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 Photoresist Latent and Developer Images as Probed 
by Neutron Refl ectivity Methods 
    Vivek M.   Prabhu  ,   *      Shuhui   Kang  ,     David L.   VanderHart  ,     Sushil K.   Satija  , 
    Eric K.   Lin  ,     and   Wen-li   Wu  
 Photoresist materials enable the fabrication of advanced integrated circuits 
with ever-decreasing feature sizes. As next-generation light sources are 
developed, using extreme ultraviolet light of wavelength 13.5 nm, these 
highly tuned formulations must meet strict image-fi delity criteria to maintain 
the expected performance gains from decreases in feature size. However, 
polymer photoresists appear to be reaching resolution limits and advance-
ments in measurements of the in situ formed solid/solid and solid/liquid 
interface is necessary. This Review focuses on the chemical and physical 
structure of chemically amplifi ed photoresists at the lithographic feature edge 
at length scales between 1 nm and 100 nm. Neutron refl ectivity measure-
ments provide insight into the nanometer-scale composition profi ling of the 
chemical latent image at an ideal lithographic line-edge that separates optical 
resolution effects from materials processing effects. Four generations of 
advanced photoresist formulations were examined over the course of seven 
years to quantify photoresist/photoacid and photoresist/developer interac-
tions on the fi delity of lithographic features. The outcome of these measure-
ments complement traditional resist design criteria by providing the effects 
of the impacts of the photoresist and processing on the feature fi delity. These 
physical relations are also described in the context of novel resist architec-
tures under consideration for next-generation photolithography with extreme-
ultraviolet radiation. 
  1. Introduction 

 Modern nanofabrication employs electron, ion, and photon 
beams to pattern thin polymer fi lms that serve as etch-resistant 
templates for subsequent pattern transfer processing steps. Since 
the invention of chemically amplifi ed photoresists, features with 
higher resolution and increased beam sensitivity continue to 
meet rapid production demands. However, imaging materials 
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require even further development as feature 
sizes approach 22 nm. The Rayleigh equa-
tion, provides the scaling criteria that pre-
dict the smallest optically defi ned image, [  1  ]

  
R = k1

λ
n sinθ   

(1)
    

 where   λ   is the source wavelength,  n  
the medium refractive index,  n  sin  θ   is the 
numerical aperture ( NA ) with the incidence 
angle   θ  , and  k  1  is a process-dependent 
factor. Photoresist technology has evolved 
from projection lithography that started 
with the near ultraviolet (UV) that made 
way for laser sources in the deep ultravi-
olet (DUV) from KrF (  λ    =  248 nm) to ArF 
(  λ    =  193 nm). Immersion lithography 
further decreases the 193 nm wavelength by 
using water as the immersion fl uid and is 
on track to produce features down to 22 nm 
half-pitch. Manufacturing tools have taken 
advantage of the Rayleigh equation to guide 
transitions from each technological node 
(smallest feature size) up to diffraction limit. 
Next-generation materials for sub 22 nm 
features expect to image 13.4 nm radiation 
in the extreme ultraviolet (EUV). 

 While the Rayleigh equation defi nes 

the resolution, the ability of the photoresist to perfectly repli-
cate the mask features is a diffi cult challenge due an image blur 
that arises from photoacid diffusion. This image blur is the fi rst 
level of control that must be reduced to achieve the smallest 
feature sizes or critical dimension (CD). Further, while nominal 
resolution is reached the presence of line-width variations called 
line-width roughness (LWR) or line-edge roughness (LER), 
 Figure    1  , presents an ultimate resolution challenge. LER and 
LWR must be reduced to less than 2 nm for 32 nm half-pitch as 
they impact device performance and increased power consump-
tion. [  2,3  ]  Therefore, the photoresist materials chemistry plays a 
substantial role for both resolution and LER/LWR in addition to 
the manufacturing of high-quality optical elements and manu-
facturing tools with 193 nm immersion lithography and poten-
tially EUV lithography.   

 1.1. Chemically Amplifi ed Photoresists 

 Photoresist materials convert the optically defi ned pattern into 
three-dimensional nanometer-scale features (Figure  1 ). These 
Adv. Mater. 2011, 23, 388–408
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    Figure  1 .     Scanning electron microscopy image of the cross-section of 
100 nm 1:1 line-space lithographic line made by ArF photolithography. 
The fl uctuations in the feature critical dimension along the line are quan-
tifi ed by line-edge roughness and line-width roughness metrics.  
chemically amplifi ed photoresists are formulations of an acid-
sensitive polymer fi lm blended with photoacid generators 
(PAGs) and other additives. [  4,5  ]  Using a mask, the patterned 
exposure causes photolysis of the molecularly mixed PAG 
within the thin fi lm to form  photoacids ( Figure    2  ). An elevated 
temperature step called the post-exposure bake (PEB) is then 
applied and the acidic protons (photoacids) diffuse and catalyze 
a deprotection reaction on the acid-sensitive polymer to change 
the local polymer solubility in an aqueous hydroxide solution. 
The photoacids are catalysts as they are regenerated by each 
deprotection reaction; [  6  ]  hence, the term chemical amplifi cation 
refers to the cascade of reactions that occur within the photore-
sist induced by a photolysis event. Therefore, these photore-
sists require fewer photons and hence lower exposure doses to 
fabricate features and provide the required high throughput of 
printed wafers in manufacturing.  

 The quality of the fi nal patterned structures is dependent 
upon sequential process steps that infl uence either the spatial 
distribution of the photoacid or the spatial extent of the pho-
toacid catalyzed reaction-diffusion process. Using interfero-
metric lithography and varying aerial image contrast, Hinsberg 
et al. demonstrated that the initial photoacid catalyst distribu-
tion controlled the printed feature quality. [  7  ]  Pawloski et al. iden-
tifi ed an apparent resolution limit in the fi nal feature quality 
as quantifi ed by LER [  8  ]  through a systematic aerial image study. 
The relationship between the optical exposure quality and the 
feature quality are correlated to and dependent upon the reac-
tion-diffusion of the photoacid [  9–11  ]  into the unexposed regions 
that leads to image spreading or blurring. [  6  ,  12,13  ]  Controlling the 
reaction-diffusion process remains the predominant strategy 
to achieve resolution and feature quality. [  3  ,  14–17  ]  This becomes 
important as the feature sizes approach the characteristic pho-
toacid diffusion lengths. Hence, experimental methods that 
clarify these interactions and transport mechanisms are needed 
to design next-generation materials for the successful fabrica-
tion of structures less than 22 nm. 

 In principle, photoacid diffusion will not necessarily deter-
mine LER if the photoacid is thermodynamically incompatible 
(phase separated) with the matrix at lower temperatures prior to 
exposure and PEB. For purposes of this Review article, thermody-
namic compatibility of the photoacid and the matrix was demon-
strated for a series of PAG/polymer resist pairs used in this study 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408
and materials for 157 nm lithography using solid-state proton 
spin-diffusion NMR. [  18,19  ]  These bulk measurements, extendable 
to ultrathin fi lms, [  20  ]  show that the specifi c PAGs mentioned in 
this paper are thermodynamically compatible with all of the asso-
ciated polymers cited in this paper as well as a series of molecular 
glass resists. While the NMR data were on bulk samples rather 
than thin fi lm samples and employed more volatile solvents than 
389bH & Co. KGaA, Weinheim wileyonlinelibrary.com 389



www.advmat.de
www.MaterialsViews.com

R
EV

IE
W

390

    Figure  2 .     Schematic of the photolysis process of a photoacid generator that forms a strong acid (H  +  R  −  ) and the subsequent acid catalytic reaction that 
changes the solubility of the polymer in a developer solution. Schematic of the mask-defi ned dose profi le, subsequent profi le in the photoresist fi lm 
that leads to a photoacid image and chemical latent image formed during the post-exposure bake. The fi nal developed image is formed after selective 
dissolution in a developer solution as determined by the extent of chemical reaction in the nominally exposed regions.  
those used commercially in lithographic applications, the results 
applied to the question of thermodynamic compatibility. Stoi-
chiometrically relevant photoresist/PAG blended pairs showed 
that each pair was characterized by a similar, but conservative 
upper limit of a 4-nm-size scale ascribed to the diameter of a 
spherical PAG phase with a likelihood of smaller domains. This 
determination, coupled with the argument that the slow removal 
of solvent, when casting from the bulk, should result in larger 
domains if thermodynamically incompatible.   

 1.2. Ideal, Statistical Models 

 As feature sizes are reduced to below 22 nm a general problem 
to simultaneously reduce exposure dose, feature critical dimen-
sion (CD), and LER was observed experimentally and theoreti-
cally. These observations suggest only two of these metrics may 
be met at the sacrifi ce of the third. Several models [  21–23  ]  have 
been proposed for the scaling of LER with critical parameters 
as summarized by  Table  I  ; LER is noted as proportional ( ∝   ) 
to products of each column of parameters.  D  e  is the dose at 
the line-edge (threshold for development),   α   is the fraction 
of light absorbed,   ε   is the quantum effi ciency defi ned by the 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

   Table  I.     Scaling of line-edge roughness based upon statistical approaches.  

 Dose at 
exposure 
threshold 

( D  e )

Latent-
image log 

slope (LILS)

Absorbance 
(  α  )

Quantum 
Effi ciency (  ε  )

Photoacid 
Diffusion Length 

( L  d )

Ref.

LER  ∝ 1/ De 1/LILS
 
1/ α

 1
1+ ε  1/Ld    [  22  ] 

LER    ∝ 1/ De 1/LILS  1/ α  –  1
3 2/ /Ld   [  21  ] 

LER    ∝ 1/ De 1/LILS – 1
ε   

 1
3 2/ /Ld   [  23  ] 

LER    ∝ 1/ De 1/LILS – –  1
3/Ld   [  24  ] 
(molecules of acids produced)/(number of absorbed photons), 
 L  d  is the effective photoacid diffusion length, and LILS is the 
latent-image log slope.  

 In the model, the shape of the reaction diffusion front (LILS) 
appears inversely proportional to LER. However, the shape is 
actually a modulation of the optical image, such that during 
the PEB process the optical image is blurred due to photoacid 
diffusion. While the LILS may be maximized by improving the 
optical image quality (reducing wavelength, higher NA optics) 
the blurring process remains resist materials dependent. This is 
a major limitation, in particular, as the feature sizes are reduced. 
Therefore choice of photoresist chemistry, PAG size, processing 
time, and temperature ultimately determines both the LILS 
and the photoacid diffusion length ( L  d ). The LILS is also cou-
pled to the distribution of generated photoacid and hence, 
photon exposure distribution. At very low exposure doses ( D  e ) 
the ability to defi ne a feature with low exposure statistics inher-
ently leads to a poor resolution as covered by Gallatin. [  21  ,  25,26  ]  
For EUV lithography, novel approaches are being developed to 
maximize the absorbance and quantum effi ciency, [  24  ,  27  ]  since 
the basic mechanisms differ from DUV exposure. 

 In order to bridge the gap between the scaling models and 
more advanced simulations [  12  ,  28,29  ]  experimental approaches 
have been developed.  Figure    3   shows the latent image (depro-
tection profi le) in a model poly(methyladamantyl methacrylate) 
photoresist for 193 nm lithography using neutron refl ectivity 
with an ideal step exposure for two different DUV exposure 
doses. The specifi c details will be discussed later, but here the 
deprotection level scales from 0 to 1, where a deprotection of 
1 implies complete loss of the protecting groups. On average, 
for this system, a deprotection level greater than 40% leads to 
dissolution (or development) in an aqueous hydroxide devel-
oper solution and therefore only a portion of the image will 
dissolve away. This average composition is also referred to as 
the solubility switch. The distance from the initial exposure 
edge to the point of development is a defi nition of  L  d . Further, 
the local deprotection slope (LILS) at the solubility switch is 
coupled to the dose and diffusion length [  30  ]  as the two profi les 
are a result from equal PEB time and temperatures.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408
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    Figure  3 .     Example of three critical variables that currently limit resolution and line-edge roughness.  
 The chemical details of the photoresist, photoacid, and 
additives structure are not incorporated into statistical models 
(Table  I ), nor are the details of the development process. Since 
the interfaces are on the nanometer scale, measurements with 
suffi cient sensitivity and resolution are required. Neutron 
refl ectivity techniques have sensitivity and resolution to pro-
vide insights regarding the materials by considering an ideal 
photoresist interface to quantify the composition profi le of the 
latent image and the developed image. 

 It is arguable which is more important for LER, the ini-
tial PAG distribution or the length scale of homogeneity. In a 
worst-case scenario with PAG domains of 4 nm diameter for 
a sample with a typical 5 % PAG loading, the mean distance 
between domains is  ≈ 10 nm; the effects of inhomogeneous 
PAG distribution on LER fade for diffusion distances above  
≈ 8 nm. Most data discussed herein involve PAG diffusion 
lengths that exceed 8 nm. Another consideration is thermo-
dynamic compatibilit of PAG molecules with resist polymers 
inspite of typical PAG characteristics  of strong local polarity, 
perfl uorinated anion, aromatic and ionic character that may 
produce phase separation, microphase separation, or phase 
segregation in a primarily aliphatic or aromatic resist matrix. 
Even for isolated PAG or small clusters of four to eight mole-
cules that sequester, their most incompatible attributes lead to 
a mean inter-cluster distance in the 5 nm to 6 nm range. There-
fore, it is likely that PAG diffusion exceed such lengths during 
the PEB in order to minimize the infl uence of initial PAG dis-
tribution. However, the infl uence of exposure dose would play a 
role in controlling the statistical nature of photoacid generation 
that could lead to large distances between photoacids.   

 1.3. Ideal Experimental Interfaces 

 The interface between exposed and unexposed photoresist is of 
direct interest as shown in Figure  3  and  Figure    4  . The litho-
graphic line was simplifi ed by fl ipping the line-edge by 90 °  
to form a planar interface, rather than vertical edge. Thus, by 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408
placing photoacid generator in the top layer of a bilayer struc-
ture, the thin fi lm can be fl ood exposed, post-exposure baked, 
and developed. This simplifi ed interface was prepared by suc-
cessive spin-coating of a photoresist fi lm and a second polymer 
fi lm containing a photoacid generator (in a non-solvent for the 
fi rst fi lm) to form a bilayer, as shown in Figure  4 . This provides 
a sharp initial photoacid step profi le after exposure, since the 
photoacid is only in the top layer. During the post-exposure 
bake process, below the glass-transition temperature of the poly-
 mer, the photoacid diffuses into the bottom photoresist layer 
and catalytically cleaves the acid-labile protection group. Lastly, 
the fi lm is developed by an aqueous base developer and meas-
ured for surface roughness that mimic the LER formed at the 
true lithographic edge.  

 The above model line edge was used by Lin et al. to fi rst 
demonstrate neutron refl ectivity as a general method to probe 
the reaction front. [  31  ]  By using a deuterium-labeled protection 
group after the reaction the volatile products leave the fi lm and 
provide the change in contrast necessary to measure the deu-
terium profi le with nanometer resolution. Therefore, the ideal 
line-edge was blurred by photoacid diffusion to form a smooth 
composition profi le from an initial sharp edge. The model 
system of Lin et al. is shown in Figure  4  along with the experi-
mental data before and after the PEB step. 

 This Review is organized as follows: Section 2 provides an 
overview of the refl ectivity methods applied to characterize 
thin fi lms for in-plane and out-of plane structures. Section 3 
highlights the application of neutron refl ectivity methods to 
measure the reaction-diffusion front, or latent image. Fur-
ther, the materials strategy (polymer chemical composition, 
photoacid generator size, and amine additives) to control the 
reaction front are described as well as the effect of processing 
conditions (reaction temperature and time). The fundamentals 
developed are tested with full lithographic testing performed 
at Sematech, a research consortia with international leaders 
in semiconductor manufacturing. Section 4 highlights the 
achievements made in testing dissolution process models 
and structure of the developed image in resist materials using 
391bH & Co. KGaA, Weinheim wileyonlinelibrary.com 391
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    Figure  4 .     Top: Multiple spin-coating method to prepare model lithographic line edge. Bottom: Model 248 nm photoresist based upon poly(hydroxystyrene). 
The unexposed initial sharp edge represents the transition of the bilayer from 100% dPBOCSt to PHOSt containing PAG after the post-apply bake (step 
2). After UV exposure (step 3) and a post-exposure bake (step 4) the loss of deuterium protection groups highlight the deprotection reaction caused 
by photoacid reaction-diffusion to form the diffuse dPBOCSt composition profi le.  
neutron refl ectivity methods. Sections 3 and 4 highlight con-
ventional polymer materials and a few limitations; Section 5 
provides a glance at new chemically amplifi ed resist architec-
tures that attempt to resolve fundamental issues associated 
with polymers. Lastly, the major conclusions are summarized 
in Section 6.   

 2. Neutron Refl ectivity 

 In any refl ectivity experiment using electromagnetic waves 
(e.g. ,  X-rays, ultraviolet, visible, infrared light) or particle waves 
(e.g., neutrons) a variation in contrast between the material and 
the surrounding medium (e.g., air and substrate) is necessary 
to measure the fi lm structure such as thickness and density. 
The coherently refl ected waves in neutron and X-ray refl ectivity 
are of particular interest because they provide subnanometer 
resolution due to the wavelengths (  λ  ) used: 0.154 nm Cu K α  
X-rays and 0.475 nm for cold neutrons at the NIST Center for 
Neutron Research NG7 horizontal refl ectometer. The photore-
sist resolution challenges are in the order of nanometer, so 
X-ray and neutron refl ectivity methods are capable to resolve 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
the area-averaged density and composition profi les of the latent 
and developed images. 

 The refractive index for neutrons and X-rays are typically less 
than unity by order  O  (10  − 5  to 10  − 6 ) with the complex index, 
 n = 1 − * + i$   , defi ned by refractive index and extinction 
coeffi cients. Where,

 
X-rays *X =

NA 82

2B
Delro and $X =

:8

4B

  

 
neutrons *N =

82

2B

b

v
and $N =

NAFa8

4B

  

 N  A  is Avogadro’s number and for X-rays   δ   X  is sensitive to the 
molar electron density variations (  ρ   el ) multiplied by the clas-
sical electron radius ( r  o   =  2.82  ×  10  − 13  cm), while   μ   is the linear 
attenuation coeffi cient. Neutrons, however, interact with the 
nucleus and are insensitive to the electron density. The contrast 
arises from the nuclear coherent scattering length density varia-
tions, where  b / v  quantifi es the total scattering length ( b ) within 
molecular volume ( v ). The atomic scattering length varies ran-
domly from element to element, however, a large coherent 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408
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scattering length difference occurs between hydrogen ( b  H   =  
–0.374  ×  10  − 12  cm) and deuterium ( b  D   =  –0.667  ×  10  − 12  cm) 
isotopes. Therefore neutron refl ectivity contrast may be 
enhanced by deuterium substitution to measure composition 
profi les.    σ    a  is the neutron absorption cross section. (Of direct 
interest is the calculation of the scattering length density pro-
fi le from the measured absolute refl ectivity.) Quite often the 
unit of  Q2

c = 16B
∑

bi /v    is used, which is proportional to the 
scattering length density defi ned by the sum of the atomic scat-
tering lengths of a molecule within a molecular volume  v .   

 2.1. Specular Neutron Refl ectivity 

 A neutron refl ectivity experiment measures intensity as a func-
tion of angle, or wave vector  qz = 4B8−1    sin  θ   (see  Figure    5  )  per-
pendicular to the surface. The absolute refl ectivity may be related 
to the refractive index profi le, hence composition and gradients, 
using classical optics. Since the refractive index is slightly less 
than unity, the beam is totally refl ected if the incidence angle 
is smaller than the critical angle (  θ   c ), which is of the order of 
a fraction of a degree. Near the critical angle the penetration 
depth of the beam into the material is a few nanometers, and is 
the reason why grazing incidence techniques are inherently sur-
face sensitive. As the angle of incidence is increased above the 
critical angle the penetration depth increases and is determined 
by the absorption of the refl ecting material (Figure  5 ).  

 For the case of specular refl ectivity where the incidence and 
refl ectance angles (  θ  ) are equal, the refl ectivity for a single fi lm 
on a substrate may be calculated exactly. However, for multi-
layers, the refl ectivity is calculated recursively by considering the 
refl ection and transmission at each layer that are defi ned by a 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408

    Figure  5 .     Top: Schematic of specular and off-specular refl ectivity; the off spe
tion that provides a component the wave vector in the plane of the fi lm. Bo
and buried structure defi ned by thickness and form of the gradient interface
wave vector and scattering length density dependent Fresnel coef-
fi cient. Then the refl ection coeffi cients are calculated iteratively 
and the total refl ection determined through recursive relations 
from the last to the fi rst layer. Due to the interference of refl ected 
waves a series of fringes of oscillating amplitude are observed 
that are sensitive to the fi lm thickness. Further, the presence of 
interfacial broadening dampens the fringe amplitude.   

 2.2. Off-Specular Neutron Refl ectivity 

 In off-specular refl ectivity, or diffuse scattering, the average in-
plane correlations are measured rather than the average depth 
profi le. This is due to the measurement of the scattering as a 
function of the rocking angle   ω   around the specular condition 
(Figure  5 ). This places a component of the wave vector  q  within 
the  x–y  plane. While  q  z  remains largely constant during the 
transverse scans,  q  x  is defi ned as  qx = 2B

8
(cos (22 − T) − cos (T))  . 

This provides a measurement complementary to the composi-
tion profi les by measuring the structure or correlation length 
for rough surfaces or fl uctuations at interfaces within the plane 
of the fi lm. The physics of off-specular refl ectivity begins with 
the Born approximation, followed by the distorted-wave Born 
approximation (DWBA) as proposed by Sinha et al. for a rough 
surface of a single substrate. [  32  ]  There is no difference in the 
theoretical aspects between X-ray and neutron scattering except 
the calculation of scattering contrast. 

 Within the Born approximation, the off-specular scattering 
amplitude  A ( q ) is typically modeled as,

 A(q ) ∝ 〈R i |D(r )|Rs〉   (2)    
393bH & Co. KGaA, Weinheim wileyonlinelibrary.com 393

cular refl ectivity measures at a rocking angle   ω   about the specular condi-
ttom: Variety of interfacial structure of interest with characteristic surface 
s and surfaces.  



www.advmat.de
www.MaterialsViews.com

R
EV

IE
W

394
 where   ψ  i   and   ψ  s   represent the incident and time reverse wave 
functions. Here   ρ  ( r ) is the scattering density function describing 
the interface topology as well as compositional fl uctuations 
within the medium. Within the Born approximation, the wave 
functions are plane waves that are independent of the position 
 r . Therefore, the scattering intensity is simply  A ( q ) A   ∗  ( q ), where 
 q   =  ( k s –k i  ) is the scattering vector and  k i   and  k s   denote the inci-
dent and scattered wave vectors, respectively. When both the 
incident and the time reverse scattering wave functions are 
approximated as plane waves,  Equation (2)  represents a Fourier 
transform of the scattering density function. 

 In practice, the interface may consist of both surface rough-
ness and compositional fl uctuations (Figure  5 ). In this case, the 
diffuse scattering may be analyzed using a modifi ed distorted-
wave Born approximation. [  32,33  ]  This description models the 
self-affi ne interface with a roughness amplitude of    σ   , a lateral 
correlation length (  ξ  ), and a Hurst parameter ( H ). The dif-
fuse scattering from multilayer stacks was analyzed using the 
approach of Wormington et al., [  33  ]  with the in-plane correlations 
described by 

C(x, y) = F 2e
−

(√
x2+y2

>

)2H

  (3)    

 The approach of Wormington et al., [  33  ]  models the structure 
factor   ρ  ( r ) as a multilayered structure and both compositional 
fl uctuations and roughness included explicitly at each inter-
face. The wave functions   ψ  i  ( r ) and   ψ  s  ( r ) at each layer are cal-
culated using a typical specular refl ectivity fi tting algorithm. By 
combining specular and off-specular techniques one may dis-
tinguish different forms of buried interfacial structure as sug-
gested by Figure  5 . The intensity of off-specular neutron refl ec-
tivity due to buried interfaces may be enhanced by deuterium 
labeling.   

 3. Reaction-Diffusion Fronts 

 Advanced photoresist formulations rely on the photoacid cata-
lytic chain that amplifi es a single PAG photolysis event. Each 
photoacid may produce thousands of deprotection events 
upon the acid-sensitive polymers. The loss of volatile protec-
tion groups changes the polarity of the polymer fi lm such 
that above an average deprotection level (solubility switch) the 
fi lm becomes soluble in an aqueous hydroxide developer. The 
model line-edge approach (Figure  4 ) developed by Lin et al. [  31  ]  
fi rst demonstrated neutron refl ectivity as a general method 
to probe the reaction front of photoresists for 248 nm lithog-
raphy. The loss of the deuterium-labeled  tert -butoxycarbonyl 
    Figure  6 .     Photoacid catalyzed deprotection reaction of poly(methyladamantyl methacrylate).  
(tBOC) groups provided the change in scat-
tering length density contrast, such that 
the deuterium profi le accurately represents 
the chemical latent image. In that case the 
ideal line-edge showed a composition pro-
fi le broadened by photoacid diffusion from 
the initial sharp edge. The basic shape of the 
reaction-induced chemical front identifi ed 
that the spatial extent can impose resolution 
limits. Therefore tools that could estimate the 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
spatial extent, with nanometer resolution were necessary. The 
infl uence of chemical reaction time, photoacid generator size, 
photoresist copolymer chemistry is highlighted.  

  3.1. Infl uence of PEB Reaction Time 

 Once feature sizes reached sub-100 nm DUV lithography shifted 
from 248 nm to 193 nm wavelengths. At 193 nm, aromatic 
poly mers had too high absorption and therefore an entirely new 
photoresist polymer platform was required. The resist com-
munity developed novel monomers, with low absorption at 
193 nm, such as the fused-ring structure of methyladamantyl 
methacrylates. In the case of poly(methyladamantyl methacr-
ylates) (PMAdMA) the adamantyl protecting group is cleaved to 
form methylene adamantane (MA) and poly(methacrylic acid) 
(PMAA) as shown in  Figure    6  .  

 This MA is less volatile than the tBOC deprotection prod-
ucts (isobutene and CO 2 ), but partially leaves the fi lm as can 
be measured quantitatively by Fourier transform infrared spec-
troscopy (FTIR). Importantly, the deprotection leads to the base 
soluble poly(methacrylic acid). The bilayer in this case used 
PAG in poly(hydroxystyrene) (PHOSt) as the top layer identical 
to the work of Lin et al. The fact that at elevated temperature 
the MA group leaves, provides suffi cient neutron scattering 
length contrast through the proton density changes. While not 
an ideal situation, in order to improve the uniqueness of the 
fi tting algorithms, neutron refl ectivity was combined with FTIR 
to provide a component balance that restricts the fi ts. With this 
approach the composition profi les of PMAdMA, MA, and MAA 
were resolved. [  34–36  ]  

  Figure    7   a shows neutron refl ectivity data for PHOSt/
PMAdMA bilayers containing di- tert -butylphenyl iodonium per-
fl uorooctane sulfonate (DTBPI-PFOS) PAG in the acid-feeder 
layer offset as a function of PEB times at 130  ° C. The periodicity 
of the refl ectivity fringe wavelength and amplitude indicates the 
bilayer structure is composed of layers with distinct scattering 
length densities. The refl ectivity data fi ts are shown by the solid 
lines. The corresponding neutron scattering length density 
profi les are in Figure  7b . The scattering length density pro-
fi le begins in air at zero, increases to the value of PHOSt, and 
then decreases to the value of PMAdMA. The substrate is then 
encountered with scattering length densities corresponding to 
the silicon oxide layer and silicon. As the PEB time is increased, 
the  Q  c  2  of the PMAdMA layer near the PHOSt increases due 
to the loss of hydrogen content from acid catalyzed deprotection 
and the partial volatilization of the methylene adamantane.  

 The  Q  c  2  profi le from Figure  7b  cannot be directly interpreted 
as the deprotection profi le due to the presence of residual 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408
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    Figure  7 .     a) Neutron refl ectivity profi les for bilayers of PHS ( +  DTBPI-
PFOS) and PMAdMA with ( � ) 0 s, (�) 8 s, (�) 30 s PEB at 130  ° C. Two 
distinct beatings are evident in the data due to the scattering length 
density contrast between PHS and PMAdMA. The best fi ts of the refl ec-
tivity are shown by the solid lines corresponding to (b) the scattering 
length density profi le. The scattering length density of the PMAdMA layer 
increases with PEB time due to loss of hydrogen content (methylene 
adamantane). Reprinted with permission. [  34  ]  Copyright 2006, American 
Chemical Society.  

    Figure  8 .     a) Deprotection profi les for DTBPI PFOS with PEB at 130  ° C 
for (•) 8 s, ( � ) 15 s, ( � ) 30 s, and (  ) 60 s. The vertical dashed lines cor-
respond to the developed thickness using 0.26 N TMAH. Adapted with 
permission. [  34  ]  Copyright 2006, American Chemical Society.  
methylene adamantane after deprotection. The refl ectivity data 
can be fi t by considering the volume fraction profi les (  φ  i  ) of the 
individual components with known scattering length density 
( Q2

c,i   ). For the specifi c case examined here we have the fol-
lowing expressions,

 

Q2
c, film(z) =

=

NMA(z)Q2
c, MA + φ

φ

φ

MAA(z)Q2
c, MAA

+ MAdMA(z)Q 2
c,MAdMA

NMAdMA(z) 1 ⎯ ⎯NMA(z) MAA(z)
  

(4)
   

  FTIR measurements provide the average quantity of depro-
tection products (  φ   MA ) that remain in the fi lm and the average 
deprotection level designated by   φ   MAA . These independent values 
serve as restrictions to compare the integrated concentrations of 
MA, MAA, and MAdMA within the fi lms determined by neutron 
refl ectivity through the measurement of  Q2

c,film(z)   . The compo-
nent profi les (  φ   MA ,   φ   MAA ) are determined using  Equation (4)  by 
assuming that PMAdMA is completely deprotected at the inter-
face with the acid feeder layer upon PEB and then allowing the 
deprotection profi le to decay smoothly. The characteristic decay 
length is varied to minimize the differences in deprotection and 
MA amounts between FTIR and NR measurements. To obtain 
the best fi t, the scattering length density of the deprotected 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408
region is changed slightly from the previous fi t and only the 
width and thickness of the deprotection region are allowed 
to vary until the difference in concentration between neutron 
refl ectivity and FTIR is less than 3% for all components. 

  Figure    8   shows the deprotection profi les for four PEB times 
at 130  ° C. The general shape is not described by Fickian diffu-
sion. Therefore, the time-dependence of the reaction is strongly 
infl uenced by the interaction between the diffusing photoacid 
and changing medium. At reaction times longer than 15 s the 
extent of reaction becomes pinned and the tail of the reaction 
extent slowly increases. Pinning of the reaction front occurs 
near a photoacid diffusion length of 200 Å shown by the vertical 
lines that correspond to the solubility switch. In this case, the 
reaction rate becomes suppressed; however, the presence of pho-
toacid and the broad tail shows that the reaction does proceed. 
Houle et al. demonstrated through experiment and stochastic 
modeling that the mobility (or diffusivity) of the photoacid varies 
widely in the pure protected and deprotected components. [  12  ,  28  ]  
Therefore, the diffusion-pathway of the reaction could be slowed 
down simply by the difference in photoacid mobility. Similarly, 
Willson et al. concluded that the diffusing front of photoacid 
slows down in the presence of the deprotection products, using 
a series of photoacid generators. [  16  ,  37  ]  Therefore, while there is 
a gradient in photoacid, the presence of a deprotection gradient 
inhibits the further transport behind the reaction front.  

 Motivated by these studies, a systematic study of the reaction 
kinetics of PMAdMA with TPS-PFBS [  30  ]  was performed with 
FTIR. In this case a phenomenological model was developed 
that includes a photoacid loss process, or acid-trapping event, 
dependent upon the extent of the reaction. The photoacid trap-
ping process was fi rst order in the photoacid concentration (H  +  ) 
and deprotection concentration (  φ   MAA ). This was further tested 
as a function of different copolymer compositions, dose, and 
post-exposure bake temperatures. This limiting model provides 
some insight into the shape of the deprotection profi les. In the 
case of Houle [  28  ]  the decrease in the diffusivity of the photoacid 
can be modeled as a reversible reaction between the photoacid 
and the pendent hydroxyl group of the deprotected monomer. [  38  ]  
Houle et al. were able to predict the shape and extent of the 
deprotection front [  12  ,  28  ,  38–42  ]  as confi rmed through direct meas-
urements by neutron refl ectivity. [  31  ]  
395bH & Co. KGaA, Weinheim wileyonlinelibrary.com 395
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    Figure  9 .     Simulated deprotection profi les at a reaction-diffusion front 
using  Equation (3)  and  (4)  for PEB of (•) 8 s, ( � ) 15 s, ( � ) 30 s, and (  ) 60 s. 
The front is self-limiting and increasing the bake time only increases the 
background deprotection. Reprinted with permission. [  34  ]  Copyright 2006, 
American Chemical Society.  
 Based upon the initial qualitative interpretation of the reac-
tion-diffusion front for PMAdMA, it appears as though the 
detailed model for PHOSt [  28  ]  also applies to PMAdMA. How-
ever, it is unclear if there is a specifi c binding between the 
photoacid and the MAA, or simply reduced diffusivity in the 
vicinity of MAA-rich regions. Nonetheless, this mechanism can 
explain the self-limiting effect of deprotection reaction with 
PEB time in PAG-loaded PMAdMA fi lms. [  43  ]  The approach uti-
lizes a limited number of parameters suffi cient to describe the 
reaction-diffusion process in this system. By including the trap-
ping mechanism into a simple reaction-diffusion model, the 
following differential equations are derived assuming constant 
photoacid diffusivity.

 
dN(x, t)

dt
= kp(1 − N)H(x, t)

  
(5)

   

 

d H(x, t)

dt
= D

d2 H(x, t)

dx2
− kT H(x, t)N(x, t),

  
(6)

    

 where   φ (x,t)  and  H(x,t)  are the deprotection level and acid con-
centration respectively,  D  is the diffusion coeffi cient of the pho-
toacid and  k  P  and  k  T  are the reaction and the acid trapping rate 
constants respectively. We neglect the effect of the residual MA 
to simplify the modeling calculations. Previously determined 
rate constants [  44  ]  ( k  P ,  k  T ) from single-layer experiments were 
used to determine the photoacid diffusion coeffi cient through 
the PMAdMA by fi tting the deprotection profi les for the bilayers 
using TPS-PFBS. Unlike the case of PHOSt, we fi nd that the 
photoacid trapping does not need to be modeled as a revers-
ible reaction to describe the data. We speculate that the greater 
ionizability of the methacrylic acid in comparison to hydroxy-
styrene leads to stronger binding of the photoacid in the depro-
tected polymer matrix. Despite the assumptions in  Equation 
(5)  and  (6) , the apparent diffusion coeffi cient for the photoacid 
is within a factor of two of measurements for PFBS in other 
fully protected systems, [  28  ]  approximately 6  ×  10  − 13  cm 2  s  − 1 . 
Moreover, the self-limiting reaction-diffusion front can be qual-
itatively predicted.  Figure    9   shows calculated profi les using reac-
tion parameters for a slow, strong photoacid ( k  P   =  30 nm 3  s  − 1 ; 
 k  T   =  0.4 nm 3  s  − 1 ;  D   =  1  ×  10  − 13  cm 2  s  − 1 ).  

 The basic shape and limited reaction front is captured by 
the photoacid trapping process by the deprotection products 
and highlights the importance of photoresist/photoacid inter-
actions. These interactions play a role in controlling the LILS 
as well as limiting the photoacid diffusion length. There-
fore, materials that strongly interact with the photoacid after 
deprotection self-limit the photoacid reaction-diffusion front 
as shown in Figure  8 . An investigation into the infl uence of 
photoacid size is a natural extension, because increased pho-
toacid size will lead to reduced diffusivity. However, the com-
bined effect on shape of the reaction front (LILS) and diffusion 
length was not measured.   

 3.2. Photoacid Generator Size Effect 

 The diffusion length of photoacid generators may be controlled 
by increasing the size of the super acid such as in the series 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
trifl ic acid (Tf), perfl uorobutane sulfonic acid (PFBS) and per-
fl uorooctane sulfonic acid (PFOS). [  34  ]  At equal PEB tempera-
tures and reaction time, the smaller photoacid induced a larger 
extent of reaction and spatial-extent from the ideal line-edge as 
shown in  Figure    10  . While the average reaction extents may 
easily be measured by FTIR, the spatial-extent is missing. By 
increasing the molecular mass of the photoacid from Tf to 
PFBS, one maintains a super-acid, but drastically reduces the 
diffusion of the photoacid and increasing the size further to 
PFOS the diffusion length is shortened further, but simulta-
neously the local slope of the deprotection profi le is increased. 
This simultaneous increase in the LILS is crucial to reduce line-
edge roughness.  

 In concept one may further reduce the photoacid diffusion 
length by covalently bonding the perfl uoroalkyl sulfonate to 
the polymer. In this case the acidic proton may diffuse, but 
within constraints due to electro-neutrality of the immobile 
counteranion. [  45  ]  Even so, by covalently bonding the PAG to 
the resist the LER and LWR persist, therefore simply limiting 
the diffusion length is not suffi cient. The statistical models of 
Table  I  consider that as  L  d  is reduced the LER increase for a 
fi xed LILS. However, experimentally, the LILS increases as the 
 L  d  was reduced and therefore are not independent. This high-
lights the importance of developing materials relationships to 
the critical lithographic parameters. 

 The profi les of Figure  10  illustrate the importance of pho-
toacid diffusion and LILS limits. Even with an ideal step-
exposure line edge the photoacid induced a blurring of the 
intended image at the deprotection profi les. A 1:1 line/space 
feature may be reconstructed using these profi les. As an 
example for the PFOS case,  Figure    11  , three different CDs, 
130 nm, 90 nm, and 45 nm, are reconstructed. Under the ideal 
exposure conditions the presence of a sharp LILS and fi nite  L  d  
leads to loss of a small fraction of the CD in the case of 130 nm 
line/space. However, as the CD is decreased down to 45 nm 
nearly 50% of the intended CD is lost due to photoacid diffu-
sion. Therefore, the smallest feature that may be printed will 
be bounded by approximately CD  ≈  2  ×   L  d . This can be tested 
using the bilayer approach and screened for numerous photore-
sist formulations. [  46  ]  This problem is compounded because the 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408
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    Figure  10 .     Deprotection profi les for model bilayers with 8 s PEB at 130  ° C using different PAGs. The dashed lines indicate the solubility switch, 
determined from development with 0.26 N TMAH. As the PAG size increases, the breath of the deprotection profi le decreases. The largest PAG 
(DTBPI-PFOS) has a much sharper deprotection profi le and shorter deprotection propagation in the fi lm compared to the other PAGs. Reprinted with 
permission. [  34  ]  Copyright 2006, American Chemical Society.  
fi nite LILS and  L  d  leads to LER that can be of the same order 
in magnitude of the CD. The roadmap for semiconductors 
requires that LER (3   σ   ) comprise no more than 8% of the CD.  

 The  L  d  may be estimated without neutron refl ectivity, [  46,47  ]  
however, the shape of the profi le is critical, in particular, as 
the feature size approach the diffusion length. This is the ulti-
mate challenge in photoresists and the effect is controlled by 
the polymer chemistry as shown next. The statistical scaling of 
Table  I  shows that line-edge roughness is inversely proportional 
to the photoacid diffusion length. Hence, materials are needed 
that maintain high reaction rates while reducing the photoacid 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408

    Figure  11 .     Line-space structure as a result from an ideal square-wave 
exposure profi le for the line formed by the PFOS system in PMAdMA. 
The fi nite reaction-front width leads to a constant bias to smaller fea-
tures printed given three different hypothetical line spaces from 45 nm, 
90 nm and 130 nm line/space. The effect of acid diffusion will eventually 
blur-out the line completely for smaller features than  ≈  2  ×   L  d .  
diffusion length through enhancing the self-limiting diffusion 
processes. The hydrogen bonding characteristics of photoresists 
provides a route to reduce the transport properties, but also to 
increase the glass transition temperature in thin fi lms. Such 
high glass transition materials are therefore desirable, not only 
from mechanical stability of the features, but also in the control 
over transport properties.   

 3.3. Copolymer Composition 

 Typically photoresists incorporate different comonomer 
groups to improve imaging capabilities, etch resistance, 
transparency and development contrast. The hydrophilicity 
of comonomers have a signifi cant impact on the image 
quality. [  48  ]  Here we examine the infl uence of a non-reactive  α , γ -
butyrolactonemethacrylate (GBLMA) comonomer incorporated 
onto the PMAdMA resist polymer. Incorporation of lactones in 
the polymer improves the imaging [  49–51  ]  in terms of resist sen-
sitivity to PEB, development contrast, and LER. However, the 
infl uence of GBLMA on the photoacid diffusion and LILS has 
not been examined in detail. 

 The deprotection profi les determined by neutron refl ectivity 
are shown in  Figure    12   for three different levels of GBLMA 
copolymer content. As the GBLMA content is increased, the 
maximum potential deprotection is decreased accordingly. The 
deprotection level is the fraction of the total polymer converted 
to the deprotection product, MAA in this case. This explains 
the vertical offsets between the copolymers and homopolymer. 
However, the presence of the GBLMA substantially increases 
the LILS and reduces the photoacid diffusion length. Both 
copolymers display sharper deprotection fronts at the solubility 
switch noted by the vertical lines.  

 This change in the spatial extent of deprotection can be 
attributed to the decrease in the local diffusivity of the pho-
toacid in the vicinity of GBLMA that leads to a sharper profi le. 
In a complementary set of FTIR measurements the diffusivity 
of PFBS was determined to be an order of magnitude less in 
GBLMA than in MAdMA. Incorporation of comonomers of 
GBLMA thus reduces the initial photoacid diffusivity through 
the interaction of the acid with the polar GBLMA. Further, 
397bH & Co. KGaA, Weinheim wileyonlinelibrary.com 397
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    Figure  12 .     Chemical structures of three photoresists used in this study. Left: PMAdMA; middle: P(MAdMA50-co-GBLMA50); right: P(MAdMA41-co-
GBLMA59). Latent image after 8 s PEB at 130  ° C of three different photoresist copolymers that vary in composition with an inert monomer group. The 
dashed lines mark where the image is developed in 0.26 N TMAH. Reprinted with permission from SPIE. [  52  ]  Copyright 2007, SPIE Digital Library.  
lactones play a basic role in controlling photoacid diffusion 
that results in higher LILS. 

 Therefore, it is not surprising that the deprotection front is 
dependent upon copolymer composition; however insight into 
the controlling mechanisms that infl uence the photoacid diffu-
sion is applicable to design of future photoresists. GBLMA and 
hydroxystyrene (HOST) are both seemingly inert (unreacting) 
comonomers in photoresist formulations, but appear neces-
sary for high-quality lithographic imaging. [  9  ]  Both are more 
hydrophilic than protected constituents of resins, but only 
poly(hydroxystyrene) is soluble in aqueous base developer. The 
solubility of water within homopolymers of GBLMA and HOST 
is a good measure of their hydrophilicity; a negligible concen-
tration of water is absorbed by P(GBLMA), while at equilibrium 
PHOST contains nearly 30% water by volume. [  53  ]  Given the lack 
of water solubility in GBLMA, it is surprising that the incorpo-
ration of GBLMA would dramatically improve the dissolution 
characteristics of 193 nm resists. The copolymer clearly infl u-
ences more than simply dissolution properties of the resist as 
observed in the measurements of the reaction-diffusion fronts. 
Therefore copolymer structure and architecture are critical to 
advanced resist materials. 

 The incorporation of the GBLMA reduces the glass transi-
tion temperature from greater than 210  ° C for PMAdMA to 
162  ° C and 172  ° C for 50% and 59% GBLMA, respectively. 
Therefore, even though the processing temperature is fur-
ther from the  T  g  a larger spatial extent of acid diffusion was 
observed in PMAdMA therefore stressing the importance of 
photoacid / comonomer interactions in addition to more tradi-
tional thermal properties.  

 3.3.1. 193 nm Photolithography at Sematech 

 The model studies provide a quantitative method to compare 
different photoresist materials and novel architectures. The 
copolymer composition effect can be directly tested through 
lithographic printing at 193 nm. Three photoresists were pat-
terned via 193 nm lithography at Sematech, a research con-
sortia of major semiconductor manufacturers, [  54  ]  in order to 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
compare the results from laboratory based fundamental experi-
ments. The optimal exposure conditions for 100 nm line/space 
features are shown in  Figure    13   for three resist formulations at 
three different PEB conditions; the LER (nm, 3    σ   ) along with 
the corresponding dose-to-size and critical dimension are pro-
vided. The PEB of 130  ° C with two bake times were chosen to 
make direct comparisons to the fundamentals.  

 The MAdMA protection content was reduced by increasing 
the GBLMA and HAdMA content. For a fi xed PEB 130  ° C 
for 60 s, the LER decreases from 10.4 to 4.2 nm at fi xed PEB 
conditions. Therefore by changing the polymer chemistry an 
improvement in the imaging characteristics was observed. At 
best focus for a fi xed dose-to-size of CD  =  100 nm the LER was 
reduced by more than a factor of 2, greater than the square-
root dose dependence from Table  I . This is because the polymer 
chemistry infl uences the reaction kinetics constants that govern 
the latent image. 

 Based upon the latent image, by increasing the lactone con-
tent the deprotection profi le becomes sharper (Figure  12 ), which 
after standard development with 0.26 mol L  − 1  TMAH leads to 
lower LER as found by the Sematech data (Figure  13 ). The polar 
GBLMA interacts with the photoacid to reduced diffusivity. 
While the latent image data for the 37% HAdMA containing 
resist are not available, we speculate that the HAdMA group 
further interacts with the photoacid to reduce the mobility via 
the polar hydroxyl group. A FTIR approach has been developed 
to characterize the spatial heterogeneity in composition of the 
above photoresist series. [  55,56  ]  Therefore we may expect compo-
sitional heterogeneity also contribute to LER. 

 Further, the effect of PEB time at 130  ° C does not show a 
large effect on LER for all three resists. This was not sur-
prising primarily due to our observations that the diffusion of 
the photoacid generator becomes trapped or arrested by the 
deprotection products (MAA) in particular for the slower dif-
fusing PAGs, TPS-PFBS and DTBPI-PFOS. This led to the 
pinned deprotection front such that by comparing increasing 
PEB times, the propagation of the front was signifi cantly slower 
than that predicted by a diffusive process as discussed in the 
effect of copolymer composition. However, at longer PEB times 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408
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    Figure  13 .     Lithographic results for three different photoresist copolymer contents. The formulation consisted of polymer, 5% TPS-PFBS PAG by mass 
of the polymer, and 10% trioctylamine by mol of PAG.  
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the latent image width becomes broader and implies increased 
roughness. This effect may be responsible for the increase by 
1 nm in roughness for the 41/59 resist. The formulations all 
contained 10% by mol of trioctylamine (TOA), as discussed in 
the next section the amines provide additional control over res-
olution, photoacid diffusion and LILS.    

 3.4. Effects of Amine Quencher 

 An effective approach to control photoacid diffusion into the 
unexposed regions is by the addition of amine bases to the pho-
toresist thin fi lm. In the most simplistic view the presence of 
amines titrates (or quenches) photoacids that diffuse outside of 
the nominally exposed regions. In doing so, the spatial-extent of 
the reaction-diffusion process is controlled. However, the pres-
ence of amines also quenches photoacids within the exposed 
regions leading to a loss in exposure-dose sensitivity of the 
photoresist. Nevertheless, added base quenchers are an effec-
tive method to reduce LER. [  57  ]   Figure    14a   shows a hypothetical 
concentration profi le of PAG at an ideal exposure line edge 
with the horizontal dashed line are equivalents of an amine 
base. As long as the equivalents of amines are lower than acids 
one expects to observe photoacid catalyzed reaction in the uni-
form case. Further, as acids diffuse into acid-free regions the 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408
low levels of acid are effectively titrated because the equiva-
lents of base are greater than the expected low levels of acids. 
Alternatively, one may impose base only in unexposed areas as 
in the schematic of Figure  14b  and therefore maximize the bulk 
reaction and minimize the infl uence of acid diffusion. These 
two cases were quantitatively measured by neutron refl ectivity, 
along with a third case of amines blended with the photoacid 
generator called coupled acid-base. [  35  ]   

 The mechanism of how an amine reacts with an acidic 
proton in a solid thin fi lm will be dependent upon the mobility 
and reactivity. Proportional neutralization [  40  ,  42  ]  is an ideal case 
whereby the acid is eliminated from the reaction and the con-
centration of effective acids is reduced by the stoichiometry. 
Alternatively, there may be a competitive neutralization whereby 
an equilibrium is established such that acid-base neutralization 
occurs in competition with the deprotection reaction. [  40  ,  42  ]  The 
experimental data presented here can only speculate which 
process is more dominant under a given base loading condi-
tion since the deprotection profi les are measured, which is not 
a direct measure of the photoacid distribution.  

 3.4.1. Uniform Amine Distribution Across Line-Edge 

 Using the PMAdMA system (Figure  6 ) and TPS-PFBS pho-
toacid generator a comprehensive study of the uniform amine 
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    Figure  14 .     Two strategies of amine quencher loading: a) uniform loading in bilayer and b) model photodegradable base, where the base is only in 
the PMAdMA bottom layer. The deprotection profi les were measured with different base concentrations (•) 0%, ( � ) 0.1%, ( � ) 0.2%, and ( � ) 0.3% by 
mass of PAG at a fi xed PEB at 130  ° C for 15 s. The vertical dashed lines indicate the thickness to which the fi lm dissolves when developed for 60 s in 
0.26 mol L  − 1  TMAH. The symbols apply to both (a) and (b). Reprinted with permission. [  35  ]  Copyright 2007, American Institute of Physics.  
quencher loading was examined. [  35  ]  A single 130  ° C PEB tem-
perature for 15 s is highlighted in Figure  14a . A series of con-
centrations of the base trioctylamine (TOA) was added at PAG 
to base molar ratios of 31:1, 15:1 and 10:1, or equivalently 0.1%, 
0.2%, and 0.3% mass fractions of TOA. Figure  14a  shows the 
effects of amines at controlling the spatial-extent, LILS, and 
average reaction extent. The presence of uniform TOA con-
centration decreases the maximum level of deprotection at the 
interface with the acid feeder layer; this result is consistent 
with a decrease in the acid concentration diffusing into the 
PMAdMA, either from proportional or competitive neutrali-
zation. Additionally, the effective photoacid diffusion length 
decreased as observed by the confi ned propagation of the 
deprotection front. Further, the interface between deprotected 
and fully protected polymer is sharpened with increasing base 
concentration; consistent with the statistical neutralization of 
the diffusing photoacid. At the leading edge of the deprotec-
tion front, neutralization of the acid will be favored due to the 
low concentration of acid relative to the base. The sharp rise 
in photoacid concentration closer to the acid feeder layer soon 
overwhelms the presence of base. The resultant photoacid pro-
fi le after partial neutralization by base should be considerably 
sharper than the profi le without base as can be seen experi-
mentally between the 0% base loading and base-containing 
profi les. This sharp acid profi le is primarily responsible for the 
sharpening of the deprotection front as the TOA concentration 
is increased. Using the concepts developed previously, a high 
deprotection level and sharp profi le can decrease diffusion of 
the photoacid [  35  ,  58  ]  and limit both propagation and broadening 
of the deprotection front.   
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 3.4.2. Amine Acting as a Model Photodegradable Base 
at Line-Edge 

 By placing the amine quencher in the PMAdMA layer the base 
is now in a concentration gradient that opposes the photoacid 
gradient. Comparison of the uniform base case (Figure  14a ) 
and the model photodegradable base (Figure  14b ) clearly shows 
nanometer-scale control of the deprotection profi le for two 
levels of amine quencher at equivalent PEB processing condi-
tions. Each amine quencher strategy reduces the effective pho-
toacid diffusion length. However, importantly, increasing the 
TOA concentration sharpens the deprotection front with the 
model photodegradable base resulting in the sharper LILS of 
the two interfaces. 

 One specifi c difference is the level of deprotection at the 
initial line edge. The model photodegradable base leads to a 
complete deprotection over the fi rst 100 Å from the initial line 
edge. Therefore, the photoacid catalytic activity is not suffi -
ciently infl uenced by counter-diffusion of the base. For the case 
of uniform base, the deprotection at the interface decreases 
with addition of TOA. We speculate that this behavior is due 
to the availability of photoacid in the feeder layer; for the uni-
form quencher case, the photoacid can be neutralized prior to 
diffusion into the PMAdMA, while this option does not exist 
for the later. The higher deprotection at the initial line edge 
acts to limit photoacid diffusion that leads to the sharper pro-
fi le. Therefore the photoacid trapping effect by the deprotection 
products further controls the LILS. 

 Trioctylamine is relatively hydrophobic due to the alkyl 
groups; however, a variety of amine quencher additives are 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408
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available with variable hydrophobicity through use of hydroxy-
alkyl or alkoxyalkyl groups. The general hydrophobicity and 
size of the amine quencher could further reduce photoacid 
diffusion. Houlihan et al. proposed that the amine quenchers 
may segregate or partition into the protected and deprotected 
domains during the PEB [  59  ]  depending on the relative hydro-
phobicity. Further, the reactivity with the photoacid may be con-
trolled by the pK a  of the amine. [  59  ]  While lithographic evidence 
is present on some photoresist/quencher pairs the general rela-
tionship between transport of amine quenchers and preferen-
tial segregation are poorly understood. 

 However, even with the ideal step-exposure, roughness per-
sists as shown in  Figure    15   after development in 0.26 mol L  − 1  
TMAH and rinse in water. The root-mean-square (RMS) rough-
ness, determined by atomic force microscopy, is plotted versus 
the LILS take at the point of solubility. The two quencher cases 
discussed here and an additional case where the quencher is 
added to the acid-feeder layer for a coupled acid-base diffu-
sion [  35  ]  are shown. The uniform and model photodegradable 
base cases always lead to a larger LILS and lower roughness 
when compared to no base. However, the roughness is not 
zero, but plateaus near 1.5 nm. While additives provide a route 
to achieve smaller dimensions by controlling the photoacid 
diffusion length, the persistent increase in LILS is saturated. 
Alternative strategies, such as incorporating amines within the 
backbone or even as a photo decomposable base would provide 
a test of the effect of base counter-diffusion by limiting segre-
gation and mobility of the base that may increase, or decrease 
LWR/LER. [  59  ]      

 3.5. Buried Lateral Structure 

 The diffuse reaction-diffusion profi le measured by specular 
neutron refl ectivity is averaged along the  xy -plane as a func-
tion of diffusion/reaction depth, or thickness, z. Therefore, one 
averages out the in plane compositional fl uctuations to achieve 
the profi le, so a profi le of a smooth gradient or composition-
© 2011 WILEY-VCH Verlag GmbAdv. Mater. 2011, 23, 388–408
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    Figure  15 .     RMS roughness of developed bilayers as determined by SPM 
for different base locations: (•) no base, ( � ) coupled acid-base, ( � ) uni-
form base, ( � ) model photobase. As the latent image slope increases, 
there is an improvement in the RMS roughness to a fi nite limit of approxi-
mately 1.5 nm. Reprinted with permission from. [  35  ]  Copyright 2007, 
American Institute of Physics.  
lly heterogeneous one, as shown in the schematic of Figure  5 , 
ay not be distinguishable by specular neutron refl ectivity 

lone. The form of latent image roughness and relative loca-
ion near the solubility switch may contribute to the fi nal line-
dge roughness. The lithographic line-edge roughness is only 
evealed after development. Therefore, whether the observed 
oughness is a direct transfer of latent image roughness or 
ontains contributions from the development kinetics has been 
hallenging to answer experimentally. In the following we will 
emonstrate that the in-plane compositional heterogeneous 
tructure can be characterized via the diffuse scattering or off-
pecular refl ectivity. 

 The specular neutron refl ectivity results are shown in 
igure    16   for the deuterated model EUV photoresist poly( d  9 -
ertbutylacrylate-co-hydroxystyrene). [  60,61  ]  The deprotection reac-
ion leads to volatile deuterated isobutene so that the deprotec-
ion profi le can be determined with nanometer resolution.  

 The off-specular neutron refl ectometry [  32,33  ,  62–65  ]  method 
xamines the diffuse scattering around the specular refl ection 
eak by measuring a component of the scattering wave vector 
arallel ( q  x  in the plane of the beam) to the substrate. Off-spec-
lar transverse scans were performed at two different  q  z  values, 
.022 Å  − 1  and 0.055 Å  − 1  of Figure  16  that provides sensitivity to 
ateral length scales from  ≈  100 nm to several micrometers. 

 The diffuse scattering was analyzed using a modifi ed 
istorted-wave Born approximation. [  32,33  ]  While the form of 
quation (3)  describes the in-plane correlations, the contribu-

ions to the interfacial width were separated into a gradient in 
omposition (   σ    G ) and physical roughness (   σ    R ). Assuming these 
erms are not coupled, they can be related in quadrature to the 
idth obtained from specular refl ectivity, 

F 2
Spec = F 2

G + F 2
R   (7)    

 This provides a methodology to separate the gradual change 
n the deprotection extent from inhomogeneities at the reaction 
ront. 

 The off-specular transverse scans at a  q z    =  0.022 Å  − 1 after 
he PEB reaction are shown in  Figure    17   along with fi ts (lines) 
sing the modifi ed distorted-wave Born approximation. [  32,33  ]  
ased upon the calculations of the diffuse scattering, if the 
ntire 7.9 nm interfacial width is modeled by an inhomoge-
eous chemical roughness, the dotted line overestimates the 
iffuse scattering data. In the other extreme, if the reaction 
ront is modeled as a smooth decrease in the deprotection 
xtent with a fl at wave front with no in-plane structure, the 
ashed line underestimates the diffuse scattering. The best fi t 
as obtained by a combination of these extremes, whereby the 
eprotection extent is a physically rough front with a gradient 
omponent.  This is shown as the solid line that is a result of 
 profi le with a gradient over the fi rst 7.5 nm and an inhomo-
eneous, low-amplitude roughness within the last 2.5 nm as 
hown superimposed on the specular and deprotection profi le 
f Figure  17 .  

 These measurements demonstrate that the buried physical 
oughness is well beyond the point of development shown as 
he dotted line. Therefore, the solubility switch point (deprotec-
ion level  ≈  0.2) is within the profi le that is homogeneous with 
 sharp deprotection slope and not near the low-amplitude 
401H & Co. KGaA, Weinheim wileyonlinelibrary.com 401
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    Figure  16 .     Deprotection profi le from specular neutron refl ectivity (inset) for the model EUV 
photoresist after post-exposure bake of 130  ° C for 180 s. The solubility switch of deprotection 
level  ≈ 0.20 is shown by the dotted line and interfacial width is 7.9 nm. Reprinted with permis-
sion. [  61  ]  Copyright 2008, American Institute of Physics.  
roughness (   σ    R ). Hence, the zone of buried compositional 
roughness is not transferred to the resist. Further, the buried 
lateral length scale (  ξ  ) was 800 nm, thus of lower frequency 
compared to the roughness of concern for lithographic feature 
quality, which is of the order of 100 nm to 200 nm. 

 Off-specular refl ectivity highlights the structure of the buried 
deprotection reaction-diffusion front in a model EUV photore-
sist copolymer. These measurements show the latent image 
possesses a low-amplitude, low-frequency inhomogeneity at the 
leading edge of the reaction front. This inhomogeneity occurs at 
depth beyond the solubility switch for the resist in 0.26 mol L  − 1  
TMAH and may diminish the role on line-edge roughness.    

 4. Photoresist/Developer Interface 

 A central assumption in resolution limit models such as those 
described in Table  I  is the direct transfer of the chemical depro-
tection heterogeneity on the feature quality. The chemical and 
physical heterogeneity are transferred to the fi nal feature after a 
threshold of the deprotection level. Therefore, the development 
process and mechanisms are not considered. However, it is 
known that partial dissolution of thin photoresist polymer fi lms, 
such as poly(hydroxystyrene), leads to roughness as described 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
by the critical ionization model. [  66  ]  The bulk 
development of photoresist thin fi lms dis-
solve via reactive-dissolution kinetics. [  67–69  ]  In 
this process, summarized by Hinsberg et al., 
the chemical equilibrium (acid-base reaction) 
between weakly acidic polymer functional 
groups and the strong aqueous base induces 
a switch in solubility. The ionization of the 
polymer photoresists leads to a polyelectro-
lyte in the developer solution ( Figure    18b  ). 
The kinetics of the aqueous base hydroxide 
transport and the acid-base solution reac-
tion controls the kinetics of formation of the 
steady-state gel layer that propagates with a 
well-defi ned thickness as the fi lm dissolves. 
In general, a variety of non-analytic fi lm dis-
solution kinetics may result depending upon 
the reactivity, kinetics parameters, and fi lm 
mechanical properties of this photoresist 
development process. [  29  ]   

 The propagating swollen layer of the dis-
solution front must approach the nominally 
unreacted and unexposed zone transitioning 
from bulk development into an interfacial 
process. [  29  ]  This transition-zone width is 
partly controlled by the reaction-diffusion 
process described previously. However, the 
spatial extent of swelling, transport of devel-
oper within the undeveloped transition zone, 
role of subsequent water rinse, and mecha-
nism of drying are measurement challenges 
primarily due to the lack of readily accessible 
experimental methods. 

 This was addressed by contrast variant 
neutron refl ectivity techniques that directly 
measured the developer penetration and extent of line-edge 
swelling. [  70–72  ]  A residual swelling fraction at the feature edge 
remains diffuse over length scales ( > 10 nm) that far exceeds 
the polymer chain dimensions during hydroxide develop-
ment. The polymer remains swollen during the water rinse 
step and eventually collapses upon drying. Alternative devel-
opment approaches to control this residual swelling fraction 
may be needed to smooth and reduce LER. Since, it is known 
that photoresists are polyelectrolytes [  73  ]  in developer solutions 
one expects counterion correlations to the polymer chain [  74  ]  
and therefore the tetramethylammonium ions were measured 
using deuterium substitution.  

 4.1. Contrast Variant Neutron Refl ectivity at Solid/Liquid Interfaces 

 The acid feeder layer/photoresist polymer bilayer fi lms were 
prepared with one slight modifi cation to that described earlier; 
an antirefl ective (for visible light) coating (ARC) was applied to 
improve the adhesion of the photoresist polymer to the silicon 
substrate for the in situ development studies. Therefore, the tri-
layer is used for in situ development as shown in Figure  18a . 
The dry trilayer sample was characterized by neutron refl ec-
tivity on unexposed and post-exposure baked samples. [  34  ]  
heim Adv. Mater. 2011, 23, 388–408
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    Figure  17 .     Off-specular transverse scan at  q z   of 0.022 Å  − 1  with calculations for a rough interface (dotted), a smooth gradient interface (dashed), and 
a combination of the two (solid).  q x   spans from  − 0.000191 Å  − 1  to 0.000191 Å  − 1 . Reprinted with permission. [  61  ]  Copyright 2008, American Institute of 
Physics.  
 Development was performed on the well-defi ned latent image 
reaction fronts using a custom liquid cell and a single sample 
was subject to in situ development and rinse. Two different 
trilayer samples were measured to characterize the polymer 
segmental profi le and the deuterium labeled tetramethylam-
monium profi le using a full contrast and zero-average contrast 
approach, respectively. [  75  ]  In order to maximize the scattering 
length contrast between hydrogenated polymer and the devel-
oper and rinse solutions, full contrast experiments used proto-
nated 0.065 mol L  − 1  tetramethylammonium hydroxide (TMAH) 
in D 2 O. After the deuterated developer was introduced into the 
cell, the acid feeder layer and portion of the reaction front dis-
solved. The fi lm remaining in contact with the developer and 
was measured by specular neutron refl ectivity (Figure  18c ). 
Subsequently, the developer was removed from the cell, rinsed 
and fi lled with pure D 2 O to mimic the rinse step. 

 A zero-average contrast experiment used a D 2 O/H 2 O mixture 
that matches the average scattering length density of the dry 
polymer fi lm to the solvent. This is a contrast-matched experi-
ment. Then by using 0.065 mol L  − 1  deuterium labeled  d  12 -
tetramethylammonium ( d -TMA) hydroxide the concentration 
profi le of  d -TMA can be determined in a single experiment. By 
combining the two types of measurement the composition pro-
fi les of polymer, d-TMA counterion, and solvent are determined 
with nanometer resolution.   

 4.2. Shape of the Developer Front 

 In  Figure    19a   the in situ deprotection profi le is shown along 
with the solubility switch. However, beyond the nominal solu-
bility switch the developer penetrates and induces swelling. The 
volume fraction profi les (  φ  i  ) for each component are plotted as 
  φ  i   versus distance from the ARC/resist interface in Figure  19b . 
The polymer segment profi le resolves the dense non-swollen 
region and transition to the residual swelling fraction. 
Concentrated phases (  φ    ≈  1) to semidilute and dilute regimes 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 388–408
are observed by these profi les, whereby the long tail in polymer 
concentration occurs in a dilute-solution regime assuming a 
homogeneous phase. This implies that these lipophilic, 
low-molecular-weight polymers associate to form the swollen 
line edge reminiscent of associating polymers. In such a case, 
the entropy gained by dissolving into the solution cannot over-
come the association energy due to the hydrophobicity. Due to 
the lipophilic nature of the resulting polymers the size scale of 
the swelling structures survive the swelling stress.  

 The lower composition limit for swelling from the polymer 
segment profi le was estimated to be 0.095 volume fraction of 
MAA from the latent image. This swelling limit is lower than 
that for a fi lm in the absence of the deprotection gradient. In 
the single layer case the initial photoacid distribution is uniform 
and the deprotection process leads to chemically heterogeneous 
fi lms, which at low deprotection extents are comprised of well-
separated deprotection domains. [  76  ]  These diffuse deprotection 
domains percolate and overlap with longer post-exposure bake 
reaction time. [  55  ]  The percolation of MAA domains was corre-
lated with the onset of swelling. However, at the feature line-
edge the photoacid diffusion will lead to a highly connected or 
percolated structure as the photoacid follows multiple diffusion 
paths defi ned by the protected and deprotected species. [  28  ]  The 
resulting broad interface completely dissolves at the solubility 
switch, but water and developer will swell to the lower composi-
tion limit (0.095 volume fraction MAA). Below this deprotection 
level, water and developer are effectively excluded. This may arise 
from randomly distributed MAA groups leading to fi lms that 
are too hydrophobic to allow unfavorable water–MAdMA con-
tacts. Alternatively, the hydrophilic MAA may be non-uniformly 
distributed into isolated pockets [  77  ]  or channels, [  78,79  ]  such that, 
while water can fi nd a pocket of hydrophilic moieties, the sur-
rounding stiff hydrophobic matrix prevents volume expansion. 

 In addition to the polymer, the  d -TMA profi les achieve a 
peak concentration of 5% by volume and are enriched over the 
bulk volume fraction (0.55% by volume) because of the high 
concentration of weakly acidic MAA groups within the residual 
403bH & Co. KGaA, Weinheim wileyonlinelibrary.com 403
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    Figure  18 .     Modifi cation of the in situ resist/developer interface study by neutron refl ectivity. 
a) Inclusion of a thin ARC layer to improve adhesion and perform an in situ development and 
rinse experiment. b) Chemical equilibrium shifts the photoresist from neutral to polyelectrolyte; 
a deuterium labeled developer provides neutron contrast. c) Experimental geometry of specular 
neutron refl ectivity through the silicon wafer substrate.  
swelling fraction. The process by which  d -TMA is enhanced 
is partially due to the local titration of the high concentration 
of MAA segments, while the decay of  d -TMA to the bulk is 
expected by the low concentration of polymer segments, as well 
as dilute bulk solution concentrations. 

 The in situ water rinse of Figure  19c  shows the persistence of 
swelling. In the present case the MAA, a hydrophilic moiety, ion-
izes in water as demonstrated in model polyelectrolyte systems 
such as brushes and gels. In the present case both the developer 
and water rinse may be regarded as good solvents. In previous 
photoresist generations, such as those incorporating hydroxysty-
rene, water should be a poor solvent, since poly(hydroxystyrene) 
is not water soluble. Therefore, the collapse should occur more 
prominently during the water rinse step. 

 Lastly, the swollen region collapses after drying (Figure  19d ) 
thereby converting a diffuse swollen rinse interface into a sur-
face with roughness of only 7 nm. Therefore, the roughening at 
the interface contributes to a non-ideal fi lm collapse. This fi nal 
roughness may limit future device scaling, therefore alternate 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com
materials strategies may be required if chem-
ically amplifi ed photoresists are to be used 
for sub-22-nm features. These measurements 
support a mechanism that resist polymer 
chains may rearrange in a dilute swollen 
phase, as well as further segregate to the sur-
face. The non-ideal collapse can cause segre-
gation of polymer groups based on relative 
hydrophobicity, or possibly through the fi lm 
drying mechanism. Controlling the swelling 
and collapse via polymer chemistry, solvent 
quality, and molecular weight remains a  
crucial area of interest with regards to these 
chemical-gradient interfaces. 

 The signifi cance of these results rests in the 
length scales of swelling and in that a large 
fraction of the deprotected interface swells, 
but does not dissolve. These measurements 
challenge the mechanism for development 
that do not include the gradient in deprotec-
tion, nor the polymer physics of swelling. 
Further, the length scale of swelling exceeds 
the size of the poly  mer molecules used. 
Therefore, the structure of the deprotection 
plays a role in both the onset of photoresist 
dissolution and the ability to balance the 
swelling stress in the form of associating 
behavior. 

  Figure    20   shows that the spatial extent of 
swelling at the line edge will impact the ulti-
mate resist resolution as the feature space 
approaches the characteristic swelling length. 
In this reconstructed line and space feature, 
using the data from Figure  19 , swelling 
occurs in both the development and water 
rinse process. In this system, the swelling 
layers would touch at  ≈ 80 nm space and 
overlap at  ≈ 45 nm space. The drying process 
of the swelling layers may be a critical source 
of defects in photoresists that result in micro-
bridging. [  80,81  ]  The dense swelling layers could also contribute 
to a lateral force that leads to instabilities and line collapse. 
Advanced resist materials that reduce the swelling spatial extent 
by control over the molecular weight or rinse additives should 
be considered in light of these observations.  

 In contrast, a negative-tone photoresist such as calixarene 
derivatives has been demonstrated to produce 12.5 nm half-
pitch resolution. [  82  ]  In this case the development of the low-
molar-mass precursors may reduce swelling due to the high 
crosslink density. Traditional positive-tone electron beam resist 
such as PMMA undergoes chain scission; therefore the frag-
mentation at the exposed region is the source of development 
contrast. A combination of main-chain scission with chemical 
amplifi cation would reduce the swelling extent by eliminating 
the susceptibility of association [  83  ]  due to the molecular-weight 
contrast, rather than lipophilic contrast. Materials are being 
redesigned based on lessons from electron beam resists [  84  ]  and 
may lead to effi cient routes to control both the reaction diffu-
sion and swelling length scales.    
heim Adv. Mater. 2011, 23, 388–408
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    Figure  19 .     Systematic measurements of a) dry, in situ deprotection profi les, b) in situ development profi les, c) polymer profi le during water rinse, and 
d) fi nal physical profi le of the developed feature. Neutron refl ectivity demonstrates that a diffuse swelling front precedes the fi nal feature through a 
swelling-layer collapse mechanism. Adapted with permission. [  70  ]  Copyright 2007, American Institute of Physics.  

a
a
u
w
P
d
u
b
b
c
b
(

s
i
c
m
m
a
t
n

 5. Advances by Material Structure 

 In a typical polymer photoresists the PAG is dissolved along 
with the polymer and spin cast to form a thin fi lm mixture, or 
binary blend. Polymers provide fl exible platforms to change 
functional groups in order to meet etch resistance, optical 
transparency, refractive index requirements, and a variety of 
acid-sensitive protecting groups. The high glass-transition tem-
peratures (typically,  T  g   >  140  ° C) provide dimensional stability 
and a wide latitude in post-exposure bake temperature that 
increases the rates of reaction and photoacid diffusivity. Finally, 
polymers have a large degree of lipophilicity in an aqueous base 
developer that provides a high development contrast. [  9  ]  

 Reducing the photoacid diffusion length would enable smaller 
features or higher resolution, however, the PAG and photoresist 
polymer-blend approach may not be the most effective route, since 
the photoacid could diffuse to lengths longer than the CD. In order 
to address this concern, an alternative resist structure was devised 
that covalently bonds the photoacid generator to the polymer as 
shown in  Figure    21a  . [  85–88  ]  With this approach, after exposure, the 
photoacid counter-anion remains covalently bound to the polymer 
thereby restricting the acidic proton diffusion length.  
© 2011 WILEY-VCH Verlag GmbAdv. Mater. 2011, 23, 388–408
 Since the CD and LER metrics are approaching the char-
cteristic dimensions of the photoresist polymers, alternative 
rchitectures were considered to extend photolithography by 
sing lower-molar-mass molecules. [  89  ]  These molecular resists, 
hile smaller, may also improve the uniformity of blends with 
AGs and other additives, since miscibility of polymer blends 
ecreases with increasing molar mass. [  90  ]  In general the molec-
lar glass resist has a well-defi ned small-molecule core that 
ears protected base-soluble groups (such as hydroxyls and car-
oxyls) as shown in Figure  21b . With this approach the core 
hemistry can vary from calix[4]resorcinarenes (ringlike), [  91–93  ]  
ranched phenolic groups, [  94,95  ]  and hexaphenolic groups 
disklike). [  96,97  ]  

 Early approaches with molecular resists led to low glass-tran-
ition temperatures, however, such problems were resolved by 
ncreased hydrogen bonding functionality and the design of the 
ore structure. These molecular resists may also benefi t from a 
ore uniform development due to the lack of chain entangle-
ents and reduced swelling, when compared to polymers; these 

re active areas of research. Most of these alternative resist struc-
ures adhere to the chemical amplifi cation strategy. However, 
onchemically amplifi ed photoresists are also being considered 
405H & Co. KGaA, Weinheim wileyonlinelibrary.com 405
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    Figure  20 .     Dense line and space structure of the water rinse swollen fea-
ture (solid line) and dried feature (fi lled) reconstructed using the profi les 
from Figure  19c and d , respectively. The volume fraction of swelling pho-
toresist polymer do not touch at large spaces, but at 45 nm space the 
swelling layers touch and overlap and impact device defects, roughness, 
and microbridging.  
as they do not contain photoacid generators and hence do not 
suffer from photoacid diffusion length constraints. [  98  ]  

 Two other novel variants are PAG covalently bound to 
the molecular resist (Figure  21c ) or the core of the molecule 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

    Figure  21 .     Cartoons of photoresist architecture alternative to polymer and P
resist with variable core structure, c) molecular glass resist bound to the PA
serving as the PAG [  99  ]  (Figure  21d ). As designed, there would be 
no need for blending of PAG with such resist systems. In the 
case of Figure  21d  photolysis produces a photoacid, which then 
deprotects the unexposed acid-sensitive protecting groups of the 
PAG-core molecular glass. These two approaches (Figure  21c  
and d) are also smaller pixel sizes and true one-component sys-
tems that in principle eliminate surface segregation and phase 
separation in cast fi lms. The quantitative measurements of 
basic photoacid diffusion length, LILS, and dose sensitivity are 
currently under investigation. However, as observed with poly-
mers, additives such as amine base quenchers may be required 
to limit diffusion of the photoacid.   

 6. Conclusions 

 A measurement platform based on X-ray and neutron refl ec-
tivity was developed to determine and test the relationships 
between polymer photoresist materials chemistry and formu-
lation and the underlying chemical reaction-diffusion process 
and reactive-dissolution mechanism. Overall, the feature 
fi delity requires control at all levels of photoresist formulations 
and processing. In addition to meeting photoresist materials 
design guidelines, especially the transparency of the resists that 
changes with each successive technological node or exposure 
wavelength, the spatial extent of reaction must be controlled 
at a level fi ner than the expected critical dimension. Such a 
conclusion is quite obvious; the measurements outlined here 
provide a high-resolution picture of how resist chemistry, pho-
toacid generator size, processing time, and temperature con-
tribute to the reaction-diffusion and image blur. Further, the 
use of off-specular neutron refl ectivity can be used to probe 
the three-dimensional structure of thin-fi lm interfaces and the 
application has identifi ed that buried reaction-diffusion fronts 
posses a smooth compositional gradients, i.e., no detectable lat-
eral compositional heterogeneity, near the solubility switch site. 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 388–408

AG blends: a) Photoresist polymer bound to the PAG, b) molecular glass 
G, and d) PAG-core molecular resist.  
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This, in turn, suggests that new development strategies may be 
the only effective route to improve the LER in current photore-
sist materials. 

 Finally, for the fi rst time, neutron refl ectivity has brought 
some understanding of how swelling during development 
relates to resolution and LER. Materials that swell to spatial 
extents of the order of the line/space is expected to encounter 
problems. Again, the swelling length scales were measured 
and the results indicate that the reduction of swelling can be 
quantifi ed. This opens the possibility that a direct comparison 
between the lithographic results and the magnitude of swelling 
can be made. Besides neutron refl ectivity, very few measure-
ments are capable of directly measuring the nanometer-scale 
swelling at diffuse soft interfaces. Neutron and perhaps X-ray 
refl ectivity can play a more active role to understand materials 
dissolution for technological applications. In light of traditional 
polymer photoresists, the role of smaller molecular resists is an 
emerging area of activity. The observations made here highlight 
that simultaneously controlling the reaction front and developer 
front are important. The use of smaller molecules that can not 
support a swelling stress could address specifi c issues such as 
swelling and collapse on feature fi delity.  
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