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Multicomponent Physical Vapor Deposited Films with 
Homogeneous Molecular Material Distribution Featuring 
Improved Resist Sensitivity
 Each fi lm preparation technique affects the physical properties of the 
resulting coating and thus defi nes its applicability in modern device construc-
tion. In this context solvent based spin coated and solvent-free physical vapor 
deposited molecular glass photoresist fi lms are systematically investigated 
for their dissolution behavior, sensitivity, and overall lithographic perform-
ance. These investigations demonstrate that the solvent-free physical vapor 
deposition leads to a marked increase in sensitivity. This could be explained 
by the individual molecule by molecule deposition step producing a more 
homogeneous distribution of the multicomponent resist system, especially 
the photoacid generator. In addition, this assumption is supported by former 
published simulations focusing on aggregate formation within thin fi lms. 
This work demonstrates that the lithographic sensitivity of multicomponent 
resist system is an intrinsic parameter to investigate molecular material dis-
tribution and indicates that the applied fi lm preparation technique is crucial 
for the corresponding performance and applicability. 
  1. Introduction 

 Thin fi lms play an important role in current and emerging 
research fi elds, such as display technologies, [  1  ]  solar cells, [  2  ]  
integrated circuits, [  3  ]  SAMFETs, [  4  ]  and data storage. [  5  ]  In this 
context the application identifi es the fi lm preparation tech-
nique and thus the fi nal quality and physical properties. The 
fi lm processing can be classifi ed as solvent based method, 
where the fi lm forming materials are applied from solution, or 
as solvent-free method, where the materials are deposited out 
of a gas phase. [  6  ]  The most prominent technique for solvent 
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based fi lm processing is spin coating. 
Here, a solution is applied to a rotating 
substrate, which results in spreading and 
solvent evaporation. After a time period 
of several seconds up to a few minutes 
the solid material is typically obtained as 
a uniform, smooth fi lm on the substrate. [  7  ]  
Advantages of spin coating are high repro-
ducibility and uniform fi lm formation 
on planar substrates up to diameters of 
more than 30 cm. [  8  ]  Thereby fi lm thick-
nesses from several nanometers up to 
millimeters are adjustable depending on 
solvent, concentration and viscosity of 
applied solution as well as acceleration to 
and adjusted fi nal revolutions per minute 
of the spin coating process. [  9  ]  Typically, 
investigated material classes range from 
inorganic materials to organic polymeric 
or low molecular weight materials. [  10     −     12  ]  
However, there are requirements for the 
coating materials as suffi cient solubility in non-corrosive or 
non-irritating solvents and suitable fi lm forming properties. 
In some cases an alternative solvent-free fi lm preparation tech-
nique can provide a remedy. [  13  ]  Physical vapor deposition (PVD) 
is the most common method for solvent-free processing where 
the materials are evaporated or sublimed under high vacuum 
or/and a carrier gas. The resulting fi lm is formed on a substrate 
by a molecule by molecule deposition during the PVD process. 
The controllable evaporation rate allows a precise fi lm thickness 
control in the nanometer range monitored by quartz crystal 
microbalances. For the preparation of a multicomponent fi lm 
the material composition is controlled by the individual evapo-
ration rates of coevaporating components. [  14  ]  The molecule by 
molecule coevaporation also results in a reduced molecular 
aggregation or segregation within the layer. The resulting fi lm 
is pinhole-free and free from other impurities such as dust or 
solvent residues which can infl uence fi lm formation and phys-
ical properties. [  15  ]  However this method is only applicable for 
materials which can be evaporated or sublimed without thermal 
decomposition during the PVD process. 

 Due to the completely different fi lm forming mechanisms 
of solvent based and dry preparation techniques, fi lms pro-
duced can differ in crucial physical properties. This fact has 
been investigated in different research fi elds over the last fi ve 
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years. In this context ultraviolet charged couple devices con-
sisting of fl uorescent pigment fi lms showed differences upon 
annealing in the crystalline behavior in accordance with the 
fi lm preparation technique. [  16  ]  Bulk compounds compared to 
fi lms prepared by PVD, spin coating or pulsed laser deposition 
(PLD) of chalcogenide glasses showed a huge impact on refrac-
tion index and optical bandgap. [  17  ]  It was shown in detail that 
even related techniques such as PVD and PLD, both dry tech-
niques differ only in the evaporation source utilizing thermal 
evaporation or pulsed laser ablation, can result in a change in 
microstructure causing an infl uence on the physical properties. 
Zirconium dioxide fi lms as high refractive index material for 
optical coatings were also investigated by PVD and compared to 
a sol-gel spin coating process. [  18  ]  The latter is a variation of the 
normal spin coating process where the solution contains pre-
cursors which form a gel-network by a condensation reaction in 
advance or even during the spin coating process. In this study 
differences in the absorption, the porosity ratio and the laser-
induced damage threshold were demonstrated. For organic 
fi eld-effect transistors the change of fi lm application technique 
for pentacenes has been investigated for cost reduction. There 
the simpler process of the spin coating was applicable but has 
the drawback of decreased carrier mobility by one order of 
magnitude. [  19  ]  

 For two or more component systems in addition the mis-
cibility and blending of these different components has to be 
considered. Segregation or phase separation can interfere with 
homogeneous material distribution. [  20  ,  21  ]  The resulting fi lm is 
not only affected by the miscibility of the materials but also by 
the preparation technique. This places for example importance 
on processing in organic light emitting devices (OLED), where 
the phosphorescence emitter has to be applied in a quantity 
that avoids concentration quenching. [  22  ]  For this purpose the 
devices are usually prepared by PVD, [  23  ]  which ensures by the 
molecule by molecule deposition that a statistically controlled 
homogenous material distribution is produced. In addition this 
technique allows the fabrication of the established multilayer 
devices. 

 A homogeneous material distribution is also considered as 
an issue in lithography. State of the art multicomponent chemi-
cally amplifi ed photoresist systems are successful due to their 
high sensitivity. [  24  ]  For this purpose photoresist systems consist 
of at least a photoacid generator (PAG) and an acid sensitive 
matrix compound. During exposure the PAG has to be acti-
vated to release an acid, which catalyzes in the subsequent post 
exposure bake (PEB) deprotection or crosslinking reactions in 
the matrix compound resulting in the solubility contrast. An 
irregular distribution of PAG is assumed to contribute to the 
problem of line edge roughness. [  25  ]  Due to this relevance the 
material distribution in small domains was studied by NMR 
techniques for similar systems. [  26  ,  27  ]  However by this method 
no proof of molecular blending was possible at small dimen-
sions for materials having good miscibility but systems of poor 
miscibility showed phase separation. Unfortunately, only bulk 
samples were investigated, whose properties can differ from 
thin fi lms and their application in lithography. A theoretical 
study of the infl uences of PAG distribution - smaller versus 
bigger aggregates–was investigated by two-dimensional Monte 
Carlo simulations. [  28  ]  These demonstrate that depending on the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
diffusion length, the resist performance characterized by resolu-
tion, line edge roughness (LER) and sensitivity was affected by 
the PAG matrix blending. This result concerning LER was also 
confi rmed in three-dimensional simulations. [  29  ]  Consequently 
differences in blending caused by the applied fi lm preparation 
technique should result in performance distinctions in sensi-
tivity and the overall pattern quality. 

 In the literature there are some recent publications on sol-
vent-free resist fi lm preparation by PVD. [  30  ,  31  ]  However this 
technique places demands on the resist systems concerning the 
evaporability of the components. For this purpose a molecular 
glass resist [  32  ]  must be applied instead of the typical commercial 
polymeric matrix materials and the standard ionic PAGs have 
to be replaced by nonionic ones. 

 In this work we investigated a molecular glass negative 
resist consisting of a phenolic matrix, a crosslinker and a 
PAG focusing performance distinctions originating from the 
applied fi lm preparation technique. We investigated the disso-
lution behavior, the sensitivity and the overall performance in 
lithographic patterning of fi lms prepared by the solvent-based 
process of spin coating and compared it to the solvent-free PVD 
process. Due to molecular deposition in PVD the three com-
ponents should be well distributed without aggregate forma-
tion while for spin coating the evaporation of the often utilized 
polar solvent can result in directional transport of the polar 
photoacid generator (PAG) to the fi lm surface. [  20  ]  Furthermore 
the molecular nature and size of the constituents in the latter 
case, enable aggregate formation during solvent evaporation 
and fi lm formation, which should affect lithographic perform-
ance ( Figure    1  ).    

 2. Results and Discussion  

 2.1. The Lithographic Process and Identifi ed Process Variables 

 The investigation of differences in the lithographic perform-
ance originating from different fi lm preparation techniques 
requires the identifi cation of several key variables. The litho-
graphic process ( Figure    2  ) starts typically with the fi lm prepa-
ration step on a primed Si-wafer. For the work presented two 
different fi lm preparation techniques were investigated. For 
this purpose a molecular glass photoresist, composed of a phe-
nolic matrix, a crosslinker and a PAG, was applied by both spin 
coating and physical vapor deposition (PVD). In the case of the 
solvent cast fi lms a post application bake (PAB) step to remove 
any remaining solvent was used. For the fi lm preparation by 
the solvent-free PVD process this step is unnecessary and con-
sequently was not applied. Afterwards the fi lm was exposed to 
either UV radiation (240 nm to 290 nm) or an electron beam to 
expose the PAG. The resulting acid catalyzes the crosslinking 
reaction during the post exposure bake step resulting in the dis-
solution contrast between exposed and unexposed areas. Finally 
after development, with appropriate developer and development 
time, the fi nal patterns were achieved.  

 Two strategies were identifi ed to investigate possible process 
variables infl uencing the resist performance depending on the 
applied fi lm preparation technique. The fi nal patterns were 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3865–3873
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    Figure  1 .     Schematic illustration of expected resist performance originating from the fi lm preparation technique by the different given PAG distribution 
in a chemical amplifi ed photoresist.  
evaluated with respect to pattern performance. In addition 
changes in the photoresist characteristics like sensitivity or dis-
solution behavior are directly measurable.   

 2.2. Dissolution Investigations 

 The knowledge about the dissolution behavior of a photoresist 
system is crucial for selecting appropriate development con-
ditions. For effi cient lithographic patterning the dissolution 
© 2012 WILEY-VCH Verlag Gm

    Figure  2 .     Schematic of the lithographic process of investigated negative 
molecular glass resist with fi lm preparation, exposure, post exposure 
bake (PEB), and pattern development. In addition the variables of the 
processing steps are allocated, which were investigated for solvent-free 
or solvent-based prepared resist fi lms.  

Adv. Funct. Mater. 2012, 22, 3865–3873
contrast resulting from exposure and thermal treatment 
obtained between exposed and unexposed resist zones defi nes 
the patternability itself and its performance. In this context 
the applied fi lm preparations technique and thus the resulting 
intrinsic fi lm properties such as density, smoothness, and 
uniformity of material blending should affect the dissolution 
behavior. Our dissolution investigations deal with unexposed 
and fully crosslinked resist fi lms on a quartz crystal microbal-
ance (QCM) representing both material states before and after 
lithographic patterning. The measurement principle is based 
on the monitoring of the oscillation damping of quartz crystals 
(QC’s) resulting from deposited material on the surface. [  33  ]  For 
this work fi lms were applied onto QC’s by PVD as well as by 
spin coating. After PAB for the spin coated sample a fl at expo-
sure with UV-light (240 nm to 290 nm) was performed on two 
different prepared fi lms with a dose of 246 mJ cm  − 2 . This high 
dose guaranteed a high photo activation ratio of the PAG and 
thus a high conversion of crosslinking during the PEB process 
step at elevated temperatures of 95  ° C. In this way QCs with 
crosslinked fi lms and with unexposed native photoresist mate-
rials prepared by the solvent-free and solvent based techniques 
were available for the dissolution investigations. 

 The fi nished QC’s were fi xed into the QC-holder, the moni-
toring of the oscillation frequency was started, and the corre-
sponding QC placed into a beaker containing at the beginning 
stirred deionized water. During monitoring developer strength 
was increased in several concentration steps so the dissolution 
behavior was studied over a wide concentration range of tetram-
ethylammonium hydroxide (TMAH) solutions. 

 In  Figure    3   the resulting dissolution graphs are presented 
for spin coated and PVD prepared fi lms in the unexposed and 
exposed state. The unexposed material shows for the solution 
coated as well as for the PVD prepared fi lm a nearly identical 
behavior and thus no dissolution differences originated from 
the fi lm preparation technique was measured by the QCM 
measurement. Their measured dissolution behaviors show a 
3867wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  3 .     Dissolution behavior investigation of solution and PVD pre-
pared fi lms by quartz crystal microbalance measurements; unexposed 
and exposed fi lms (UV exposure: 240 nm to 290 nm, 246 mJ cm  − 2 , PEB 
30 s at 95  ° C) were dipped into pure water at the beginning. Then after 
defi ned time periods small amounts of tetramethylammonium hydroxide 
(TMAH) were added resulting in a stepwise increase of developer 
strength.  

    Figure  4 .     Contrast curves of resist fi lms prepared by spin coating (gray 
open squares) and physical vapor deposition (black closed circles) with 
the applied fi t (gray and black lines,  Equation 1 ). The PVD prepared fi lm 
shows a signifi cant increase in sensitivity while the contrast of the resist 
remains approximately the same.  
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slight decrease in fi lm thickness in pure water explainable by 
the modest solubility of the unexposed resist material. After the 
addition of a small amount of TMAH, resulting in a 0.003 N 
solution, the unexposed resist material dissolves spontaneously. 
The fi lms exposed to UV light and then thermally annealed 
showed in comparison to the unexposed a dissolution contrast. 
However, again a nearly identical dissolution behavior was 
measured independent of the applied fi lm preparation tech-
nique. Here the QCM calculated fi lm thickness is nearly con-
stant up to a 0.007 N TMAH concentration, decreases slightly 
between the TMAH concentrations of 0.014 N to 0.05 N, and 
drops remarkably at the TMAH concentration of 0.1 N after a 
short swelling period. In conclusion this measurement demon-
strates that at a 0.1 N TMAH concentration even the exposed 
negative type resist and thus the patterns are stripped off. For 
this reason the development step for the following experiments 
were performed with 0.05 N TMAH meaning working at the 
highest acceptable contrast between unexposed and exposed 
resist material. By this investigation it was also shown that 
independent from the applied fi lm preparation technique the 
photoresist fi lms have the same measured dissolution charac-
teristics, as a consequence there are no measureable dissolution 
differences or the QCM measurement is unable to detect slight 
discrepancies. But this sensitive technique demonstrates in 
combination with a stepwise increase of the developer strength 
a powerful tool for measuring crucial dissolution characteristics 
of fi lm materials, here to quantify the dissolution contrast.    

 2.3. Resist Sensitivity 

 In the following section the lithographic sensitivity of fi lms pre-
pared by either spin coating or PVD were investigated. For this 
purpose the standard technique for measuring a lithographic 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
contrast curve [  32  ]  was applied by utilizing an electron beam 
(ebeam) exposure tool. Therefore the two fi lm types were 
exposed to multiple squares of different doses by ebeam and 
after PEB developed. The resulting pattern height of the dif-
ferent squares was measured by a stylus profi ler. In  Figure    4   
the contrast curves, hence the dose dependence of the meas-
ured square heights in nm, for the by PVD and by spin coating 
prepared fi lms are shown.  

 The graphs show that both fi lms have nearly the same resist 
contrast, defi ned by the slope of the contrast curve. This is as 
expected due to the fact that this value is material composition 
dependent which is the same for both preparation methods. 
However a clear difference in sensitivity is observed for the dif-
ferent prepared fi lms whereas all other lithographic processing 
steps and conditions were applied identically. Keeping in mind 
the results of the already mentioned theoretical simulation [  28  ]  
this experiment indicates that the two investigated fi lm prepara-
tion techniques, PVD and spin coating, have different blending 
capabilities. The PVD technique provides obvious advantages 
due to its single molecule by molecule deposition of a well dis-
tributed mixture of the three components through the complete 
resist fi lm. In contrast the solvent based spin coating process 
produces resist fi lms of lower sensitivity and this fact can be 
explained by possible PAG aggregate formation. Mack et al. [  34  ]  
( Table    1  ) introduced a way to calculate signifi cant values in 
terms to sensitivity based on the experimental data of the meas-
ured fi lm thickness  T  r  at the correspondingly applied exposure 
dose  E  by fi tting the graphs with  Equation 1 . 

Tr = T0 − �Tmaxe
−E/En   (1)     

 Herein describes  T  0  the native resist fi lm thickness, while 
 Δ  T  max  represents the theoretical value of the maximal crosslink-
able resist thickness and  E  n  a sensitivity term for negative type 
resists. By applying these fi tting parameters to  Equation 2 , also 
introduced by Mack et al. [  34  ]  the gel dose  E  0  can be calculated. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3865–3873
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   Table  1.     Signifi cant values in terms to sensitivity of the fi tted contrast 
curves (Figure  4 ) and out of this calculated gel dose  E  0  for a quantitative 
sensitivity investigation of fi lms prepared by spin coating or PVD. 

  T  0  a)  
[nm]

 Δ  T  max  b)  
[nm]

 E  n  c)  
[ μ C cm  − 2 ]

 E  0  
[ μ C cm  − 2 ]

Spin coating 175.9 386.1 102.6 80.6

PVD 244.9 347.0 51.3 17.9

    a) Native resist fi lm thickness ;     b) Maximal crosslinkable resist thickness ;     c) Sensitivity 
term for negative resists   .

    Figure  5 .     Schematic illustration of the investigated combinatorial library 
for the optimization of exposure dose, PEB temperature, and develop-
ment time in one experiment. The combinatorial library consists of a hori-
zontal PEB temperature gradient ranging from 89  ° C to 63  ° C, a vertically 
development time gradient of 8 s to 181 s and an exposure dose gradient 
ranging from 9  μ C cm  − 2  to 414  μ C cm  − 2  applied in each sector.  
This value characterizes the theoretical dose where fi rst mate-
rial remains after development in the exposed areas.

 
E0 = −E ln

(
T0

�Tmax

)
  (2)    

 Applying the equations to the investigated PVD prepared 
resist fi lms a four time increase in sensitivity quantifi ed by the 
gel dose  E  0  and a two time increase in sensitivity term  E  n  in 
comparison to spin coated samples were achieved. In conclu-
sion lithographic contrast curves of an identical patterned resist 
system are highly sensitive to the applied fi lm preparation tech-
nique and this indicates a different blending of photo acid gen-
erator within the resist material.   

 2.4. Resist Performance 

 In addition to the sensitivity the general resist performance and 
its dependence on the fi lm preparation technique was investi-
gated. Therefore the applied processing variables of the delicate 
lithographic process to the solvent-free and solvent based fi lms 
were optimized individually. This issue is addressed in this 
work by the systematic variation of the important processing 
variables of exposure dose, PEB temperature and development 
conditions. Due to the fact that all of these variables depend on 
each other, this variation is realized in one experiment by gra-
dients in a combinatorial library. The prepared combinatorial 
libraries based on PVD prepared or spin coated fi lms allowed 
a fast and effi cient observation of the overall best performance 
of the patterns identifi ed in defi ned sectors. A schematic fi gure 
of the arrangement of the investigated variable gradients in the 
combinatorial library is shown in  Figure    5  .  

 For the ebeam exposure the defi ned sectors are arranged in 
a grid of 4 columns and 6 rows on the substrate. In addition, 
every sector consists of 22 rows with 100 nm lines (1/1 and 
1/2 line space pattern). Each exposure row is exposed with a 
different dose resulting in the exposure dose gradient ranging 
from 9  μ C cm  − 2  to 414  μ C cm  − 2 . The exposed substrate with the 
24 sectors was afterwards subjected to the horizontal PEB tem-
perature gradient ranging from 89  ° C to 63  ° C. This thermal 
treatment enables the acid catalyzed crosslinking of the resist 
material. For the development step a time gradient between 8 s 
and 181 s was arranged orthogonal to the applied temperature 
gradient. By applying these three gradients very similar combi-
natorial libraries for the spin coated and the PVD prepared fi lms 
were available.  Figure    6  a shows the SEM image of solution cast 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3865–3873
combinatorial optimized 100 nm L-shaped line pattern. Due 
to the lack of additional scientifi c information of the L-shaped 
pattern we simplifi ed the pattern for the following lithographic 
investigations and observed the 100 nm simple line pattern 
obtained by utilizing a physical vapor deposited fi lm applying 
the same resist composition (Figure  6 b).  

 The best pattern of the solution cast fi lm was observed at 
an exposure dose of 96  μ C cm  − 2  (dose XIV) in sector B2 cor-
responding to a PEB at 80  ° C and development time of 43 s 
in stirred 0.05 N TMAH solution. The pattern is obviously well 
developed and shows clear lines. For the evaporated fi lm the 
best pattern was observed at the lower dose of 58  μ C cm  − 2  (dose 
XI) in sector D2 corresponding to a PEB at 80  ° C and develop-
ment of 113 s in stirred 0.05 N TMAH solution. In contrast to 
the solution prepared fi lm the pattern of the PVD prepared fi lm 
shows residual material around the distinct lines and primarily 
between the lines even at the clear lower exposure dose and the 
drastic elongation of development time period. The observa-
tion, that these residues are only observable in the vicinity of 
pattern and that they cannot be removed even under enhanced 
developing conditions, indicates the presence of crosslinked 
photoresist materials activated by backscattered electrons. In 
3869wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  6 .     SEM images of patterns taken from the optimized sectors of the combinatorial library based on solution cast and physical vapor deposited 
fi lms. a) Spin coated: pattern of sector B2 was observed at a PEB of 80  ° C, a development time of 43 s and an exposure dose of 96  μ C cm  − 2 . The fea-
tures are well developed and show clear lines. b) PVD prepared: pattern of sector D2 was observed at a PEB of 80  ° C, a development time of 113 s and 
an exposure dose of 58  μ C cm  − 2 . The pattern shows residual material around the distinct lines. These residues are caused by backscattered electrons 
due to the increased sensitivity of PVD prepared fi lms.  

    Figure  7 .     SEM image of the pattern observed on the optimized sectors of 
the combinatorial library of PVD prepared resists patterned with a 100 kV 
ebeam tool. Lines were observed at a PEB of 99  ° C, a development time of 
10 s, and an exposure dose of 75  μ C cm  − 2  at 100 kV. The features showed 
compact lines with some residues in between.  
conclusion these observations and the applied lower ebeam 
dose demonstrate a crucial increased sensitivity of the same 
resist system utilizing PVD as fi lm preparation technique.   

 2.5. Optimization of Resist Performance 

 It is known that an increased acceleration voltage of an ebeam 
tool reduces the local dose originating from backscattered elec-
trons due to an increases penetration depth. [  35  ]  Therefore fur-
ther patterning experiments for PVD prepared resists were 
performed at a 100 kV professional ebeam tool. In addition 
sensitivity screening investigations on eight different PAGs 
identifi ed 2-[(methylsulfonyl)oxy]-1H-benz[de]isoquinoline-
1,3(2H)-dione (PAG2) as the most sensitive non-ionic ebeam 
photo acid generator and thus it was applied for the following 
patterning experiments. Again a combinatorial library as shown 
in Figure  5  was prepared based on a PVD prepared fi lm for the 
optimization of exposure dose, PEB temperature and devel-
opment conditions. Here, for ebeam exposure several sectors 
were arranged in a grid of 25 columns and 3 rows where each 
sector consists of 24 dose arrays. Each dose array was exposed 
with a dose range from 24  μ C cm  − 2  to 215  μ C cm  − 2  defi ning 
the exposure dose gradient. The exposed substrate was then 
annealed by a PEB temperature gradient between 105  ° C and 
77  ° C. For development a time step gradient of 10 s, 20 s and 
30 s in the orthogonal direction to the PEB temperature gra-
dient was applied. The overall best pattern on the whole sub-
strate concerning lack of residue formation and blur is shown 
in  Figure    7  . The SEM image shows compact lines with some 
remaining residues, but in comparison to the result achieved 
with a 20 kV ebeam tool a reduction of residue formation was 
observable just as a result of the exchange of PAG and the utili-
zation of a higher acceleration voltage.  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 In addition, for overcoming the issue of residue formation 
due to backscattering an extra bottom buffer layer between 
the substrate and the resist fi lm was applied. Such an inter-
mediate layer reduces the amount of backscattered electrons 
arriving the resist layer due to an increased distance between 
silicon wafer and resist fi lm. An important requirement for 
such a bottom buffer layer is the atomic composition of only 
low average atomic number resulting in very little contribu-
tion to the amount of scattered electrons. In screening experi-
ments poly-2-vinylpyridine (P2VP), polymethylmethacrylate 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3865–3873
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(PMMA) and crosslinked resist fi lms consisting of Trisphenol, 
Powderlink and triphenylsulfonium perfl uorobutanesulfonate 
were investigated. First each of these materials was coated on 
silicon substrates of a 100 nm fi nal fi lm thickness. Then on top 
of each buffer layer a 100 nm thick resist fi lm was prepared 
by PVD. The UV crosslinked resist buffer layer showed weak 
performance presumably due to remaining active acid within 
the layer. This acid diffuses during PEB into the vapor depos-
ited resist fi lm resulting in residue formation. With PMMA as 
bottom buffer layer no features could be observed due to strip-
ping during the development process. Within screening the 
P2VP bottom buffer layer showed the best performance with 
reduced residue formation. However, P2VP shows dissolution 
in the organic solvent used for spin-coating. Also no alternative 
orthogonal application solvent was found. Thus, it was impos-
sible to prepare solution cast resist fi lms on the bottom buffer 
layer. Therefore, P2VP was only investigated for the PVD pre-
pared resist and thus applied in an additional combinatorial pat-
terning experiment as bottom buffer layer. Therefore a similar 
combinatorial library as described above for the optimization of 
exposure dose, PEB temperature and development conditions 
was applied to a resist fi lm prepared by PVD on a silicon wafer 
coated with a 100 nm thick layer of P2VP as bottom buffer layer. 
Again several sectors were arranged in a grid of 25 columns 
and 3 rows where each sector consists of 24 dose arrays. Each 
dose array was exposed with a dose range from 24  μ C cm  − 2  to 
215  μ C cm  − 2  defi ning the exposure dose gradient. After this the 
exposed substrate was then annealed by a PEB temperature gra-
dient between 105  ° C and 77  ° C. For development a time step 
gradient of 10 s, 20 s, and 30 s in the orthogonal direction to 
the PEB temperature gradient was applied. The overall best pat-
tern on the whole substrate concerning lack of residue forma-
tion and blur is shown in  Figure    8  .  

 The patterning of the resist fi lm on the P2VP bottom buffer 
layer was achieved with the resist composition of 78.4 wt% 
© 2012 WILEY-VCH Verlag Gm

    Figure  8 .     SEM images of pattern observed at the optimized sectors of 
the combinatorial library of PVD prepared resists with an extra applied 
bottom buffer layer. Lines were observed at a PEB of 105  ° C, a develop-
ment time of 20 s, and an exposure dose of 26.4  μ C cm  − 2 . No residues 
are observable.  
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phenolic matrix, 19.3 wt% crosslinker and only 2.3 wt% PAG2 
at a PEB temperature of 105  ° C, a development time of 20 s and 
an exposure dose of only 26.4  μ C cm  − 2 . The observed clear lines 
demonstrate that the introduction of the bottom buffer layer 
P2VP has no impact to the high sensitivity of this PVD resist 
but successfully suppresses the residue formation due to back-
scattered electrons. Unfortunately, the lines are not perfectly 
parallel, a sign for weak anchoring of the exposed resist to the 
bottom buffer layer interface. Thus in further studies additional 
bottom buffer layer materials will be screened to manipulate or 
optimize further the interface properties. However, this work 
demonstrates the successful concept of reducing the impact of 
backscattered electrons and achieving clear 100 nm patterns by 
introducing an organic bottom buffer layer between a high sen-
sitive resist material and the silicon substrate.    

 3. Conclusions 

 In this work the resist performance of fi lms prepared by dif-
ferent fi lm preparation techniques, solution based spin 
coating and solvent-free physical vapor deposition (PVD), were 
investigated for the fi rst time. Their dissolution behaviors were 
examined by applying the quartz crystal microbalance tech-
nique in combination with a stepwise increase of the developer 
strength, allowing quantifi cation of the development contrast. 
Sensitivity measurements by contrast curve investigations 
show a crucial increase in sensitivity of solvent-free prepared 
resist fi lms in comparison to the solvent-based resist fi lm. The 
increased sensitivity is explained by the more homogeneous 
material distribution given by the molecular PVD process. The 
optimization of the delicate lithographic process variables in 
view to performance was performed effi ciently by ternary com-
binatorial libraries of exposure dose, post exposure bake tem-
perature and development time. This experiment confi rmed the 
sensitivity increase by utilizing PVD as fi lm preparation tech-
nique and thus demonstrates in agreement with theoretical pre-
dictions the importance of a homogeneous PAG distribution in 
chemical amplifi ed resist systems. Unfortunately, the increased 
sensitivity effects the formation of residues originated from 
backscattered electrons. But utilizing a 100 kV ebeam tool and 
applying a bottom buffer layer clear 100 nm pattern of the high 
sensitive PVD prepared resist fi lm are observed. In conclusion 
this work demonstrates that applying PVD as solvent-free fi lm 
preparation technique improves the overall resist performance 
by optimizing the intrinsic fi lm properties infl uenced by e.g. 
the material blending and remaining solvent.   

 4. Experimental Section 
  Film Preparation by Physical Vapor Deposition and Spin Coating : The 

investigated photoresist system consisted of the phenolic matrix 
1,1,1-tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene (purchased from 
ABCR), the crosslinker N,N′,N″,N″′-tetra(methoxymethyl)glycoluril 
(purchased from Worlée-Chemie) and the photoacid generator (PAG1) 
1,2,3-tris(methanesulfonyloxy)benzene (purchased from Midori 
Kagaku). For the fi lm preparation by physical vapor deposition (PVD) 
these components were coevaporated by utilizing three effusion 
cells where the respective evaporation rate is adjusted by heating and 
3871wileyonlinelibrary.combH & Co. KGaA, Weinheim
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monitored by a quartz crystal microbalance (QCM). [  14  ]  The overall fi lm 
deposition rate ( ∼ 1 Å s  − 1 ) and thus the fi lm thickness are controlled by 
two additional QCMs just beside the rotating substrate. To achieve an 
effi cient adsorption of the evaporating molecules the substrate is cooled 
by a Peltier element to 10  ° C. For the investigation of the dissolution 
properties 1 inch 5 MHz quartz crystals (QC) with polished gold surface 
(purchased from Infi con) and 4 inch Hexamethyldisilazane (electronic 
grade, purchased from ABCR) primed silicon wafers (n-doped, 
crystal orientation (100), purchased from Crystec) for the remaining 
experiments were utilized. The exact evaporated compositions (76 wt% 
phenolic matrix, 19 wt% crosslinker and 5 wt% PAG1 for the dissolution 
investigations respectively 79 wt% phenolic matrix, 16 wt% crosslinker 
and 5 wt% PAG1 for the other experiments) were measured by high 
performance liquid chromatography (HPLC). 

 Comparable spin coated fi lms were prepared from solutions with the 
same ratios as of the PVD prepared fi lms of the photoresist components 
in propylene glycol monomethyl ether acetate (PGMEA, purchased from 
Aldrich). After spin coating on QC respectively primed silicon wafers a 
post application bake (PAB) for 30 s at 115  ° C was performed with the 
object of solvent removal and thermal relaxation of fi lm material. 

 For subsequent patterning experiments with a 100 kV ebeam tool 
fi lms with the more sensitive photoacid generator 2-[(methylsulfonyl)-
oxy]-1H-benz[de]isoquinoline-1,3(2H)-dione (PAG2, purchased from 
Midori Kagaku) were prepared by PVD on substrates primed with HMDS 
respectively coated with a 100 nm thick layer of poly-2-vinylpyridine 
(P2VP). By HPLC again the composition were determined for the fi lm 
on the HMDS primed substrate (75.9 wt% phenolic matrix, 22.8 wt% 
crosslinker and 1.3 wt% PAG2) as well as for the fi lm on the P2VP 
coated substrate (78.4 wt% phenolic matrix, 19.3 wt% crosslinker and 
2.3 wt% PAG2).  

 Dissolution Investigations : The investigation of the dissolution process 
is based on the monitoring of the resonance frequency of QC, whose 
frequency shift during application or removal of fi lm material on QC 
surface is proportional to its mass respectively its fi lm thickness. [  36  ]  Thus 
this technique allows a sensitive monitoring of dissolution or swelling 
processes. For this study 50 nm thick fi lms were prepared by PVD as well 
as by spin coating on QC and were investigated unexposed and exposed 
(crosslinked). For the latter the fi lms on the QCs were fl ood exposed to 
UV light (240 nm–290 nm) with a dose of 246 mJ cm  − 2  and then applied 
to a post exposure bake (PEB) of 95  ° C for 30 s yielding crosslinked 
fi lms. Afterwards the exposed and unexposed samples are mounted 
in the QC-holder (Maxtec CHC-100) and the assembled working QCM 
immersed into stirred deionized water. Thus the recorded frequency 
shows the dissolution behavior of corresponding fi lms in deonized 
water. By adding small amounts of concentrated tetramethylammonium 
hydroxide solution (TMAH) a stepwise increase in developer 
concentration was realized. This allowed the systematical study of the 
dissolution behavior of the photoresist fi lms over a spectrum of different 
development conditions in one experiment. 

  Sensitivity Investigations : For the investigation of the ebeam sensitivity 
the standard procedure for measuring a contrast curve was applied. [  32  ]  
For this purpose 100 nm thick fi lms are prepared by spin coating and 
by PVD on silicon wafers, afterwards exposed with multiple squares of 
different doses with an acceleration voltage of 20 kV at a Zeiss LEO 1530 
equipped with a Raith Elphy Plus and after post exposure bake (30 s; 
80  ° C) developed (20 s; 0.05 N TMAH). The obtained fi lm height of the 
squares resulting from the different applied doses was measured by a 
stylus profi ler (Veeco Dektak 150). 

  Patterning Process : 100 nm thick photoresist fi lms prepared on silicon 
wafer by spin coating or PVD were patterned utilizing a combinatorial 
approach. This allowed the variation of important processing variables 
in one experiment to identify infl uences resulting from the different 
fi lm preparation techniques. For this purpose in a combinatorial library 
gradients of the processing variables exposure dose, PEB temperature 
and development time were arranged. The exposure was carried out 
with an acceleration voltage of 20 kV at a Zeiss LEO 1530 equipped 
with a Raith Elphy Plus in 24 separate write fi elds (51.2  μ m  ×  51.2  μ m) 
arranged in a grid of 4 columns and 6 rows. Each write fi eld consists 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
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of 22 similar 100 nm line/space patterns exposed to different doses, 
between 9  μ C cm  − 2  and 414  μ C cm  − 2 . The temperature gradient for PEB 
is realized on a stainless steel plate by active cooling with liquid nitrogen 
on the one side and heating up to 300  ° C by a hot plate on the other side. 
By an infrared camera the establishment of the equilibrated temperature 
gradient is monitored and the achieved temperatures are measured on 
a reference silicon wafer. The exposed fi lm is placed for 30 s just beside 
the reference wafer in the desired temperature range resulting in a PEB 
temperature gradient for column 1 to 4 between 89  ° C and 63  ° C. The 
continuous development time gradient between 8 s and 181 s for row A 
to F in orthogonal direction to the PEB temperature gradient is realized 
by immersion of the substrate with a motor drive into the development 
bath containing stirred 0.05 N TMAH. After sputtering the sample with 
platinum the combinatorial library was evaluated by SEM regarding 
the different sectors and the applied exposure doses. The overall best 
pattern represents the optimized conditions for the combinatorial 
optimized variables. 

 For subsequent experiments with the aim of residue reduction 
100 nm thick resist fi lms were prepared by PVD on silicon substrates 
coated with 100 nm of poly-2-vinylpyridine (P2VP) as a bottom buffer 
layer as well as just primed silicon substrates for comparison. On both 
substrates a similar combinatorial library as before were arranged but 
this time exposed with a JOEL JBX-9300FS 100 kV ebeam tool with 
applied proximity correction. The exposure was carried out in 75 separate 
write fi elds arranged in a grid of 25 columns and 3 rows. Each write 
fi eld features 96 nm line/space patterns and includes a dose array of 
24 different doses ranging between 24  μ C cm  − 2  and 215  μ C cm  − 2  yielding 
an exposure dose gradient. Afterwards the exposed substrates were 
subject to a PEB temperature gradient between 105  ° C and 77  ° C for 30 s. 
For development in 0.05 N TMAH a development time step gradient 
of 10 s, 20 s and 30 s in orthogonal direction to the PEB temperature 
gradient was applied. After sputtering the sample with platinum the 
combinatorial library was evaluated by SEM regarding the different 
sectors and the applied exposure doses. The overall best pattern on the 
whole substrate concerning lack of residue formation and blur mirrors 
the optimized values of these variables in regard to the others.  
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