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Abstract 
Nowadays, photoresist-based films are used by photolithography techniques for the fabrication of micro/nanodevices in the modern 
nanotechnology industry. The impact of thermal-induced polymerization on the mechanical resistance of these materials is critical for improving 
both the mechanical and the chemical performance. In this work, we present a systematic study of the annealing effects on the mechanical 
resistance (thermally-induced material hardening) of MICROPOSITTM photoresist films. The mechanical properties were studied by depth-
sensing nanoindentation technique using an atomic force microscope. Results show the films' plastic strain susceptibility decreases as the 
annealing temperature increases, implying an improvement of their mechanical resistance by thermal-induced polymerization. Strain energy 
dissipation coefficients decreased from 0.725 up to 0.525 as the annealing temperature was increased from 60 up to 200°C, demonstrating this 
point. Indentation hardness results were consistent with this behavior, observing an increase from 0.12 up to 0.23 [GPa] for the highest 
annealing temperature. Annealing-induced hardening seems to be correlated with the films' resistance to wet chemical etching, observing 
higher chemical resistance for higher annealing temperatures. The observed increase of the mechanical and chemical resistance of the 
photoresists with annealing becomes of great importance for their application in the development of novel micro and nanostructures. 
Keywords: Photoresist Films, Mechanical Properties, Depth-Sensing Nanoindentation, Atomic Force Microscopy. 
 

 
1. Introduction  
 
 Photoresist thin films are used for fabricating different kinds of 
micro/nanoelectronic devices by photolithography techniques in 
the nanotechnology industry [1 – 3]. Photoresists are light-
sensitive materials (typically polymers dissolved in liquid 
solutions) commonly spin-coated on substrates to form 
homogeneous films. Post-annealing treatments below the 
photoresist boiling temperature are critical for optimum solvent 
evaporation and efficient polymerization, leading to the growth 
of compact polymeric structures. This enables to fabricate 
photoresist films with improved mechanical and chemical 
properties, which are used as supporting material for the 
development of novel micro and nanostructures, e.g., electrical 
nanocontacts [4, 5] and soft lithography molds for 
biotechnological applications [6, 7]. 
   Despite the relevance of annealed photoresist films as 
structural materials for photolithography techniques, annealing 
effects on their mechanical properties have not been studied 
exhaustively. Few researchers have reported studies related to 
the photoresist mechanical properties [8 – 13]. On the other 
hand, the annealing effects on this kind of properties have been 
marginally studied systematically [8 – 10]. In this context, 
techniques like Depth-Sensing Nano Indentation (DSNI) have 
become useful for measuring and analyzing materials' 
mechanical behavior [14]. Nowadays, Atomic Force Microscopy 
(AFM)-assisted DSNI has become a powerful tool to study and 
quantify the mechanical properties of different kinds of 
micro/nanostructures, especially those considered “soft matter” 
like polymers and biological materials [15].   
    
   Regarding the current relevance of studying thermal-induced 
mechanical changes in photoresist films, in this work, we present 
a brief but systematic study of different annealing treatments 
(from 60 to 200°C) on the mechanical resistance (material 

hardening) of MICROPOSIT
TM

 photoresist films. AFM-assisted 
DSNI was used to study and quantify the mechanical properties. 
Results show the annealing-induced hardening of photoresist 
films also correlates with their resistance to wet chemical 
etching resistance to solvents used in microfabrication 
processes. This fact becomes critical for the use of hardened 
photoresists for the development of micro and nanostructures. 
This research provides relevant insights into the characterization 
of the mechanical and chemical resistance in annealed 
photoresist films, providing an interesting paradigm to 
understand the correlation between mechanical and chemical 
resistance that is critical for the development of efficient 
photolithography processes.  
 
 

2. Experimental details  
 
2.1. Fabrication of photoresist films. MICROPOSIT

TM
 S1818 

positive photoresist solution (from Dow® Shipley - Rohm and 
Haas Co., boiling point   146°C) was used to fabricate 
homogeneous photoresist films on soda-lime glass substrates by 
spin-coating deposition. Nominally equal (same RPM conditions) 
spin-coated substrates were annealed at temperatures of 60, 90, 
120, 150, and 200°C for 3 minutes on a hot plate at room 
conditions 90°C is recommended by the manufacturing 
company. Films with thicknesses ( ) about 1.6 – 1.8 [µm] were 
fabricated. Despite this, experimental evidence indicated that 
thickness-mediated substrate effects on the films’ mechanical 
behavior are depreciable for the typical indentation depths ( ) 
we are considering (       ) and these can be neglected, 
consistent with the 10%-thumb rule for substrate effects in 
nanoindentation of thin films [16]. Therefore, we consider that 
the films’ mechanical response is thickness-independent, and 
any observed change in this response is due to annealing effects. 
 
2.2. Mechanical characterization. Photoresist films were 
mechanically characterized by Depth-Sensing Nano Indentation 
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(DSNI) technique using the cantilever-bending method [15] with 
an AFM Dimension

TM
 3100 (from Veeco Instruments Inc.) 

microscope, as shown Fig. 1.  
 

 
 
Fig. 1. AFM setup used to perform DSNI measurements, and typical 
mechanical measurements obtained by this technique 
 
   DSNI tests were performed using a commercial AFM- tapping 
silicon probe purchased from Bruker Co. (resonance frequency   
322 [kHz]). A cantilever spring constant of 45 ± 6 [N/m] was 
estimated. The cantilever sensitivity was calibrated on a 
monocrystalline bulk sapphire sample Sapphire-12M (from 
Bruker Co.), estimating a mean value of 80.4 ± 0.3 [nm/V]. 
Maximum nominal forces ( ) from 3 6 to 14 4 *μN+, equivalent 
to cantilever deflections between 1 and 4 [V], were considered 
to carry out the mechanical testing. A total of 3x4 indentations 
matrixes were performed in each sample from 1 (3.6 [µN]) to 4 
[V] (14.4 [µN]). The indentation force was increased in a row 
with a step of 1 [V], and the same sequence was replicated for 
the next rows. 
 

3. Results and discussion  
 
   To achieve a reliable estimation of the films’ mechanical 
properties is important to ensure the indentation dimensions 
are considerably larger than the surface roughness. This kind of 
surface defect can impact the accurate estimation of the 
effective indentation contact area (  ) and the quantification of 
the mechanical properties [17], especially when their 

dimensions are relatively comparable with the indentation ones 
[18]. Fig. 2(a) shows different AFM images of the annealed 
photoresist films, observing low average roughnesses (  = 0.16 
– 0.24 [nm]). Indentation depths achieved in our experiments 
were ever higher than 20 [nm]. Thus, roughness effects    on 
magnitude were neglected for future data analysis. 
   Fig. 2(b) shows the indentation tests matrix performed in each 
sample. The indentation force was increased in a row with a step 
of 1 [V], and successively replicated for all rows. We generally 
observed considerable pile-up effects (material strain above the 
initial surface level) during the indentation tests, which were 
comparable with the maximum indentation depths. These 
effects can imply a subestimation of    and the overestimation 
of mechanical properties like hardness ( ) and reduced elastic 
modulus (  ) [19]. Despite this fact, pile-up effects were not 
considered in our case. 
   From Fig. 2(b), we can observe that the plastic indentation 
response (the indentation footprint) under similar force 
conditions is reasonably reproducible (considering different 
rows) for each annealing condition. This fact indicates the 
homogeneity of the samples' mechanical behavior. In general, 
an increase in the photoresist film mechanical resistance was 
observed as the annealing temperature increased. This is 
evidenced by the 3d-AFM images of the residual plastic 
indentations shown in Fig. 2(b), where a decrease in the plastic 
strain is observed for higher annealing temperatures at the same 
test force condition. This behavior is observed in Fig. 1(c), which 
shows some examples of the typical  ( ) curves measured for 
the samples and the impact of the annealing conditions on their 
mechanical behavior. 
   Fig. 1(c) evidences a clear decrease in the mechanical 
hysteresis (plastic or residual strain) for higher annealing 
temperatures. In this case, we can observe a maximum plastic 
strain of about 70 [nm] for the lowest annealing temperature 
(60°C) and 30 [nm] for the highest one (200°C), evidencing a 
clear thermal-induced hardening effect. This is also consistent 
with the observed decrease of the maximum indentation 
displacement for higher temperatures. This effect could be 
associated with a higher polymer densification (more compact 
polymerization) of the photoresist film at higher temperatures 
due to the solvent evaporation and consequent polymer chains 
reorganization by thermal-induced viscous flow, which becomes 
more important for temperatures nearer to the boiling point 
[20, 21].   
   The annealing temperature effects on the films' mechanical 
resistance can be analyzed using their stress-induced plastic 
behavior (or “plasticity”) as a reference parameter  In the first 
approach, the films' plasticity can be characterized by their 
capacity to absorb strain energy, i.e., their capacity to dissipate a 
fraction of the total mechanical work (energy) involved whole 
indentation process. This capacity can be calculated by 
integrating the loading and unloading curves. The integral of the 
loading and unloading curves correspond to the total (  ) and 
recovered/elastic strain energy (  ), respectively (following the 
example of previous research [22]). Thus, the strain energy 
recovery coefficient (     ) is defined as: 
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where    is the maximum indentation displacement, and    is 

the maximum mechanical hysteresis between the loading 
(  ( )) and unloading (  ( )) curves. Consequently,the strain 
energy dissipation (or absorption) coefficient is defined as:  
 

  

  
   

  
  
                                                                                        

 (2) 
where    is the dissipated strain energy. The       coefficient 

was calculated for the chosen four load conditions  (1, 2, 3 and 4 
[V]), observing a dispersion lower than 5 %. Thus, an average 
value was estimated for each indentation row.  
 

 

     
 

Fig. 2. (a) 3d-AFM images of the photoresist films annealed at different temperatures. A 3 [µm] x 3 [µm] scanning size is shown in each case. (b) 
Indentation tests matrix (3 x 4) performed in each sample from 1 [V] (3.6 [µN]) to 4 [V] (14.4 [µN]). Force was increased in a row with a step of 1 [V], and 
a similar sequence was done for all rows. 3d projections of the typical indentation sequence observed in a row are also shown. (c) Examples of the 
typically measured indentation curves in photoresist films annealed at different temperatures. In particular, a comparison for a 4 [V]-test is shown. 
 

   Fig. 3(a) shows the evolution of the strain energy dissipation 
coefficient (     ) for different annealing temperatures. The 

      values plotted for each temperature correspond to an 

average (of 3 values) of the average values measured in an 
indentation matrix row. These results show that the films' 
susceptibility to dissipate strain energy tends to decrease as the 

annealing temperature increases, which is consistent with the 
decrease of the plastic strain susceptibility (an increase of the 
mechanical resistance) shown in Fig. 2(b) and 2(c) for higher 
temperatures. Strain energy dissipation coefficients decreased 
from 0.725 up to 0.525 as the annealing temperature was 
increased from 60 up to 200°C. These results show a decrease 
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of about 28 % of the       ratio for the highest annealing 

temperature, demonstrating a considerable hardening of 
photoresist film by thermal effects.  
 

 
 
Fig. 3. (a) Evolution of the strain energy dissipation coefficient (     ) 

for different annealing temperatures.(b) Evolution of the indentation 
hardness ( ) for different annealing temperatures. 
 
   The tendency revealed by analyzing the indentation strain 
energy was also corroborated by indentation hardness 
calculations, which were carried out by using the indentation 
standard formula given by Oliver & Pharr method [17]: 
 

  
  
  
                                                                                                  

 (3) 
where    is the maximum force achieved during the 
indentation test, and    is the indentation contact area that can 
be analytically calculated from the  ( ) curves by using 
accepted standard procedures [17].  
   Fig. 3(b) shows the evolution of the average   value 
concerning the increase in the annealing temperature. In 
agreement with previous observations, an increase in hardness 
was observed for higher temperatures. Indentation hardness 
increased from 0.12 up to 0.23 [GPa] for the highest annealing 
temperature (200°C), representing a considerable improvement 
of the films' mechanical resistance by annealing effects. These 

values are comparable with those observed for other kinds of 
photoresist materials, which are typically in the order of 10

-1
 

[GPa] [12, 23, 24]. 
   Results suggest that low annealing temperatures (60°C or 
90°C) involve partial solvent evaporation, implying that the 
photoresist film holds a fraction of this solvent. Retaining a high 
volume of liquid solvent (viscous fluid, a quasi-perfect plastic 
material) can lead to considerable softening effects on the film's 
effective mechanical response. This fact could explain the lower 
hardness values observed at this temperature regime. For 
considerably higher temperatures (200°C), polymer 
crystallization processes (polymerization) could be taking place 
and producing stronger chemically-bonded structures by 
material densification due to the solvent volume reduction. 
These transitions could be achieved when an energy threshold 
(thermal energy) is reached [23].  
   Improving the films' mechanical resistance by annealing 
mechanisms can modify their resistance to wet chemical 
etching. This fact was demonstrated by a simple experiment (as 
shown in Fig. 4), which shows the improvement of the chemical 
resistance achieved for an annealing temperature of 200°C 
concerning that observed at 90°C. In this case, photoresist films 
with a photolithography-printed pattern (micrometric lines 

pattern) were used to assess the photoresist wear 
resistance.    
 

 
 
Fig. 4. Different annealed photoresist films with a photolithography-
printed pattern after a wet-etching process, which consisted of a 3-
seconds immersion in a 50 %-acetone/50 %-isopropanol solution.    

 
   Fig. 4 shows optical images of the photoresist films annealed 
at 90 and 200°C after wet etching. Results show a clear 
correlation between the annealing temperature and the 
resistance to wet etching, observing that higher temperatures 
(higher hardness, higher resistance to plastic strain) lead to 
higher wet etching resistance. This fact suggests that the 
thermal-induced densification degree of the polymerization, 
which increases the material mechanical resistance, also 
increases the material resistance to wet etching processes. In 
particular, all the photoresist material annealed at 90ºC can be 
removed from the substrate after wet etching. However, at 
200°C, the photolithography pattern remains after the 
immersion in the chemical etching solution.   Results suggest 
that high-temperature annealing can increase the photoresist 
resistance to wet etching solutions commonly used for 
microfabrication processes in photolithography. In this context, 
annealing treatment engineering enables reasonable 
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management of photoresist mechanical/chemical optimization, 
making it an easily-moldable supporting material for fabricating 
more complex micro and nanostructures.  

It should be notice that in polymers, thermal 
degradation occurs at high temperature. The temperature at 
which the thermal degradation begins indicates the maximum 
temperature at which a polymer can be used. Our results 
indicate that the higher the annealing temperature the higher 
the mechanical resistance (thought as increased resistance to 
plastics deformations) and the higher the chemical resistance to 
solvents used in the microfabrication process. This indicates 
that as the annealing temperature increases, the performance 
of the annealed photoresists compared to untreated 
photoresists, improves. Of course, the upper limit of this effect 
is given by the thermal degradation of the photoresist. 
 
 

4. Conclusions  
 
   Annealing effects on the mechanical resistance of photoresist 
films have been successfully studied by the AFM-assisted DSNI 
technique. Results have shown the films' plastic strain 
susceptibility decreases as the annealing temperature 
increases, implying an improvement of their mechanical 
resistance by thermal-induced polymerization. Strain energy 
dissipation coefficients decreased as the annealing temperature 
was increased, demonstrating an annealing-induced hardening 
effect. Indentation hardness results were consistent with this 
fact, observing an increase of up to 100 % for the highest 
annealing temperature concerning the lowest one. Results 
show a clear correlation between the annealing temperature 
and the resistance to wet etching, observing that higher 
temperatures (higher hardness, resistance to plastic strain) lead 
to higher wet etching resistance. Annealing treatment 
engineering improves the mechanical and chemical 
performance of photoresist films to be used in the fabrication 
of more complex micro and nanostructures by 
photolithography techniques. 
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