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 We report on the dual-tone property of the tin-oxo cage (BuSn)12O14(OH)6](OH)2 
photoresist. After exposing the resist film to a low dose extreme ultraviolet radiation or 
electron beam, applying a post exposure bake step and development with isopropanol/H2O 
(2:1), a positive tone image is observed. The previously observed negative tone is found at 
higher doses. Atomic force microscopy and scanning electron microscopy were used to 
characterize the topography of the patterns. X-ray photoelectron spectroscopy was used to 
elucidate the chemical changes of the tin-oxo cages under different conditions. The 
photoresist, which has dual-tone property, paves the way to fabricate sophisticated structures 
in a single photoresist layer or may lead to metal-containing resists with improved sensitivity. 
Keywords: Dual-tone photoresist, EUV photoresist, Inorganic photoresist, Tin-oxo 
cages, Tone conversion, Mechanism 

 
1. Introduction 
  Photoresist performance plays a key role in high-
resolution photolithography and must be adapted to 
the continuously decreased wavelength of the light 
source in lithography tools. Chemically-amplified 
photoresists are widely used in ultraviolet (UV) and 
deep UV (DUV) lithography [1,2]. With the 
increasing requirements on photoresist performance, 
such as resolution, sensitivity and line edge 
roughness, inorganic molecular photoresists, 
especially metal containing photoresists, have 
attracted attention due to their small molecular size, 
strong etching resistance and high absorption cross-
section at the extreme ultraviolet (EUV) wavelength 
of 13.5 nm [3-7]. 
  Tin-oxo cages are known to work as negative 
tone photoresists under EUV and DUV exposure 
and in electron beam lithography. They are highly 
sensitive and potentially give high resolution due to 
their high EUV absorption cross-section and small 
molecular size [4,8-10]. To realize a negative tone 
pattern, a 30 mJ/cm2 EUV dose, a post exposure 
bake (PEB) step (~100 oC for 2 min) and a 
development step (2:1 IPA/H2O for 30 s) are needed 

[4,8]. 
Dual-tone properties of photoresists have been 

reported in recent years [11-16]. Switching between 
positive and negative tone patterns is usually 
achieved by changing the developer [3,11,13]. In 
the present work, a dual-tone patterning is realized 
by performing the PEB step at an elevated 
temperature (150 oC for 2 min) after EUV or e-beam 
exposure and before development (2:1 IPA/H2O for 
30 s). At low doses a positive tone is achieved, while 
higher doses result in a negative tone pattern. The 
dual-tone property of the tin-oxo cage photoresist 
gives the possibility to fabricate positive and 
negative tone structures in a single step. 
 
2. Experimental 
2.1. Materials 
  The tin-oxo cages with hydroxide as counterion 
[(BuSn)12O14(OH)6](OH)2 abbreviated here as 
TinOH was synthesized according to the literature 
[8,17]. The compound was dissolved in toluene 
(~10 mg/mL for patterning and 2 mg/mL for XPS) 
and the solution was filtered through an 0.2 m 
PTFE filter before spin coating. The solutions were  
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Fig. 1. The chemical structure of the tin-oxo cage with 
hydroxides as counterions (TinOH). 
 
spin coated (700 rpm/s acceleration, 2500 rpm for 
35 s) on different substrates (pre-cleaned and 
HDMS-treated Si for patterning, 20 nm Au coated 
glass for XPS) to give 20 ± 2 nm thin films for 
patterning and 5 ± 2 nm thin films for XPS. Post 
application bake (PAB) (90 oC, 1 min) was applied 
to remove residual solvent. After exposure, the 
samples were baked at 150 oC for 2 min, developed 
in a 2:1 isopropanol/H2O mixture for 30 s, rinsed 
with water for 30 s, blown dry with N2, and finally 
baked (hard bake; HAB) at 150 oC for 1 min to 
further remove residual solvent. 
 
2.2. Exposure 

E-beam lithography was performed using a Raith 
e-line lithography system (30 keV, 32 pA). EUV 
(13.5 nm, 92 eV) interference lithography was 
performed at the XIL-II beamline of the Swiss Light 
Source, the synchrotron light source at the Paul 
Scherrer Institute (PSI).  
 
2.3. Characterization 
  Atomic force microscopy (AFM, Bruker 
Dimension Icon) was used to check the film 
thickness and the topography of the exposed pattern. 
Scanning electron microscopy (SEM) images were 
recorded using the FEI Verios 460. X-ray 
photoelectron spectroscopy (XPS) using a SPECS 
analyzer Phoibos 150, with a monochromatic AlK 
source (1486.6 eV, power 200 W) was used to 
characterize the chemical changes of the resist thin 
film under different conditions. Thermal 
gravimetric analysis (TGA) was performed with a 
NETZSCH STA 449 F3 Jupiter equipped with 
automatic sample changer. 
 

3. Results and discussion 
3.1. Topography characterization 
  The tin-oxo cage with hydroxide counterions 
(TinOH, see Fig. 1) was used as a model photoresist. 
The photoresist solution was spin-coated on Si 
wafers and exposed to EUV or e-beam.  
  E-beam lithography was used to write 1 µm 
line/space patterns on the tin-oxo cage layer. After 
exposing the thin layer to different e-beam doses 
and applying PEB, development, rinse and HAB, 
the topography of the patterns was studied using 
AFM. Different tone patterns were observed on the 
same sample, as depicted in Fig. 2. The exposed part 
was removed in the first pattern in Fig. 2a, giving 
the positive tone pattern at a dose of 50 µC/cm2.  
With 100 µC/cm2 (Fig. 2b), the exposed part was 
partly removed, making it difficult to distinguish the 
 

 
Fig. 2. AFM images of tin-oxo cage photoresist patterned 
using e-beam lithography performed with different doses, 
a) 50 µC/cm2, b) 100 µC/cm2, c) 400 µC/cm2, d) 600 
µC/cm2, e) 1000 µC/cm2, f) 1000 µC/cm2, g) cross 
section of positive tone pattern in a; h) cross section of 
negative tone pattern in f.  
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exposed and unexposed areas. When the dose was 
increased to 400 µC/cm2 (Fig. 2c) and 600 µC/cm2 
(Fig. 2d), the negative tone pattern started to grow. 
At 1000 µC/cm2 (Figs. 2e and 2f), the exposed part 
is clearly negative tone. The edge of the high dose 
exposed part, however, was removed by the 
developer, and it thus shows a positive tone behavior. 
The spaces between the exposed lines were totally 
cleared. The phenomenon can be explained as a 
result of the proximity effect in e-beam lithography 
[18]. The high-energy primary electrons can interact 
with the resist layer or further below at the interface 
of the resist and the substrate where low-energy 
electrons are generated that diffuse to the unexposed 
areas. For this reason, the edge of the high dose 
exposed pattern behaves like the low dose exposed 
material, and gives rise to a positive tone. The 
higher the dose, the stronger the proximity effect 
will be. When the sample was exposed to 400 
µC/cm2 and 600 µC/cm2 dose, respectively, the low 
energy electrons generated by the proximity effect 
are insufficient to convert the edge part. With a 
higher dose of 1000 µC/cm2, the proximity effect is 
quite strong. Not only were the spaces between the 
exposed lines cleared, but also the area at the edge 
of the pattern was cleared. The different tones in the 
different images are clearly seen in the “1 um” 
marker at the top of each image. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. SEM images of tin-oxo cage photoresist TinOH 
patterned using e-beam lithography with different doses, 
a) 50 µC/cm2, b) 100 µC/cm2, c) 400 µC/cm2, d) 600 
µC/cm2, e) 1000 µC/cm2, f) 1000 µC/cm2, followed by 
PEB at 150oC for 2 min, development with 2:1 IPA/H2O 
for 30 s, rinse with water for 10 s and HAB. 

Cross sections of the patterns in Figs. 2a and 2f 
are displayed in Figs. 2g and 2h. The original film 
thickness was 20 ± 2 nm. As we can observe from 
Fig. 2e, after all the processing the unexposed part 
left a ~7 nm thick film, and the 50 µC/cm2 exposed 
part was totally removed. In Fig. 2f, the film 
thickness of the 1000 µC/cm2 exposed part is 14 nm. 
The space between the exposed parts and the edge 
part of the pattern was cleaned. The area far away 
from the positive tone edge part of the pattern still 
exhibits a 7 nm thick film after the completed 
process. The width of the positive tone edge of the 
pattern (around 4.5 µm) could correspond to the 
diffusion length of the electrons generated from the 
proximity effect at the interface below the resist 
layer [19]. 

SEM was also used to characterize the same e-
beam exposed pattern. Since we observed (Fig. 2a) 
that the exposed part responds with a positive tone, 
the bright lines in Fig. 3a represent the positive tone 
pattern. With the dose increasing from 50 to 1000 
µC/cm2, the negative tone pattern starts and the edge 
effect also becomes obvious. The signal intensity 
cannot be used to distinguish the tone properties in 
these SEM images. AFM is a more appropriate 
technique to characterize the tone property. 

The dual-tone phenomenon was also observed 
when the tin-oxo cage film was exposed to EUV. 
AFM and SEM were used to characterize the 
patterns from the EUV exposure. With the dose 
increasing from 3.6 to 53.5 mJ/cm2, the positive 
tone first starts to show and then converts to 
negative tone pattern as shown in Figs. 4a to f. 
  We present the edges of the patterns from two 
exposure doses (3.6 mJ/cm2, 53.5 mJ/cm2) in Fig. 5. 
The SEM images of a 3.6 mJ/cm2 EUV exposed 100 
nm pitch pattern is displayed in Fig. 5a, the AFM 
image is in Fig. 5b, and a cross section of Fig. 5b is 
displayed in Fig. 5c. 

A clear positive tone pattern is observed in Fig. 
5b. The depth of the positive tone pattern is around 
7 nm, similarly to the result observed from the e-
beam exposure. The remaining film thickness is also 
around 7 nm. Towards the edge of the pattern, the 
depth of the exposed line becomes lower because of 
the even lower dose of EUV at the edge part. The 
SEM and AFM results for a dose of 53.5 mJ/cm2 are 
presented in Figs. 5d, e and f. At this exposure the 
negative tone pattern starts to grow, while positive 
tone response was observed at the edge part of the 
pattern. The dose at the edge part is high enough to 
generate a positive tone, but the interference line 
cannot be observed any more. The remaining 
thickness of the unexposed area is around 6 nm. 
Above all, the dual-tone property of the TinOH can 
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Fig. 4. AFM images of tin-oxo cage photoresist patterned 
by EUV lithography (100 nm pitch) performed with 
different doses, a) 1 mJ/cm2, b) 2 mJ/cm2, c) 3.6 mJ/cm2, 
d) 19.5 mJ/cm2, e) 29.5 mJ/cm2, f) 53.5 mJ/cm2. 
 
 
 
be observed for both EUV and e-beam exposure. 
  The curves of remaining film thickness of TinOH 
as a function of EUV and e-beam dose are shown in 
Fig. 6. After performing PEB at 150 oC for 2 min 
and development (2:1 IPA/H2O for 30 s), the 
unexposed part has ~40% film thickness remaining. 
For the e-beam exposed sample, when the film was 
exposed to 50 - 200 µC/cm2 the film was totally 
cleaned. From 500 to 1300 µC/cm2, there is a flat 
zone. With dose increasing from 1300 to 2000 
µC/cm2, the remaining film thickness increased. 
When the dose was increased above 2000 µC/cm2, 
the film thickness decreased again due to the loss of 
more and more of the butyl groups, leading to 
densification of the material. For the EUV exposed 
sample, the change of the film thickness shows a 
similar tendency. At the first stage (dose below 2 
mJ/cm2), the film thickness decreased with increase 

  
 
Fig. 5. a) SEM images of 3.6 mJ/cm2 EUV dose patterned 
tin-oxo cage thin film, b) AFM images of 3.6 mJ/cm2 
EUV dose patterned tin-oxo cage thin film, c) cross 
section of image in b; d) SEM images of 53.5 mJ/cm2 
EUV dose patterned tin-oxo cage thin film, e) AFM 
images of 53.5 mJ/cm2 EUV dose patterned tin-oxo cage 
thin film, f) cross section of image in e. 
 
of the dose. As the dose was further increased, the 
remaining film thickness increased after 
overcoming a flat zone (dose 3 to 6 mJ/cm2). The 
negative tone reaches a maximum when the dose 
reaches to 10 mJ/cm2. The film thickness decreased 
slightly when higher dose was applied due to the 
densification of the material, similarly to the e-beam 
result. The plots of film thickness vs. dose again 
illustrate the dual-tone property of TinOH. 



J. Photopolym. Sci. Technol., Vol. 31, No. 2, 2018

253

Fig. 6. Remaining layer thickness of TinOH films after 
EUV or e-beam exposure with post exposure bake (150 
oC for 2 min) and development in 2:1 IPA/H2O for 30 s. 
Dashed line represents the thickness of remaining 
unexposed part. The initial layer thickness was ~20 nm. 
 
3.2. XPS characterization 
  The phenomenon of the dual-tone pattern has 
been described above. The mechanism behind this 
phenomenon, however, is unknown. XPS was used 
in an attempt to characterize chemical changes in 
the EUV exposed tin-oxo cage thin films, and TGA 
was used to investigate the thermal stability of the 
material.  
 Several samples (Table 1) were produced with 
different exposure and baking conditions on Au 
coated glass substrates for XPS analysis. The 
overview spectra of the samples are shown in Fig. 7. 
All the relevant elements present in the composition 
of the material are observed in the spectra as Sn 3d 
3/2 and Sn 3d 5/2, C1s, and O1s peaks.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Overview spectra of unexposed, 10 mJ/cm2, and 
250 mJ/cm2 exposed TinOH thin layer sample, and 
another set of samples that were prepared in the same 
way but were subjected to post exposure bake at 150 oC 
for 2 min. 
 

Additionally, in some cases Au 4f peaks are 
visible, originating from the gold substrate below 
the thin photoresist layers. Since the area of each 
element’s peaks is related to the atomic 
concentration of the element in the thin film, the 

relative atomic composition of the samples could be 
calculated, and the results are listed in Table 1. 
 
Table 1. Normalized relative atomic concentration of 
elements present in different tin-oxo cage samples 
calculated from spectra shown in Fig. 7. 

Atomic.  Sn O C 

Theoretical  12 22 48 

unexposed 12 22±1 48±2 

150 oC 12 18±1 50±2 

10 mJ/cm2 12 22±1 50±2 

10 mJ/cm2&150 oC 12 22±1 48±2 

250 mJ/cm2 12 22±1 33±2 

250 mJ/cm2&150 oC 12 24±1 34±2 
 

In Table 1, all the elemental ratios are normalized 
to Sn. The elemental ratio of the unexposed sample 
agrees well with the theoretical ratio calculated 
from the molecular structure of the material. If there 
is no PEB at 150 oC the unexposed layer can be 
removed by the 2:1 IPA/H2O developer [8]. When 
the unexposed thin film was baked at 150 oC for 2 
min, a small loss of oxygen was observed. For the 
10 mJ/cm2 EUV exposed samples, the element ratio 
stayed the same as in the original film irrespective 
of whether the baking step was performed. For the 
250 mJ/cm2 EUV exposed thin films, a substantial 
fraction of carbon was lost while the oxygen content 
gained possibly by oxidation after baking at 150 oC. 
The loss of carbon is caused by the breaking of Sn-
C bonds upon photoactivation [20]. As observed 
before, the film becomes insoluble in the developer 
at this stage of exposure and forms a negative tone 
pattern. PEB is not even needed although it helps to 
increase the sensitivity [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. TGA analysis of the TinOH powder. Weight vs. 
temperature (increase ca. 60 oC/min) (black), mass 
spectral traces corresponding to loss of water, butene and 
butane (green, blue and red). 
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  A thermal gravimetric analysis (TGA) was 
performed on the original tin-oxo cage material in 
the powder form. Mass spectrometry was used to 
characterize the fragments lost during progressive 
heating. As shown in Fig. 8, there is no obvious 
mass loss below 130 oC. A loss of H2O was observed 
between 130 and 200 oC. The theoretical decrease in 
mass for loss of two H2O molecules would be 1.5%. 
In Fig. 8, the mass loss at 150 oC is 1%, indicating 
the materials could lose more than one H2O 
molecule per molecule / unit 
[(BuSn)12O14(OH)6](OH)2, which is enough to lead 
to the solubility change. This result also corresponds 
well with the O loss observed in the XPS data of the 
unexposed sample after baking at 150 oC. Both 
these results indicate that the tin cage with the 
hydroxide counterion may be inherently unstable. In 
molecular quantum chemistry calculations we 
observed that the OH- ion can easily attack the tin 
cage as a nucleophile, and it can also act as a base 
and deprotonate a bridging OH group [21]. 
Hydrogen bonding by a few water molecules can 
“tame” the reactive OH- ion. We hypothesize that 
loss of such solvent-water molecules and the further 
loss of water due to deprotonation destabilize the 
cage structure, making it prone to undergo ring 
opening and condensation reactions with 
neighboring cages. We also observed loss of butene 
and butane in the TGA experiment, but this requires 
temperatures > 200 oC. The results of our multi-
technique analysis provide a tentative explanation 
for the reduced solubility of the unexposed 
materials after a PEB step at 150 oC for 2 min. Low 
dose irradiation with EUV photons or electrons 
probably also leads to Sn-C bond cleavage, but the 
chemical conversions are probably too small to be 
detectable in our XPS analysis. The small 
conversion, however, is sufficient to change the 
properties of the film. This makes it less sensitive to 
PEB, allowing the positive tone development. 
PMMA shows a similar tone switch in e-beam 
exposure, which is readily understood as a result of 
initial chain shortening (increasing solubility) 
followed by cross-linking (decreasing solubility) 
[16]. In our material, the explanation is still 
unknown. The molecular-level details of this 
conversion process remain to be investigated in 
more depth in the future. 
 
4. Conclusion 
  Dual-tone patterns can be realized by using tin-
oxo cages as a photoresist for EUV and e-beam 
exposures. Upon baking the unexposed TinOH film 

at ~150 oC, the solubility decreased. Considering the 
TGA results, we relate this to the water loss 
occurring at this temperature. In low-dose exposed 
regions of the same sample, however, the exposed 
part can still be dissolved after baking. Thus, the 
exposure changes the sensitivity of the material to 
heating. The chemical changes, which are decisive 
for this transition, are below or close to the limit of 
detection of our XPS analysis of a few percent. This 
indicates that the chemical modification of only a 
small number of the many atoms contained in the 
tin-oxo cages can already modify the development 
behavior of this resist material. Upon application of 
high doses of photons or electrons, in contrast, a 
substantial loss of carbon occurs, readily detectable 
by means of XPS, and the exposed part cannot be 
dissolved in the same developer any longer. The 
unexposed part can still be dissolved, provided that 
the baking temperature is not too high. In this way, 
the same film can be used to generate a positive or 
negative tone photoresist with the same developer.  
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