching process on the pattern 

variations.  

 

3.2.2 Metrology 

 The sample surfaces were observed through cross-section scanning electron microscopy 

(XSEM, S-4800, Hitachi High-Technologies, Corp.) and critical dimension scanning electron 

microscopy (CDSEM, CG6300, Hitachi High-Technologies, Corp.). The line roughness 

performance (line width roughness, line edge roughness (LER), and power spectral density) and 

defect detection performance (microbridge and line break) were evaluated by examining the 

CDSEM images using Fractilia, LLC.’s MetroLER software. Each data point represented more 

than 200 features on average. The chemical composition of the material surfaces of the blanket 

sample was determined using the Revera VeraFlex X-ray photoelectron spectroscopy (XPS) 

device with an Al–Kα X-ray source. The elements of interest were Si 2p, F 1s, O 1s, N 1s, C 1s, 

and S 2p, with calibration performed using aliphatic carbon (285 eV). The surface roughness of 

the blanket sample was measured using a Dimension Icon atomic force microscopy (AFM) system 

manufactured by Bruker in the noncontact SCANASYST-AIR scan mode. The tip had a nominal 

radius of 2 nm. The scan area was 0.25 µm2, and the scan rate was 500 nm per second. All the 

AFM data were processed using the NanoScope Analysis v1.8 software for flattening and surface 
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roughness measurements. KLA-Tencor Spectra FX 200 based ellipsometry was performed to 

measure the film thickness.  

3.3 Lithography Performance on the Blanket Sample 

The influence of the EUV dose on the photoresist during the lithography of the blanket sample 

was examined. For a positive-tone chemically amplified photoresist, the high intensity of EUV 

photons is expected to promote the deprotection reactions, resulting in significant material losses 

[9,10]. Figure 1 shows the photoresist contrast curve for the blanket sample of the commercially 

available photoresist. The initial thickness of the sample was 30 nm at a zero dose. The thickness 

gradually decreased as the dose increases to 14 mJ/cm2. A significant decrease in the thickness 

was observed in the dose range of 17–19 mJ/cm2, corresponding to a rapid transition region in the 

contrast curve. At dose values of 19 mJ/cm2 and higher, the thickness remained within the 

measurable fluctuation and approached zero. These findings indicate that most of the photoresist 

material was fully developed in the region corresponding to dose values of 19 mJ/cm2 and higher. 
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Figure 1 EUV lithography contrast curve of the photoresist thickness vs. EUV dose.  

 

 Figure 2 shows a series of cross-section SEM images that highlight the features on the surfaces 

in the transition region of the contrast curve. The exposed area in each image shown in Figure 2 

received doses of 17.5, 18, 19, and 20 mJ/cm2. Figure 2 (a) shows the exposed and non-exposed 

areas in the image. The exposed area that received a dose of 17.5 mJ/cm2 exhibited a rough surface 

with numerous potholes (marked by yellow arrows) with a diameter of 44 nm. Despite the rough 

surface, most of the material remained in this area. Figure 2 (b) shows the photoresist surface that 

received a dose of 18 mJ/cm2. The surface exhibited larger pothole formations and higher 

roughness than those observed in Figure 2 (a). The formation and enlargement of the potholes 
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implied a non-uniform development front owing to the stochastic effects. Both photon and 

chemical stochastics are possible sources for these pothole formations. When the EUV dose 

increased to 19 mJ/cm2, as shown in Figure 2 (c), most of the photoresist material was removed; 

however, a small amount of the material, in the form of humps and residues, remained on the 

underlayer material. Figure 2 (d) shows the exposed surface that received a dose of 20 mJ/cm2. 

Almost all of the material was removed in this condition. The red arrows indicate the few spots in 

which the material remained, and the edge roughness between the exposed and non-exposed 

regions is highlighted by the stochastic effects. The features of the exposed area in SEM images 

agree with the measured thickness by ellipsometry, but the blanket average thickness measurement 

is misleading to describe the surface variations and the systems are much more complex. 

 

 

Figure 2 Cross-section SEM images of the photoresist surface topography at EUV doses of 

(a) 17.5, (b) 18, (c) 19, and (d) 20 mJ/cm2.  
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To further examine the surface topography, AFM measurements of the exposed area were 

obtained. Figure 3 (a) shows the root mean square (RMS) correlation of the surface roughness with 

the EUV dose. The RMS increased with the EUV dose and attained the maximum value at a dose 

of 18 mJ/cm2. As discussed in Chapter 1, the normalized percentage of standard deviation in the 

EUV photon shot noise was decreased with the increase in the number of incident photons, that is, 

the dose. The increase in the surface roughness with the dose implied that the photon shot noise 

might not the only factor associated with the stochastic effects in this process. At dose values 

beyond the transition region, most of the material was removed during the development. The 

measurements corresponded to the surface of the underlayer and not the photoresist. In this region, 

the RMS did not change significantly with the increasing dose. From the previous study, He et. al 

showed RMS curve with the exposed dose [11] and had a similar trend as Figure 3 (a).  The RMS 

reaches the maximum in the transition region and decreases with the EUV dose.  Figures 3 (b), (c), 

and (d) show the AFM images indicating the surface topography in each region of interest. None 

of the images were normalized in the color scale to facilitate comparison. Figure 3 (b) shows that 

potholes were formed on the photoresist surface. Figure 3 (c) shows that the surface exhibited a 

high roughness with a significant change in the feature height. These findings demonstrated that 

the EUV lithography process is not uniform but localized. The distinct localized behavior results 

in more rapid development in one region compared to that in the adjacent region. Especially in 

Figure 3 (c), the feature is larger than the typical electron and acid range of a few nm [12-14], and 

that may indicate collective variations in the resist on a larger spatial scale, which could be a direct 

indication of the other factors such as chemical variations in the resist.  Figure (d) displays the 
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underlayer surface after the development process. Several residues with a feature height of 

approximately 2.8 nm were observed.  

 

 

Figure 3 AFM measurements of the photoresist surface: (a) Plot of the RMS vs. the EUV 

exposure dose (in mJ/cm2). AFM images (b) 11, (c) 18, and (d) 25 mJ/cm2. 

 

3.4 Influence of Plasma Process on the Blanket Samples  

The effect of plasma process on the surface topography of the exposed samples was examined. 

Figure 4 shows the exposed surfaces processed through EUV exposure and plasma etching. The 

samples were examined through CDSEM. In Figure 4, the horizontal axis indicates the dose, which 

was increased from 17.5 mJ/cm2 to 21.5 mJ/cm2. The vertical axis indicates the process conditions 

applied to each sample. The first row shows the surfaces subjected to the lithography process with 

different doses. The increase in the EUV dose promoted the material dissolution in the developer 

and led to material removal, as observed in the contrast curves and cross-section images presented 
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in the previous section. The red region indicates the transition region in which the surfaces 

exhibited a high roughness and a significant amount of residues. The samples were processed 

through different plasma etching processes. The CDSEM images of the exposed surfaces are 

shown in the second to fifth rows of Figure 4. The O2 plasma sample exhibited a clean surface 

above a dose of 19 mJ/cm2, although significant film damage was observed in the low-dose region. 

The shift in the transition region was attributable to the etching behavior and material loss of the 

photoresist by the O2 plasma. Among the considered plasma etching conditions, the N2–H2 plasma 

configuration corresponded to an improved defect window with no film damage in the low-dose 

region. We also implemented the direct current superposition (DCS) configuration, the details of 

which can be found elsewhere [15-17]. By supplying ballistic electrons into the plasma and silicon 

deposition, the photoresist roughness could be effectively decreased [15-17]. The CDSEM images 

showed the formation of defects on the surfaces treated by plasma etching. The DCS with N2 

plasma configuration corresponded to a deteriorated defect performance and expanded the 

transition region to the high dose region.  
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To clarify the chemical changes on the surfaces, XPS measurements of the tested samples were 

performed. The results are shown in Figures 5 and 6. Figure 5 shows the results of the chemical 

analysis of the sample surfaces at a dose of 20 mJ/cm2. The lithography sample not subjected to 

plasma processes exhibited the following composition: 49% O, 18% C, 8% F, and 25% Si. The 

high concentrations of Si and O corresponded to the material composition of the underlayer 

(silicon-containing spin-on material). The pristine material was composed of Si, C, and O. This 

XPS result was consistent with the observations derived from the ellipsometry analysis and top-

view SEM images. Most of the photoresist material was removed during the development process 

at a dose of 20 mJ/cm2. The samples subjected to O2 and N2 plasma processes exhibited similar 

chemical compositions. Most of the C and F elements were removed during the processes, 

resulting in the final compositions involving Si and O. Both processes effectively removed the 

photoresist residues. The samples subjected to H2 plasma and N2–H2 plasma treatments exhibited 

smaller proportions of C and F elements compared to those in the lithography sample. The decrease 

in the amounts of C and F elements could be attributed to the removal of the photoresist residues. 

Moreover, F was observed in the photoresist but not in the underlayer material. The sample treated 

with DCS and N2 plasma exhibited the presence of N, attributable to the surface nitridation and 

silicon deposition during the process. Among these conditions, O2, N2 and N2H2 were good at 

removing the C and F, which implies removing the unwanted defects on the surface, and then 

aligned with better process window as shown in Figure 4, but also want to not remove the 

unexposed resist.  Future effort will be to simultaneously optimize for leaving original resist but 

preferentially removing the composition of the defects. 
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Figure 5 XPS analysis of atomic% distribution on the blanket samples after lithography and 

various plasma processes with an EUV dose of 20.0 mJ/cm2.  

 

Figure 6 shows the C 1s spectrum of the samples processed through lithography and plasma 

treatments at a dose of 20 mJ/cm2. The surface of the lithography sample exhibited the presence 

of carbon-containing products (C-C, C-H, C-O, and C-Fx). All the samples subjected to plasma 

etching exhibited decreased C signals compared to that of the lithography sample. In particular, 

the O2 and N2 plasma processes completely eliminated the C content. The samples subjected to H2 

plasma and DCS treatments exhibited a spectral profile similar to that of the lithography sample, 

albeit with reduced intensities. The N2–H2 plasma treatment effectively decreased the amounts of 
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fluorocarbon, carbonyl group, and hydrocarbon products. The decrease in the fluorocarbon was 

consistent with the F 1s signals observed in the atomic% calculation (Figure 5).  

 

 

Figure 6 XPS analysis derived C 1s spectra for the samples subjected to lithography and plasma 

etching at a dose of 20 mJ/cm2.  
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3.5 Lithography and plasma etching performances for a 30 nm pitch 

line pattern 

The EUV lithography and plasma etching performances after the pattern transfer for the pattern 

wafer were evaluated. In this section, we focus on investigating the line roughness and defect 

process window between the lithography and the after pattern transfer. A comparison in line 

roughness and defect window of the conventional pattern transfer process and the pattern transfer 

process with the selected plasma process was also shown in this section. Figure 7 illustrates the 

schematics of the tested samples’ cross-sections on the 30 nm pitch line pattern wafers. 

 

 

Figure 7 The schematics of the tested samples’ cross-sections in lithography, in after pattern 

transfer, and in after selected plasma process and pattern transfer.  

 

 First, the mean line critical dimension (CD) performance of the line pattern at various doses 

were evaluated. Figure 8 shows the CD performance in the lithography, in after pattern transfer, 

and in N2-H2 plasma after pattern transfer associated with a 30 nm pitch EUV CAR line pattern 
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with increasing dose. As observed in the previous analysis, the increase in the dose promoted the 

material development in the lithography process. For the pattern wafer, the CD decreased linearly 

with the increasing dose. The R-square of the linear fit line was 0.98. The calculated dose change 

for the lithography line CD was approximately 0.2 nm per mJ/cm2. The two after pattern transfer 

samples exhibited a bimodal behavior until a dose of 102.8 mJ/cm2. The linearly fit slope values 

decreased from 0.29 to 0.08. The change in slope indicated the effects of plasma condition and 

pattern transfer process to the line CD response.  

 

 

Figure 8 Performance of line CD vs. EUV dose for lithography, after pattern transfer and N2-

H2 plasma with pattern transfer of the 30 nm pitch line patterns. 

 

Figure 9 and 10 show the LER and defect window in the lithography, in after pattern transfer, 

and in N2-H2 plasma after pattern transfer associated with a 30 nm pitch EUV CAR line pattern 

with increasing dose. The defect measurement was performed by obtaining CDSEM images, and 

the Fractilia software was used for the defect characterization. The scan area of each dose region 
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was 419.4 um2 with a pixel size of 2 nm. The LER exhibited an obvious degradation from 

lithography to the after pattern transfer. The LER in the after pattern transfer substantially 

increased with the increasing dose, and the defect performance deteriorated. Only the microbridge 

was detected in the lithography, but both microbridge and line break were defected in after pattern 

transfer. The degradations in the pattern variations could be explained considering the etching 

selectivity. The etching selectivity between the photoresist material and underlayer material 

considerably influenced the final line CD and LER performances. At doses of 102.8 mJ/cm2 and 

higher, the photoresist mask could not withstand the pattern transfer, resulting in defective patterns 

post-etching. A higher etching selectivity between the photoresist and underlayer material was 

expected to enhance the robustness of the mask during the pattern transfer.  

The contribution of N2-H2 plasma to LER and defect is also shown in Figure 9 and 10. More 

significant line breaks were observed in the samples treated with N2–H2 plasma. Notably, in this 

process, the ionized nitrogen and hydrogen gases likely etched the photoresist material through the 

formation of the volatile byproducts of C-H and C-N [18, 19]. The removal of the photoresist by 

the N2–H2 plasma led to an insufficient mask budget, resulting in line breakage during the pattern 

transfer. In general, the objective of the N2–H2 plasma treatment is to remove the microbridge from 

the lithography. However, no improvement was observed, and the microbridge performance values 

with and without the N2–H2 plasma treatment were 1.96 and 7.53 defects per mm, respectively at 

the dose of 82.8 mJ/cm2. 
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Figure 9 Performance of LER vs. EUV dose for lithography, after pattern transfer and N2-H2 

plasma with pattern transfer of the 30 nm pitch line patterns. 

 

 

Figure 10 Performance of defects per millimeter vs. EUV dose for lithography, after pattern 

transfer and N2-H2 plasma with pattern transfer of the 30 nm pitch line patterns. 
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3.6 Concluding Remarks 

Pattern variations represent a major challenge in EUV patterning. Pattern variations can be 

attributed to the deviation in the feature displacement and failure of pattern printing owing to the 

stochastic effects of EUV lithography, both photon stochastics and chemical stochastics. The 

subsequent plasma etching process introduces additional variations. Both variations manifest in 

the form of pattern roughness and defect formation on the designed patterns. In this study, the 

pattern variations in the lithography of a 300 mm wafer were evaluated. AFM measurements of 

the blanket sample were obtained at different doses. The increase in the surface roughness before 

complete development was suggestive of a non-uniformly developing front in the photoresist. The 

top-view SEM images indicated localized circular pothole formations in the photoresist. The AFM 

and SEM results highlighted that the variations introduced in the EUV lithography process were 

stochastic in nature. The effect of different types of plasma etching processes on the blanket and 

patterned samples was evaluated. The results indicated that the plasma etching process can alter 

the pattern variations during the pattern transfer.  
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Chapter 4: Line Edge Roughness Reduction for EUV 

Self-Aligned Double Patterning by Surface 

Modification on Spin-on-Carbon and Tone Inversion 

technique  

In this chapter, we focus on demonstrating a process technique to improve the pattern variation 

especially on line edge roughness in EUV self-aligned double patterning process flow. This 

technique involves the surface treatment by plasma and spin-on material to fill the trench between 

the patterns. We propose by applying this technique, the surface modification and tone 

inversion help the line edge roughness of a self-aligned double patterning process.  A total 26 

% of line edge roughness improvement from lithography to final line formation was achieved on 

a 20 nm full pitch line and space pattern.  

4.1 Introduction 

Scaling or minimizing the physical size of the semiconductor device is the major driving force 

for innovation in the area of lithography and patterning methods. These innovations include 

extensive efforts on reducing the wavelength of the light to obtain a higher resolution image 

capability, such as extreme ultraviolet lithography, in addition to pattern multiplying techniques 

involving integration and patterning methods such as self-aligned double patterning and self-

aligned litho-etch-litho-etch. The semiconductor industry has relied on these techniques to 

maintain the progression on the device roadmap for the few past decades. As the physical 



 

76 

 

dimension requirements from the device design approach the physical limitation of lithography, a 

combination of EUV lithography and SADP was introduced to extend the physical limitations to 

even smaller dimensions, resulting in what is coming to be referred to as EUV SADP [1-6]. Figure 

1 shows a conventional processing flow of the EUV SADP. In a conventional etching patterning 

process, the most common patterning stack consists with a layer of silicon-containing spin-on 

material, called the middle layer and a layer of organic polymer spin-on material, called the bottom 

layer or spin-on carbon, which are underneath the photoresist and on top of the target material. 

The line pattern is originally generated by EUV lithography and transferred into a target material 

by plasma etch resulting in mandrel formation. It is essential that a CD shrink of the mandrel by 

half relative to lithography is achieved during this process [5]. After mandrel formation, a 

conformal film of a designated material is deposited forming the spacer. Another plasma etch was 

used to remove the top and the bottom material and the mandrel. After the mandrel removal, the 

remaining spacer pattern now has half the pitch of the original mandrel. The theoretical limitation 

of the EUV SADP was reported previously to reach the 13 nm pitch line pattern by using 0.33 

numerical aperture EUV scanner [11].  In addition to the theoretical limitation of the patterning 

resolution, the pattern variation has become increasingly important and one of the key 

measurements is LER. The LER is inherited from the line performance of the EUV lithography 

and its stochastics effect [7-10]. The EUV lithography stochastics effect represents a series of 

random occurrences of the chemical reactions in three dimensions and results in a significant 

pattern variation along the line edge. This LER accounts not only for the physical performance 

deviations in a single layer, but also contributes the layer-to-layer variations such as edge-

placement-error [12-14]. Failure to control LER has resulted in a significant degradation of the 

electrical performance and reliability of the semiconductor device [15, 16].  
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Fig. 1 A conventional process flow of EUV SADP. 

 

In this chapter, we focus on introducing a patterning processing strategy that incorporates 

surface modification on SOC and tone inversion to improve the LER in EUV SADP type 

integrations. A detailed proposed integration flow is shown in Figure 2. We start with the 

investigation of the surface modification process on SOC blanket wafers for surface chemistry and 

topography. Once the selected processes were characterized, we then demonstrate this process 

incorporated with tone inversion on 15 nm and 20 nm line/space (L/S) EUV SADP patterns. A 

detailed comparison of line roughness performance between the conventional method and the 

proposed strategy in terms of line width roughness (LWR), LER, space width roughness (SWR) 

performance, and their power spectra density (PSD) evolution is discussed in the section 3.3.  
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Fig. 2 Surface modification on SOC with tone inversion technique process flow of EUV 

SADP. 

 

4.2 Experimental Details 

The EUV SADP process flow used in this study was created by TEL Technology Center in 

America (TTCA) and the samples were processed at the State University of New York Polytechnic 

Institute (SUNY Poly) College of Nanoscale Science and Engineering (CNSE) 300mm wafer 

fabrication site in Albany, New York. The sample was started by depositing several layers of the 

required films by chemical vapor deposition (CVD) on a Si substrate. The required films include 

15 nm of titanium nitride (TiN), 15 nm of amorphous silicon (aSi), and 40 nm of silicon nitride 

(SiN). The SiN and the aSi were selected as the mandrel and the floor materials respectively. The 
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sample was coated using a tri-layer stack configuration, exposed on an ASML NXE:3400B EUV 

scanner, and developed with 0.26 N aqueous TMAH. The tri-layer stack configuration consisted 

with 50 nm of SOC, 18 nm of silicon-containing spin-on material, and 30 nm of commercially 

available positive tone CAR (chemical amplified resist) material. Lithography pattern was 30 nm 

and 40 nm pitch L/S for final target pitch of 15 nm and 20 nm after SADP. The subsequent plasma 

etching process in SADP were done in TEL capacitively coupled plasma (CCP) etching tools. The 

SOC blanket samples were prepared by directly coating 100 nm of SOC on a Si substrate. The 

following plasma etch had the equivalent process condition as used in the EUV SADP process, 

but without the bias power to simulate condition of the sidewall feature. The gas chemistry of this 

plasma etch was a SO2/O2 mixture for the SOC etch.  

For the L/S pattern, the profile and line performance were characterized with a cross-section 

scanning electron microscopy (XSEM, S-4800, Hitachi High-Technologies, Corp.) and a critical 

dimension scanning electron microscopy (CDSEM, C6300, Hitachi High-Technologies, Corp.). 

The power spectra density (PSD), LWR, LER, and SWR analysis were obtained by Fractilia, 

LLC.’s MetroLER software with an average of more than 200 features. For the blanket wafer 

sample, the processed surface was characterized by X-ray spectroscopy (XPS), atomic force 

microscopy (AFM), and a wet contact angle (WCA) measurement. The processed sample was 

scanned over the surface area of interest by a Revera VeraFlex XPS with an Al Kα X-ray source. 

The Si 2p, F 1s, O 1s, N 1s, C 1s, and S 2p were analyzed using aliphatic carbon at 285 eV for 

peak calibration. Dimension Icon AFM system from Bruker Corp. was used for the surface 

roughness characterization. The measurements were taken in the non-contact mode of 

SCANASYST-AIR scan. The tip was a triangular shape silicon nitride with a 2 nm nominal tip 

radius. The scan area was 0.25 um2. The horizontal scan speed was maintained at 500 nm per 
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second and the step size in vertical direction was <4 nm per step. The results were processed by 

the NanoScope Analysis software from Bruker Corp. using the third order flattening and noise 

removal filter to obtain the root mean square (RMS) and the PSD. The WCA measurement was 

taken by a Telescope-Gonionmeter with de-ionized (DI) wafer on the blanket spin-on-carbon 

surface.  

4.3 Blanket Wafer Study: XPS Analysis on SOC Surface Modification 

Process 

This study focuses on understanding the effect of surface modification of SOC by plasma 

treatment and tone inversion process to the LER performance. The surface modification was 

confirmed by XPS to identify change of surface chemistry by plasma treatment.  The XPS 

compositional analysis of the blanket SOC samples is shown in Figure 3 (a).  The pristine sample 

without the etch process had the composition of 54 % of C, 40 % of O, 2 % of F and 3 % of N. 

The sample that processed with SO2/O2 mixture had the composition of 34 % of C, 51 % of O, 4 

% of F, 3 % of N, 3 % of S, and 6 % of Si. The XPS technique has high sensitivity to the top few 

nanometers of the surface. The increase in Si content implied a silicon containing material was 

deposited during the etching process and not from the Si substrate that is deeper in the stack. The 

increase of O and S indicated the formation of the etch byproducts from the SO2/O2 plasma 

condition. Three following surface processing conditions were tested to study the effect on the 

SOC surface. The first tested condition on the post plasma etched sample was the direct current 

superposition (DCS) function with H2 plasma that was described elsewhere [17-22]. Narishige et 

al. utilized a plasma condition of DCS with H2 plasma to improve the line roughness performance 

on a photoresist line by supplying ballistic electrons and Silicon deposition during the process [20]. 
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The SOC sample with DCS and H2 plasma treatment XPS exhibits a Si composition which is 

consistent with the observation of silicon deposition on SOC surface. All other elements were 

maintained in a similar ratio as the post etch sample. The second tested condition was the 

fluorocarbon plasma by CF4 plasma. The XPS analysis had the composition of 25 % of C, 15 % 

of O, 58 % of F, 1 % of N. The increase of F content indicated the formation of fluorocarbon 

products on the SOC surface. The reductions of O/C ratio and S were attributed to volatile etching 

byproducts by CF4 plasma as well as the Si signals. The third tested condition was the combination 

of DCS with H2 plasma and trimethylsilane dimethylamine (TMSDMA) deposition on the post 

plasma etched SOC sample. The XPS compositions were expressed high similarity as DCS with 

H2 plasma only sample. This indicated that the additional deposition of TMSDMA has no drastic 

change of the surface chemistry on the SOC surface. Figure 3 (b) shows C 1s spectrum of the 

pristine, post etch, and post fluorocarbon treatment samples. The etch process resulted an increase 

of CO products on the SOC surface. The CO products include C-O, C=O, and O-C=O. The 

following fluorocarbon process resulted a formation of CF product group such as CF, CF2, and 

CF3 on the SOC surface.  

 

 

Fig. 3 (a) XPS analysis of atomic % distribution on blanket SOC samples with various 

surface treatment process. (b) C 1s spectrum comparison between the pristine, SO2∕O2, and CF4 

plasma. 
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4.4 AFM Analysis on Blanket SOC Surface Modification  

The effect of plasma process to the surface topography was characterized by using the AFM. 

The AFM analysis of the SOC samples is shown in Figure 4 (a). The pristine sample had the 

smoothest surface among all the samples with a RMS of 0.33 nm. The sample surface was 

degraded from RMS of 0.33 nm to 0.9 nm by the etching process of SO2/O2. It is worthwhile to 

note that the plasma condition had no added bias power in the recipe, but the self-bias in the plasma 

still can accelerate the ions to strike on the SOC surface. The surface roughness degradation by 

the SO2/O2 plasma is the combined effect of the accelerated ions, electrons, and the chemically 

active neutrals. The samples were then processed by the three tested conditions as listed in the 

previous section. All three samples show a similar surface roughness performance on AFM in the 

range of average RMS 1.05 nm to 1.1 nm, which is slightly degraded from the post etch sample of 

0.9 nm. Figure 4 (b) shows the PSD for all the measurements. The black line indicates the PSD of 

the pristine sample. After SO2/O2 etch, the surface roughness was degraded in most of the length 

scale. The three tested condition samples showed surface roughness degradation in the length scale 

of 12.5 nm to 100 nm. Based on the limited scan area of 0.25 um, the PSD beyond 100 nm is 

considered as fluctuation with insufficient data point by metrology. No drastic change in terms of 

surface roughness was found between the three tested conditions. 
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Fig. 4 (a) Surface roughness (RMS) measurements and titled image by AFM on blanket SOC 

with various surface treatment conditions. (b) PSD analysis of the surface roughness by AFM. 

 

4.5 Wet Contact Angle Analysis on Blanket SOC Surface Modification 

Wet contact angle analysis (WCA) is a sensitive method to measure the hydrophobicity of the 

material surface. The hydrophobicity surface defines the adhesion of deposited film on the surface. 

A WCA evaluation of the blanket SOC surface by the process conditions is presented. Figure 5 

shows wet contact angle of DI water on the SOC samples. The pristine sample had WCA of 55o 

in DI water. The plasma etch sample had WCA of 22o in DI. The drastic decrease in the WCA can 

be attributed to the oxygen-based plasma treatment on the SOC surface. The oxygen-based plasma 

treatment induced hydrophilicity on a polymer material has been studied extensively [23-25]. The 

treatment oxidized the C-H bonds, but introduces polar function groups, primarily carbonyl group 

on the surface of SOC. The function groups help to increase surface energy of the SOC and 

promotes the wettability of the surface. The etched sample was then processed by the DCS with 
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H2 plasma. A recovery of hydrophobicity was observed with the increase of the WCA to 47o in DI 

water by the reduction of CO function group and Si deposition on the surface as observed from 

the XPS result. The fluorocarbon plasma resulted an increase in WCA to 64o in DI water. The 

effect of fluorocarbon plasma to increase surface hydrophobicity on polymer has been reported 

previously [26-28]. The deposition of fluorocarbon reduced the surface energy and attached the 

chemical inert CFx function group on the SOC surface to increase hydrophobicity. The final 

condition DCS with H2 plasma and TMSDMA, resulted in a further increase in WCA to 95o in DI 

water. TMSDMA is commonly used in the application of area selective deposition as an inhibitor. 

It is used to eliminate the adhesion of the products/ precursor onto the surface in order to achieve 

high deposition selectivity. It has been reported that a formation of –O-Si(CH3)3 group exhibits 

good blocking capability for the area selective deposition [29]. The blocking capability 

corresponds to the hydrophobicity of the surface.  

Figure 5 (b) shows the schematic of the surface modification process on the SOC surface. The 

pristine surface started with a chain of carbon bonds with the most of termination in hydroxyl and 

methyl groups. After exposure to SO2/O2 plasma, the sample surface was occupied by mostly 

hydroxyl, carbonyl, and carboxylic groups that promote the adhesion of the liquid droplet and 

lower the WCA [23-25]. DCS with H2 plasma deposited a layer of Si-containing film on the SOC 

surface and slightly increased the WCA. The wettability of the SOC surface in this case was 

determined by the termination groups on the Si-containing film which are mainly by Si-H and Si-

OH. The sample with CF4 plasma formed a layer of fluorocarbon film on the SOC surface which 

replaced the surface function groups with CFx group and resulted in a hydrophobic surface [26-

28]. The sample with DCS with H2 plasma and TMSMDA deposition was a two steps process. 

The sample was first processed by the condition of DCS with H2 plasma to form a Si-contained 
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layer on the SOC surface. The following deposition by TMSDMA was in use to replace the 

hydroxyl group which was hydrophilic site to a hydrophobic site by the trimethylsilane [29]. The 

byproduct of dimethylamine was pumped out the chamber from the reaction. This is worth noting 

that TMSDMA is preferential deposition on silicon-based surface over the SOC surface. Other 

potential deposition methods for creating the silicon-based surface on SOC prior the TMSDMA 

were expected to serve the purpose as DCS with H2 plasma and TMSDMA combination.  

 

 

Fig. 5 (a) DI water contact angle measurements on the SOC surface by various surface treatment 

conditions. (b) The schematic of change in SOC surface function group by the various surface 

treatment conditions. 

 

4.6 LER Performance of SOC Surface Modification Processes with 

Tone Inversion Process  

The plasma etching processes changed the hydrophobicity of the SOC surfaces. In this section, 

we like to investigate the effect of hydrophobicity surface to LER in tone inversion process. The 

tone inversion is defined as the process that inverses the pattern from the original pattern. The 
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wafer starts with a printed pattern from the lithography process. The tone inversion process 

presented here converts the original line pattern into space and the original space into the pattern. 

Since the final pattern is reversed from the original lithography pattern, this is called a tone 

inversion process. There are several different approaches to forming the tone inversion that include: 

reversing pattern in the photoresist tone and mask design, and through process integration. In this 

section, we investigated the interaction between the SOC surface modification processes and the 

tone inversion integration as described in Figure 2. The printed line patterns were transferred into 

the BL and landed on the target mandrel material through the plasma etching. The three surface 

modification processes were applied after the etch transfer to enhance the modification of the BL 

sidewall surface. A spin-on glass (SOG) was coated onto the wafer to fill the space between the 

lines. The excessive spin-on material and the ML/BL were removed by plasma etching, leaving 

the SOG pattern in the original space site. A significant over etch amount was applied to ensure 

the full removal of ML and BL, leaving the SOG L/S pattern on the wafer. The height of the SOG 

L/S pattern was thinner than BL thickness. In theory the sidewall feature and LER performance of 

the SOG L/S pattern should be mimicked from the sidewall feature of the BL. This is worthwhile 

to point out that the L/S pattern after tone inversion was made by using SOG as a mask SOG but 

not the photoresist material.  

Figure 6 (a) shows the LER performance and CDSEM image of a 40 nm pitch L/S pattern after 

the tone inversion process. The tested condition of DCS with H2 plasma, followed by TMSDMA 

exposure on the SOC surface shows the best LER improvement by 25.6 % from the lithography to 

the post tone inversion. The test condition of fluorocarbon plasma on SOC shows a LER 

improvement by 21.3 %, while 18.6 % improvement with DCS with H2 plasma only was observed. 

The sample without any SOC surface modification only had a LER improvement by 10.0 % from 
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the lithography to the tone inversion L/S pattern. The difference of LER improvement is mostly 

attributed to the surface modification process on the SOC and the interface reaction between the 

modified layer and the SOG material. Figure 6 (b) shows a correlation between the LER 

performance at post tone inversion process and WCA in all tested conditions. Decreasing LER was 

observed with increasing WCA. This implied that the hydrophobicity of the SOC surface helped 

to reduce the LER of the SOG line after tone inversion by modulating the interface between the 

two materials. A surface with higher degree of the hydrophobicity tends to impede the adhesion of 

the liquid droplet as well as the filling capability of the SOG on SOC.  

 

 

Fig. 6 (a) LER and normalized LER to lithography performance after tone inversion; (b) plot of 

WCA and LER performance correlation after tone inversion on 40-nm pitch LS. 
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4.7 LER Performance on 20 nm and 15 nm pitch EUV SADP  

 Since WCA correlates with LER in the tone inversion process, we want to investigate 

whether the improvement in LER scales to a SADP process. In this section, we reveal the step-by-

step line performance of 20 nm and 15 nm pitch LS EUV SADP with the SOC surface modification 

and tone inversion for the comparison of the 20 nm pitch LS conventional EUV SADP. The 

schematics of the both process flows were shown in Figure 1 and Figure 2. Both flows utilized 40 

nm of silicon nitride as the mandrel material and silicon dioxide deposited by atomic layer 

deposition as the spacer material. Figure 7 (a) shows a comparison of the EUV SADP step-by-step 

LER performance normalized to the initial lithography LER between the conventional EUV SADP 

and the surface treatment on SOC with tone inversion scheme. The SOC treatment shown is the 

condition of CF4 plasma as described in the previous section. The tone inversion process has a 

pronounced benefit on of the LER performance, indicative of the effectiveness of surface 

modification of the SOG/ SOC interface on the surface roughness. A drastic decrease of LER from 

0.83 of the normalized LER at post tri-layer etch to the post tone inversion of 0.76 was found by 

comparing the LER performances. This accounts for an additional 7% of LER improvement 

between the steps. At SEMP, this technique resulted in a 26% reduction of the LER from the initial 

lithography pattern, which is an additional 12% of LER reduction when compared with the 

conventional SADP process. In the conventional SADP process, the LER performance consisted 

at 15% improvement from mandrel formation to SEMP.   

 Besides of LER, LWR and SWR are also the important metrics of variation performance 

on line pattern. Figures 7 (b) and (c) show the normalized LWR and SWR performance 

respectively. In terms of the normalized LWR values in a SADP process, the final line formation 
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is generated by the thickness of the sidewall spacer. The sidewall thickness of the spacer is 

determined by the conformality of the deposition. Both samples were processed with an equivalent 

process condition and tool. The SEMP LWR of both samples exhibit similar values of 0.29% and 

0.24% of the lithography LWR respectively. A difference of normalized LWR performance from 

7% to 63% was recorded between two flows. This difference was mainly attributed to the LER 

improvement from the surface treatment on SOC and tone inversion. In SEMP, the SWR includes 

the performance of LWR and SWR in the mandrel step. The improvement in SEMP SWR is clearly 

benefited from the LWR performance in mandrel which accounts for an approximately 11~12% 

reduction in the normalized SWR than the conventional SADP. In a SADP process, the mandrel 

was removed in the SEMP step and became one of the space of final SADP feature. The 

improvement of mandrel LWR accounts the improvement of SWR of final SADP feature from 

this particular space. Figure 7 (d) shows a step-by-step top view images comparing these two 

processes.  
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Fig. 7 (a)–(c) Step-by-step normalized LER/LWR/SWR performance to the initial lithography 

line performance and (d) top view images comparison of the conventional and the surface 

treatment on SOC with the tone inversion EUV SADP 20-nm pitch line pattern. 
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 The LWR and LER data were converted into power spectral density (PSD) spectra to 

determine line roughness performance in the frequency domain. Figure 8 (a) shows a step-by-step 

LWR PSD. The power spectrum of the lithography has the highest power density and fluctuations. 

The LWR power density was reduced through the processing steps as shown in Figure 8 (a). A 

drastic decrease in the power density was found after the spacer etch mandrel pull step. This is a 

common observation in the PSD curve in SADP patterning flow [4, 6]. In this step, the line 

formation is generated from the sidewall spacer but not the mandrel. By using the conformal 

deposition method such as atomic layer deposition for the spacer deposition, the left and right edge 

of the line are well correlated, resulting in a low LWR value and power density in all frequency 

domains. Figure 8 (b) shows the step-by-step LER PSD. The LER PSD was improved through the 

processing steps. Figure 8 (c) shows the contribution to total LER in three different frequency 

regions at each processing steps. The frequency regions were defined as the following: high 

frequency (HF) is in the range of lower than 30 nm, middle frequency (MF) is in the range of 30 

nm to 200 nm, and low frequency (LF) is in the range of greater than 200 nm. The calculations 

were based on the Parseval’s theorem to account for the area under the PSD curve in a specific 

frequency region [30], [31]. In Figure 8 (c), the LER was improved from 1.65 nm to 1.44 nm at 

MF and from 0.76 nm to 0.49 nm at HF from the lithography to the tri-layer etching step. No 

noticeable impact was found in the LF during the tri-layer etch. The following process step with 

the surface treatment and the tone inversion are clearly associated with the LER reduction of 1.24 

nm to 1.11 nm at LF and 1.44 nm to 1.22 nm at MF. This accounts for a LER improvement of 11% 

and 15% respectively. The LER performance at LF was slightly degraded in the MND step which 

was potentially impacted by the etching process. Figure 9 shows a demonstration of this technique 
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resulting in a 15 nm pitch line/ space pattern by EUV SADP through the use of using the plasma 

treatment on SOC with tone inversion. The step-by-step LER illustrates the effectiveness of this 

technique on the LER improvement. The overall LER was improved by 30 % on SEMP and by 24 

% on mandrel formation from the lithography.     

 

 

Fig. 8 (a) and (b) LWR and LER PSD performance in each processing steps; and (c) LER 

distribution comparison in the designated frequency regions (HF: < 30 nm, MF: 30 to 200 nm, 

and LF:>200 nm). 

 

 

Fig. 9 Demonstration of 15-nm pitch EUV SADP line pattern formation by the surface treatment 

on spin-on-carbon with the tone inversion. 
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4.8 Conclusions 

 LER is a critical measurement that describes the deviation or fluctuation of a line pattern. 

The performance of the LER plays an important role on the variation control in advanced node 

semiconductor devices especially when EUV SADP is employed. In this study, a technique using 

the surface modification on SOC and tone inversion process was introduced. The LER 

performance after tone inversion using SOG material was found to be clearly correlated with the 

process condition applied on the SOC prior to SOG coat and tone inversion formation. The process 

that increased the hydrophobicity resulted in a lower LER performance post tone inversion. A full 

demonstration and comparison of EUV SADP was shown in this study. The surface treatment on 

SOC with the tone inversion effectively improved the LER on 20 nm pitch line EUV SADP pattern 

by 26 % from the lithography performance. PSD analysis revealed the LER improvement in 

specific frequency regions. The LER was improved by 11 % and 15 % at both low frequency 

region and middle frequency region respectively between post spin-on-carbon etch and the tone 

inversion. An example of the application of this technique for further scaling to 15 nm pitch EUV 

SADP line pattern was also presented.   
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Chapter 5: Multi-Color Approach on Self-Aligned 

Multiple Patterning for the Single Line Cut Application 

In this chapter, we propose an introduction of self-aligned cut technique in the self-aligned 

multiple patterning process that will improve the edge-placement-error margin. We focus on 

demonstrating an integration approach to improve the pattern variation of the edge-placement-

error that described in chapter 1. This technique involves a several additional processing steps to 

alter the types of material on the designed patterns. From the nature of plasma etching selectivity, 

this technique overcomes the fundamental limitation of placement error of two pattern masks and 

achieve the pattern variation to become negligible in this specific application.  

5.1 Introduction 

The semiconductor industry has used the gate length or size of a transistor as the definition of 

device generation in both integrated circuit and memory products. As the gate length of a transistor 

decrease, more and more transistors can be packed within a defined area. Under the assumptions 

of equivalent processing steps and processing cost between the generations, the production cost 

per transistor is reduced by increasing the number of transistors per area. This is called device 

scaling or size shrinkage in semiconductor devices. In order to make the transistor compact in size, 

advance lithography and patterning methods are required [1-5]. Among the various advance 

patterning methods, the three most common patterning methods are extreme ultraviolet (EUV), 

litho-etch multiple patterning (LxEy), and self-aligned multiple patterning (SAMP) [6-16]. SAMP 
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 provides superior critical dimension (CD) and pattern roughness controls because of its 

formation method by atomic layer deposition (ALD) for sidewall spacer. As reported previously, 

figure 1 shows the detailed processing steps to form the 30 nm line and space pattern by using self-

aligned quadruple patterning (SAQP) [17]. In this flow, photoresist is the first mandrel and 

amorphous silicon is the second mandrel. ALD silicon oxide is the first spacer and silicon nitride 

is the second spacer. The line pattern density increased by 4 times to reach the final pitch 

requirement.  

 

Figure 1. Line and space SAQP process flow.  
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Figure 2 shows a typical top view schematics of SAQP pattern with the process of line cut and 

line end cut to fabricate the desired line and space pattern. The line end cut indicates the pattern 

removal in the each end of the line pattern in a horizontal direction. The line cut indicates a single 

or multiple lines that is removed in vertical direction. In advanced node logic device, the line cut 

is one of the most challenging process which induces a high risk of device yield and reliability 

[18-25]. Two common final pattern designs are 2 lines 1 cut (2L1C) and 2 lines 4 cuts (2L4C). 

2L1C is defined as 2 lines remaining and 1 line removed by the line cut. 2L4C is defined as 2 lines 

remaining and 4 lines removed.    

 

Figure 2. Schematics of top view illustration of SAQP pattern with line end cut process and 

line cut process for 2 lines 1 cut (2L1C) and 2 lines 4 cuts (2L4C).  
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The major technical problem of the line cut process is edge placement error (EPE). EPE is 

defined as the sum of variations that induces placement error of blocking mask and process shift 

[26-30].  The EPE calculation in this line cut process includes three parts: SAQP variations (𝜎𝑆𝐴𝑄𝑃), 

blocking mask variations (𝜎𝐵𝑙𝑜𝑐𝑘) , and other variations (𝜎𝑜𝑡ℎ𝑒𝑟) such as local CDU (critical 

dimension uniformity), run-to-run variations etc [5]. Under the assumptions of these variations are 

uncorrelated, the approximation relationship is represented by the following equation:  

 

𝐸𝑃𝐸2 = 𝜎𝑆𝐴𝑄𝑃
2 + 𝜎𝐵𝑙𝑜𝑐𝑘

2 + 𝜎𝑂𝑡ℎ𝑒𝑟
2  

 

𝜎𝑆𝐴𝑄𝑃 = √(
𝜎𝑆𝐴𝑄𝑃,𝐶𝐷𝑈

2
)2 + (

𝜎𝑚𝑎𝑛𝑑𝑟𝑒𝑙 𝐶𝐷𝑈

2
)2 + (

𝜎2𝑛𝑑 𝑚𝑎𝑛𝑑𝑟𝑒𝑙 𝐶𝐷𝑈

2
)2 + (

𝜎𝑆𝐴𝑄𝑃,𝐿𝑊𝑅

2
)2 + (𝜎𝑆𝐴𝑄𝑃,𝐿𝐸𝑅)2 

 

Where 𝜎𝑆𝐴𝑄𝑃,𝐶𝐷𝑈  is the SAQP line critical dimension uniformity, 𝜎𝑚𝑎𝑛𝑑𝑟𝑒𝑙 𝐶𝐷𝑈  and 

𝜎2𝑛𝑑 𝑚𝑎𝑛𝑑𝑟𝑒𝑙 𝐶𝐷𝑈 are the mandrel critical dimension uniformity which caused unbalanced in space 

critical dimension, 𝜎𝑆𝐴𝑄𝑃,𝐿𝑊𝑅 is the line width roughness, and 𝜎𝑆𝐴𝑄𝑃,𝐿𝐸𝑅 is the line edge roughness 

of the SAQP line and space pattern.  

 

𝜎𝐵𝑙𝑜𝑐𝑘 = √(𝜎𝑂𝑉𝐿)2 + (
𝜎𝐵𝑙𝑜𝑐𝑘,𝐶𝐷𝑈

2
)2 + (

𝜎𝐵𝑙𝑜𝑐𝑘,𝐿𝑊𝑅

2
)2 + (𝜎𝐵𝑙𝑜𝑐𝑘,𝐿𝐸𝑅)2 

 

Where 𝜎𝑂𝑉𝐿  is the lithography overlay error, 𝜎𝐵𝑙𝑜𝑐𝑘,𝐶𝐷𝑈  is the critical dimension uniformity, 

𝜎𝐵𝑙𝑜𝑐𝑘,𝐿𝑊𝑅 is the line width roughness, and 𝜎𝐵𝑙𝑜𝑐𝑘,𝐿𝐸𝑅 is the line edge roughness of the block or 
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the second mask pattern. For an example of 30 nm pitch SAQP pattern with one line cut mask, the 

measured values of each parameter is listed in the Table 1:  

 

 

Table 1: Measured parameters of 30 nm pitch SAQP line pattern with one block mask in 

lithography for line cut application.   

 

SAQP variations are calculated by the root-mean-square method of line CDU, pitch walking 

distributions from mandrel and 2nd mandrel CDU, and line roughness performance. Blocking mask 

variations are calculated by root-mean-square method of line CDU, line roughness performance, 

and lithography overlay shift. By input the 3 times of standard deviation of these variations into 

the calculation, the expected EPE is larger than 7.9 nm. The schematic drawing in Figure 3 shows 

that the ideal placement of this blocking mask is in the center of space between two lines. In the 

30 nm pitch line and space pattern, the perfect placement is 7.5 nm away from the edge of lines; 

this is smaller than the EPE calculating result mentioned above. This indicates a high risk of edge 

placement error of this blocking mask. The cross-section SEM in Figure 4 shows worse EPE and 

severe process shift. The red arrows point to two distinct defects: the line damaged and the line 

remaining. Both defects are critical for electrical and yield performance of the semiconductor 

device [31-35]. 
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Figure 3 shows a schematic drawing of the ideal placement of block mask on top of the 30 

nm pitch SAQP line pattern for 2 lines 1 cut process. 

 

 

Figure 4 shows a cross-section SEM image that illustrated the placement error of the line cut 

process by using block mask on top of the 30 nm pitch SAQP line pattern for 2 lines 1 cut 

process. 
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 In this chapter, we propose a multi-color self-aligned cut method that overcomes the 

fundamental limitation of edge placement error in line cut process. Section 5.2 describes the basic 

concept of multi-color approach and experimental details. Section 5.3 starts with the multi-color 

single line cut process flow and step-by-step performance. A detailed comparison of line roughness 

performance between the conventional method and the multi-color approach in terms of LWR, 

LER, and power spectra density is shown in the following. An estimation of EPE improvement 

between the conventional approach and this multi-color self-aligned cut approach is revealed in 

this section as well.  

5.2 Multi-color concept and experimental details 

5.2.1 Comparison between the conventional approach and the multi-color approach 

The conventional approach process steps for 2 lines 1 cut, which is shown in figure 5, include 

applying a blocking lithography mask, performing line removal by plasma etch, and following up 

with a post-etch photoresist strip and wet clean. This process flow is for a single line cut on 30 nm 

pitch line and space pattern. After line formation, a blocking mask lithography is applied onto the 

line features. The stack consists of spin-on organic, spin-on silicon oxide, and photoresist. The 

target pitch for the blocking mask is 90 nm with an unbalanced line and space CD of 60 nm and 

30 nm. With suitable space CD, plasma etch of anisotropy etch is in use for line removal. Post etch 

photoresist strip and wet clean are applied to remove remaining materials and post etch byproducts. 

In contrast, the multi-color concept is also shown in figure 5. Unlike the conventional method, in 

multi-color approach, two different materials of lines are formed as indicate two different colors. 

There is no applied blocking mask needed. Plasma anisotropic etch is in use to remove one material 
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over another material by plasma etching selectivity. With optimized etch process, the line with the 

one material is fully removed but with no damage of the line with another material. The wafer then 

is processed by wet clean to maintain the cleanness and ready for the next processing step. The 

success of this multi-color approach depends on material selection for selectivity in term of etch 

rate and minimum impact of current process flow. The desired etching selectivity between the 

materials is listed in table 1. Line A is one material and line B is another material. The main concept 

of the multi-color approach is to preferentially etch one material over another material by utilizing 

the etching selectivity.  Since there is no block mask lithography, the estimated EPE window of 

this multi-color approach is negligible which improved the EPE margin of the conventional 

approach.  

 

 

Figure 5. The conventional approach and the multi-color approach for 2 lines 1 cut process 

on 30 nm pitch. 
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Table 1. Desired etching rates between the conventional approach and the multi-color 

approaches.  

 

Another example is on 2 lines 4 cuts pattern design in the figure 6. In the conventional approach, 

the EPE margin of this design is equivalent as the 2 lines 1 cut design. The ideal block mask is 

placed in the middle of two SAQP lines. The calculated EPE is estimated larger than this ideal 

EPE margin from the pattern variation in table 1. In the contrast of multi-color approach, the block 

mask is placed between the lines with two different materials. With the considerations of the 

etching selectivity between these two materials, the EPE margin expands from 7.5 nm to 22.5 nm 

by placing the block mask on top of line pattern. This EPE margin is well above the pattern 

variation induced EPE and mitigates the placement error in this line cut application.  
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Figure 6. The conventional approach and the multi-color approach for 2 lines 4 cuts process 

on 30nm pitch. 

 

5.2.2 Experimental details 

The SAQP and SAMP experimental process flow was processed at State University of New 

York Polytechnic Institute (SUNY Poly) College of Nanoscale Science and Engineering (CNSE) 

300 mm wafer fabrication site in Albany, New York. The purpose of this process flow is to 

generate 30 nm line and space pattern by using SAMP patterning method. The entire plasma etch 

process was done in capacitive coupled plasma chamber and several critical atomic layer 

depositions. After processing, the wafer was inspected by various metrology methods, including 

tunneling electron microscopy, cross-section scanning electron microscopy and critical dimension 
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scanning electron microscopy (CDSEM). The parameter conditions of SEM are listed in table 2. 

Power spectra analysis was generated by MetroLER software.  

 

 CDSEM XSEM 

Probe 8kV/8pA 4kV/10pA 

Magnifications 250kX Square 

Scan 

250kX 

Field of View 542nm X 542nm 632nmX475nm 

Item LWR LER  

Side N/A Left  

Measurement 

Points 

53 53  

Sum Lines / Point 8 8  

Method Linear Linear  

Smoothening 11 11  

Differential 9 9  

Data Type 3Simga’ 3Simga’  

Inspect Area 400 400  

Table 2: CDSEM/XSEM Inspection Parameters  

 

5.3 Multi-Color Processing Flow for 2L1C on 30 nm Pitch Line and 

Space Pattern 

The multi-color processing flow is a combination of self-aligned double patterning (SADP) 

and self-aligned triple patterning (SATP) methods. The wafer starts with the stack of hard mask 



 

110 

 

layer, second mandrel layer, and the patterning material with the photoresist. 193nm immersion 

lithography process creates a target pitch of 180 nm line pattern. The step-by-step illustration of 

this multi-color single line cut process is shown from figure 7 to 9. After the lithography, a plasma 

treatment is applied for the purpose of mechanically hardening the material and now the line 

pattern is the first mandrel in SAMP. 18 nm of ALD silicon oxide is deposited onto the wafer. A 

plasma etch step is then used to etch the top and bottom of ALD silicon oxide and to remove the 

first mandrel material. The remaining sidewall of ALD silicon oxide is called the first spacer. At 

this point, the line and space pitch is reduced from 180 nm at post lithography to 90 nm. The 

pattern transfers from the first spacer to second mandrel as amorphous silicon layer by plasma etch. 

15 nm of ALD silicon oxide is conformably deposited onto the second mandrel. In a similar 

process as the first spacer etch, top and bottom of ALD silicon oxide are removed. Third spacer of 

15nm ALD silicon nitride is deposited onto the line features.   
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Figure 7. Schematics of multi-color approach self-aligned cut on 30 nm pitch SAMP with the 

corresponding SEM images. 
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 After the third spacer deposition, gap-fill technique applied on the wafer to fill the gap 

between the line features by ALD. Voids were found in the center of the gap as marked in red 

arrow in TEM image of figure 8. The following step is third spacer and second mandrel pull. 

During the spacer pull, etch selectivity and anisotropy are critical factors to ensure the fully 

removal of second mandrel and third spacer materials, but a small portion of third spacer material 

remains underneath the gap-fill material.  Top view and cross-section SEM images are shown in 

the figure 8 with the dimension of 30 nm line and space pattern with the indications of line A and 

line B. The following processing steps are consistent with the line cut process steps in the 

conventional process with the optional blocking mask lithography step. This includes hard mask 

etch, silicon etch by transferring the pattern into the underlayer, and selective line removal for line 

cut. Block mask lithography process is not necessary in this 2 lines 1 cut design but it is essential 

for other design such as 2 lines 4 cuts. This lithography is applicable to be inserted in the flow after 

the silicon etch transfer. During the pattern transferring especially at hard mask etch and silicon 

etch, gap-fill material (silicon oxide) is fully consumed and exposed the remaining third spacer 

material (silicon nitride). At this point, the top materials of line A and line B are different. The top 

material of line A is silicon oxide and line B is silicon nitride. Selectively line removal with 

optimum etch conditions in the process f is done by removing line B over line A. A successful 2 

line 1 cut cross-section SEM image is shown in the figure 9. The total final feature height is about 

99 nm and the recess depth is about 81 nm. No obvious silicon profile damage and CD loss were 

detected during the multi-color self-aligned line cut process is found. This result successfully 

demonstrates the feasibility to achieve line cut without the block mask. The calculated EPE by 



 

113 

 

using this method becomes negligible and improved EPE margin on this particular 2 lines 1 cut 

design.    

 

Figure 8. Continued process flow schematics from figure 7 of multi-color approach self-

aligned cut on 30 nm pitch SAMP with the corresponding SEM and TEM images. 
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Figure 9. Continued process flow schematics from figure 8 of multi-color approach self-

aligned cut on 30 nm pitch SAMP with the corresponding SEM images. 

 

5.4 Line roughness and PSD comparison  

An examination of line roughness between the conventional process flow and the proposed 

method is discussed in this section. Side-by-side comparison of 30 nm pitch line pattern shows in 

figure 10. Line CDs between two flows are equivalent in the average of 17.7 nm and 17.9 nm 

respectively. However, the difference is at LWR/LER performance. The line pattern formed by 

the multi-color approach has a better LWR performance than the conventional SAQP, but a distinct 

degradation in LER. One of the potential possibility occurs at a difference in patterning method. 

The conventional process flow utilized SAQP for line formation with the starting pitch of 120 nm. 

In the multi-color self-aligned cut method, the patterning method is the combination of SADP and 
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SATP with the starting lithography pitch of 180 nm. Especially in the SATP process, the line B is 

not made from the spacer but the gap-filled material that creates within the trench between two 3rd 

spacers. The roughness of this line is particularly modulated by the 3rd spacer formation and the 

incoming processing steps. The observation of LWR and LER PSD confirms the degraded 

roughness performance of this line. The PSD of multi-color SAMP reveals worse roughness 

performance in the spatial frequency range of few tenths nm to hundreds nm than the conventional 

SAQP line pattern.  

 

 

Figure 10: Top view and PSD comparison between the conventional SAQP and Multi-color 

approach  
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5.5 Conclusion 

In this chapter, we demonstrated a multi-color self-aligned cut integration solution to improve 

the EPE margin of the line cut process. As the industry moves into the advanced node, processing 

challenges related to size scaling become more and more critical. In such small dimensions, single 

line cut is one of key challenging processes in SAMP. In this study, we fabricated a 30 nm pitch 

line pattern by utilizing the multi-color concept and SAMP. Two types of top materials are 

prepared separately to form line A and line B. With the optimum etching conditions, the etching 

rate of line B is faster than the line A by resulting single line cut on 2 lines 1 cut design. The total 

recess amount is about 81 nm in depth into the silicon substrate. We observed a degradation of line 

roughness by CDSEM top view images and PSD analysis. PSD analysis reveals a worse roughness 

performance of multi-color SAMP than the conventional SAQP at the mid- and low-frequency 

regions. The performance drift implies the fundamental difference between patterning methods on 

line forming methods.  
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Chapter 6: Summary and Future Work 

6.1 Summary and Conclusions 

The semiconductor industry has been using device scaling since the past few decades to 

achieve the desirable device performance and to manage the fabrication cost. In simple words, 

device scaling can be defined as a method to pack more active transistors within a defined area. 

The patterning process comprising lithography and plasma etching is used as the key technology 

for scaling. The primary aim of patterning is image resolution. In the advanced node 

semiconductor device fabrication, the 193-nm immersion lithography is incapable of meeting the 

minimum size requirements because of its limited imaging resolution. The extreme ultraviolet 

(EUV) lithography and the use of multiple-patterning method are attracting attention for scaling 

in the post-193-nm immersion lithography era [1-3]. Apart from imaging resolution, the control of 

pattern variation and production cost are equally relevant for microelectronic device fabrication. 

Failure in pattern variations control is directly linked with the device yield and device performance 

[4-6]. This thesis investigated variations in EUV patterning and the use of multiple-patterning 

methods from a single process to integrated processes at the system level [7-9].  

Pattern variations originate from lithography [10-12]. In EUV lithography, the incident 

photons ionize the absorbed medium and generate photoelectrons in the photoresist. The 

photoelectrons scatter to the surrounding sites away from the absorbed site, causing chemically 

amplified reactions in the chemically amplified photoresist system. The scattering photoelectrons 

generate photoacids by finding photoacid generators in the photoresist. The photoacids, in turn, 
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change the polarity of the protective groups in the photoresist by catalysis and by generating heat 

to promote the deprotection of the polymer structure. The probability of the deprotection and its 

location depend on the distribution of photons and the components of the photoresist. The 

experimental results in Chapter 2 demonstrated that the chemical components of the photoresist 

do contribute to pattern variations. When a sample is not exposed to EUV, the modified photoresist 

formulation changes the surface roughness. The composition and inhomogeneity of the material 

cause variations of the physical surface in lithography. Another source of pattern variations is the 

plasm etching process. Chapter 3 discusses the post lithography performance and various plasma 

etching processes using 300-mm wafers. The defect performance and line roughness significantly 

changed from their values during lithography to post-etching inspection. The plasma etching 

process clearly affects the pattern variation owing to etching selectivity and insufficient mask 

budget during the pattern transfer.  

In the case of multiple patterning, pattern variations can be introduced during the integrated 

processes. Chapter 4 proposes a method for effective reduction of line roughness in an EUV self-

aligned double-patterning process flow. This method alters the surface chemistry from hydrophilic 

to hydrophobic by conducting the plasma treatment onto the surfaces. The subsequent deposition 

process on hydrophobic surfaces confirmed smoother sidewall roughness than that achieved by 

the conventional EUV self-aligned double-patterning process. An improvement of 26% in the line-

edge roughness was achieved using a 20-nm full pitch line pattern. Chapter 5 discusses another 

type of pattern variation involving integrated processes. The edge-placement-error is challenging 

in an environment with multiple photomasks. The precision of the pattern placement determines 
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the device yield and fabrication processing window. Chapter 5 proposes integration for line-cut 

application, which helps overcome the edge-placement-error of a two-photomask system.  

This thesis may inspire future studies on pattern variations of semiconductor devices. 

Pattern variations originating from a single process such as lithography and plasma etching can be 

mitigated through an integrated flow involving multiple processing steps. The techniques and 

results presented in this thesis may improve the understanding of pattern variation formation and 

expand the research to provide a pathway for continuous scaling in EUV patterning.  

6.2 Future Work 

 Chemical inhomogeneity of the photoresist affects pattern variations in EUV lithography. 

However, the mechanisms and contribution of chemical inhomogeneity of each monomer in 

formulation is still not well understood. The composition response of the monomer groups and the 

phase diagram in a system need to be extensively investigated. This work can be extended to 

nonchemically amplified photoresist systems to understand pattern variations when exposed to 

EUV. Additionally, the subsequent plasma etching process suggested a link between the etching 

behavior and pattern variations. The changes in plasma chemistry and plasma physics control the 

etching behavior and etching selectivity between the photoresist material and the underlayer 

material. Future works on plasma etching process that aim to selectively remove microbridges and 

recover the line break may provide an opportunity to accelerate EUV adaptation to the advanced 

node microelectronic fabrication.  
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