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The cutoff frequency and current from an organic thin-film transistor (OTFT) is strongly dependent on 
the length and to some extent the uniformity of the transistor channel. Reducing the channel length can 
improve the OTFT performance by increasing the current and frequency. Picosecond laser ablation of 
printed Ag electrodes, compatible with roll-to-roll fabrication has been investigated. The ablation 
threshold was found to be similar for the laser wavelengths tested: 515 nm and 1030 nm. Short transistor 
channels could be opened both after light annealing at 70oC and after annealing at 140oC. The channels 
in the lightly cured films had significantly less scale formation which critical for avoiding shunts in the 
device. By moving from bottom electrodes fully defined by printing to bottom electrodes where the 
transistor channel is opened by laser, the channel length could be reduced from 40 µm to less than 5 µm.  

I. INTRODUCTION	
          The printed and flexible electronics industry is quickly emerging and a lot of research is focused 
on the topic. In recent years, there has been great interest in the use of organic thin-film transistor 
(OTFT) device technology in next-generation thin film electronics, due to the performance 
enhancements enabled by its use in applications such as flexible displays, large-area sensors, radio 
frequency identification (RFID) tags, and ultrathin electronics1. However, still commercial large scale 
production is in the initial phase and few products have reached their full potential in the market yet. 
The industry is currently expanding production. 

 To make more advanced printed circuit elements there is a request for better performance while still 
maintaining low cost. Compared to vacuum processes and photolithographic processes, fully printed 
organic thin-film transistor (OTFT) devices have challenges related to surface roughness, edge waviness 
of the patterns and poor registration accuracy of the drain-source electrodes to the gate electrode. This 
may generate OTFTs with large variation in threshold voltage2, which gives fewer opportunities to 
fabricate commercially relevant integrated devices.   

The channel length and the overlap between the drain-source electrodes with the gate are dominant 
factors in determining the cutoff frequency (ft) of OTFTs, given by Eq. (1)  

, (1) 

where µeff is the effective charge carrier mobility,  the channel length L is the distance between the 
source and drain electrode and Lc is the contact length (overlap between drain-source and gate 
electrode). VGS is gate voltage and Vth is threshold voltage. A schematic illustration of the device 
structure is shown in Fig. 1.  
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Fig. 1: Schematic illustration of an OTFT device structure. 
  

For printed organic thin-film transistors (OTFT), the length of the channel between source and drain is a 
crucial parameter. A shorter channel allows for using higher operating frequencies, and increases the 
current throughput capacity. If the OTFTs are part of a ring oscillator the operating frequency has a 
quadratic dependence on the channel length, as indicated by Eq. 13 making this parameter even more 
important. Fully printed transistors with short channels have been achieved with inkjet printing 
technology. Similar channel lengths are not practically achieved with high throughput R2R processing. 
An alternative process to high resolution printing is subtractive laser ablation of the channel. Laser 
opening of channels can reduce the channel length and the uniformity is superior compared to R2R 
printed transistors where the edge definition often can be wave like. Laser direct writing (LDW) 
processes is compatible with integration in R2R production4.  Laser ablated channels have previously 
been successfully achieved in combination with inkjet printing of nanoparticle ink5,6.  

Femtosecond (fs) and picosecond (ps) pulsed lasers have advantages over nanosecond (ns) pulsed lasers 
in the ability to achieve cold processing. For ns lasers ionization, sample heating, and vaporization all 
occur during the laser pulse. Fs and ps laser pulses are so short that these phenomena do not occur until 
the end or after the laser pulse. Femtosecond and picosecond pulse duration is shorter than the 
characteristic relaxation times, such as electron-to-ion energy transfer time, electron heat conduction 
time, and hydrodynamic or expansion time7. This makes ultrashort and short pulse lasers suitable for 
processing on heat sensitive substrates such as polymers used in printed electronics.  

In this work we study the laser material interaction on films annealed at low temperature at 70 oC, versus 
films annealed at 140 oC and develop a process for damage free picosecond laser ablation of a short 
OTFT channel on an electrode printed from Ag precursor ink. In addition to a dependence on laser 
parameters; wavelength, repetition rate, fluence and speed, the quality of the laser opened channel 
strongly depends on the pre-annealing conditions.        

 

II. EXPERIMENTAL	
Bottom electrodes were flexo or gravure printed using sheet-fed printing machines. The electrode 

was printed as one 1.2 mm times 0.5 mm pad with two connectors, the large pad was then separated into 
source and drain electrodes by laser scribing, Fig. 2. The ink was a precursor Ag ink with a thickness of 
approximately 50-80 nm after annealing at 140oC on a polyethylene naphthalate (PEN) substrate. To 
achieve good conductivity the film has to be annealed at high temperature (HT) 140 oC for 10 minutes. 
Post-annealing the samples at HT after a low temperature (LT) annealing at 70 oC for 10 minutes 
decreased the resistivity with approximately three orders of magnitude, compared to only LT annealing 
at 70 oC. The annealing was performed under atmospheric conditions in a Thermaks heating cabinet. 
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Fig. 2: Layout of drain - source electrode. The arrow indicates the path for laser patterning.  
 

The laser ablation process was performed with an s-Pulse laser from Amplitude-Systems. The pulse 
duration was 3 ps at 1 kHz repetition rate. The pattern was outlined by movement of a xy-table, while 
using a stationary laser beam. The distance between the centers of two successive laser pulses is 
determined by the ratio of the speed of the xy-table and the repetition rate of the laser pulse. Two 
different laser beams with wavelengths of 1030 nm (IR) and 515 nm (VIS) were used. The 6 mm 
collimated beam was focused through a fixed lens with a focal length of 75 mm, the focused beam 
diameter was ~16 µm. The pulse energy was measured with a coherent PS19Q powermax sensor.  

The laser material interaction has been investigated after LT annealing the ink at 70 oC for 10 
minutes and after HT annealing at 140 oC for 10 minutes using both the 1030 nm and 515 nm 
wavelength laser beams. Optical microscopy images of the laser opened areas were acquired with a 
Zeiss axiovision imaging system. The samples for both annealing conditions were cut from the same 
print area, and both wavelengths were tested on the same two samples. This was done to avoid influence 
on the laser process of any large area inhomogeneity in the printing. 

III. Results	and	discussion	
A. Single	spot	ablation	 		

Two important parameters describing the laser ablation process is the ablation threshold, i.e. the 
minimum energy density required to open the film, and the waist diameter of the beam.   

The ablation threshold for single pulse ablation were calculated by Eq. 2 and 3 8,9.  
 

2
ln
Φ
Φ

, 
(2) 

Φ
2

 
(3) 

Where r is the radius of the opened spot, for the LT anneal the periphery of the ablated area was defined 
at the inner radius of the dark rim, Fig. 4 b) and d), and ωo is the half width of the laser beam. The radius 
was measured from optical microscopy images of laser opened spots at different pulse energy (Epulse). 
Ф0 and Фth are the peak fluence and ablation threshold fluence respectively. The waist diameter of the 
beam (ωo) is found from a linear regression of r2 vs. ln Epulse according to Eq 2 and 3, (ωo = 2 ∗ . 
The fluence at the ablation threshold was found from the pulse energy where the linear fit of r2 = 0. 
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a) 

 

b) 

 

Fig. 3: r2 of the laser opened area vs. pulse energy for printed Ag annealed at LT (squares) and 
HT (circles) with two laser wavelengths a) 515 nm and b) 1030 nm ablation  
 
Table 1: Ablation threshold 

Annealing 
temperature 
(oC) 

Фth (J/cm2) 

515 nm 

Eth (µJ) 

515 nm 

Фth (J/cm2) 

1030 nm 

Eth (µJ) 

1030 nm 

Beam 
diameter (µm) 

70  0.11±0.04 0.09±0.02 0.09±0.01 0.095±0.008 15 

140  0.039±0.007 0.037±0.004 0.043±0.005 0.042±0.003 16 

Fig. 3 a) and b) show r2 vs. pulse energy for 515 and 1030 nm single spot laser ablation. After HT 
annealing the ablation threshold (Фth) was 0.04 J/cm2 independent of wavelength, as shown in Table 1. 
For the LT annealed film Фth for 515 nm was 0.11 J/cm2 and for 1030 nm Фth was 0.09 J/cm2, which 
differed with less than one standard deviation. Hence for both annealing conditions there was no 
significant wavelength dependence of the ablation threshold. The ablation thresholds for the LT 
annealed samples were a factor 2-3 higher compared to the HT annealed sample. Different ablation 
threshold for sintered and non-sintered ink can be used to selectively ablate a multilayer structure, as 
demonstrated by Ko10. However contrary to the current study they observed a lower ablation threshold 
for sintered gold nano-particle ink compared to un-sintered ink. Laser annealing at laser powers below 
the ablation threshold can be used for direct sintering of conductive lines. This technique has been used 
to form highly conductive interconnects with nanosecond lasers 10-12.   

Post annealing a sample at HT for 10 minutes after LT annealing for 10 minutes reduces the film 
thickness to about half. The high resistivity before the last HT anneal indicates that the lightly cured film 
was not fully sintered. The large change in thickness also indicates that the lightly cured film still 
contained a large amount of residual solvent. The additional energy required to evaporate the solvents12 
can explain the observed higher ablation threshold for the lightly annealed film compared to HT 
annealed film.  
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a) 1030 nm 140 oC 
0.151 µJ 

b) 1030 nm 70 oC 

0.151 µJ 

c) 515 nm 140 oC  

0.146 µJ 

d) 515 nm 70 oC  

0.146 µJ 

Fig. 4: shows light microscopy images of an annealed film at 140 oC or lightly annealed at 70 oC 
after interaction with a 1050 nm or 515 nm laser pulse. 
 

For all four parameter sets it was possible to ablate the film without introducing considerable visible 
damage to the polymer substrate. Single spot laser ablation after HT annealing the Ag film Fig. 4 a) and 
c) results in sharp scale formation around the edges. Even though there is no significant difference in the 
ablation threshold for 515 and 1030 nm the visual appearance of the laser opened spots are different. 
The scale formation is more pronounced for the 1030 nm laser beam compared to 515, see images in 
Fig. 4 a) and c). After ablation residues from the film curl up around the edges, the height of these scales 
was measured to be around 2 µm, as revealed by non-contact atomic force microscopy (AFM) 
measurements. An AFM topography image and height profile is shown in Fig. 5.  

 

Fig. 5: AFM image and height profile of a laser opened spot with a pulse energy of 0.13µJ 1030 nm 
wavelength.  The film was annealed 10 min at 140oC (HT). 

 

The above mentioned influence of laser wavelength on the appearance of the laser opened spot is 
minor compared to the influence on the laser material interaction due to different pre-annealing of the 
film. 

From these observations, the ablation mechanism of the film annealed at HT appears to be photo-
induced laser spallation. The stresses and shockwaves generated in the film by laser irradiation lead to 
the disruption of the film/substrate interface13,14. This means that the film can be opened without strong 
thermal effects like evaporation or melting.  The visual appearance of the edges is similar to that 
observed for metallic Pt and Ag films deposited by RF sputtering, opened with a 1030 nm 500 fs laser 
pulse15. As seen from Fig. 6 b, there is no proof of energy absorption in the substrate even at the highest 
powers tested for this film annealed at HT. One would expect such energy absorption would cause a 
change in the substrate surface appearance in microscope images, either by a melting and re-solidifying 
induced roughness or an uneven ablation of material.    
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The two samples annealed at 70 oC (Fig. 4b and Fig. 4d) have a darker rim surrounding the laser 
opened area, but the transition is smooth without any scale formation. Outside this rim there is a region 
appearing slightly darker than the bulk film. The definition of the outer ring is slightly sharper for the 
1030 nm ablation. The spot appearance after ablation with increasing pulse energy is shown in Fig. 6a) 
for the LT annealed film. The ablation mechanism can clearly be separated from mechanical spallation 
after HT anneal, Fig. 6 b. At LT the material removal seems to increase gradually with increasing pulse 
energy, and the dark rim next to the opened area, might be due to laser annealing of the film and/or 
evaporation of residual solvent by the power of the Gaussian beam profile below the ablation threshold. 
Particle removal may take place simultaneously with evaporation of residual solvents, and there can be 
some buildup of particles in the darker area. At increasing pulse energy a gradient with darker color 
toward the center was observed indicating that some of the energy is deposited in the substrate. 

0.11 µJ 0.19 µJ 0.30 µJ 0.37 µJ 0.56 µJ 

  

  
Fig. 6: 1030 nm laser ablated spots with increasing pulse energy from left to right pre-annealed at LT row a) and HT 
row b). 
 
The different ablation mechanisms observed for the two films is expected to be related to different 
mechanical properties of the films after the two annealing treatments. The HT annealed film has high 
conductivity and formation of a continuous film is expected. During ablation all the energy is absorbed 
in the silver and this film will either be ruptured or removed as one piece. While in the LT anneal film 
some of the energy was absorbed by the solvents, and incomplete reaction of the precursor ink leaves a 
discontinuous film were particles evaporate together with the solvent.    

 

B. Line ablation with overlapping spots annealed at 140 oC	
At increasing spot to spot overlap a continuous laser opened line is formed where the outline of the 
single spots at the edges vanishes. The edges are still associated with severe scale formation. The width 
of the laser opened line increases with increasing power as a lager area of the beam has energy above the 
ablation limit. The width of the opened line follows the diameter of the single spots.  The laser power 
required for opening single spots and full lines are similar for the film annealed at HT. Fig. 7 (1030 nm) 
and Fig. 8 (515 nm) shows the laser opened lines with increasing spot to spot overlap from top to bottom 
and increasing fluence from b) to e).  
 
 
 
 

10 µm

10 µm

a 

b 
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a) 
Distance between spots 
(center to center ) 

b) 0.10µJ c) 0.15 µJ d) 0.20 µJ e) 0.40 µJ  

 

 
11 µm 

 
6 µm 

 
1 µm 

Fig. 7: 1030 nm annealed at 140 oC   
 
a) 
Distance between spots 
(center to center) 

b) 0.02 µJ  c) 0.03 µJ  d) 0.07µJ  e)0.10 µJ  

 

 
11 µm 

 
6 µm 

 
1 µm 

Fig. 8: 515 nm annealed at 140 oC  
 
At very large overlap with a distance of ~1 µm between the centers of two successive spots, no line is 
opened even if the fluence is sufficient for single spot ablation. Instead a bright laser annealed line can 
be observed where only the first pulse has opened through the film, Fig. 9b) and Fig. 10a). At increasing 
laser fluence the film cracks open as seen in Fig. 9c). This annealing is observed for both laser beams 
and both thermal treatments, however the cracking of the film is only observed after HT anneal. On the 
LT annealed sample increased particle removal are observed when moving out of the parameter range 
for laser annealing by increasing spot to spot distance, shown in Fig. 10 b, or increasing laser power. 
Increased resistance against laser ablation at increasing spot to spot overlap can be explained due to the 
annealed ring surrounding a single laser opened spot. This ring is seen most clearly in the images of 
lightly annealed samples in Fig.4 b) and d) where the area surrounding the opened spot, which is 
exposed to a laser power below the ablation threshold, is annealed. If the subsequent laser pulse overlaps 
with this annealed ring from the previous pulse rather than a fresh area, the ablation threshold is higher 
and the annealed ring is not opened by the subsequent pulse. The pulse still anneals a new outer ring 
pushing the front forward forming a continuous laser annealed line. This principle is illustrated in Fig. 
9a). Even though the ablation threshold was found to be higher for the lightly annealed film with 
residual solvents, the ablation threshold of an annealed film at 140oC increases upon additional laser 
annealing. 
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a)  
b) 

  
c)

 

Fig. 9: Laser annealed front at high spot to spot overlap on HT annealed Ag print.  
 

 
a) 

 
b)

Fig. 10: Laser annealed line with 515 nm on LT annealed substrate, with spot to spot center distance of 
a) 0.2 µm and b) 0.4µm.  
 
As seen from Fig. 10 a) also on the LT annealed film a slow beam speed causes pre-annealing of the line 
before the successive pulse, increasing the ablation threshold compared to fast processing, Fig. 10b). 
However the line was porous due to a limited power range separating annealing and onset of evaporation 
of particles as has also been observed by pulsed laser sintering of wet ink.12 In accordance with our 
observations of increased removal of particles with increasing speed they also observed too fast sintering 
to cause porous lines.      

C. Laser	opening	of	lightly	annealed	films	
Continuous lines could be opened with both wavelengths on the lightly annealed samples at 70 oC 
shown in Fig. 11b). The edges appear smooth without any scale formation as were observed on the 
samples annealed at 140 oC, Fig. 7 and Fig. 8.  
 
For a wavelength of 515 nm the width of the laser opened line can be tuned below the half width of the 
beam by reducing the power such that only the center peak of the beam has energy above the ablation 
limit. Well defined lines of 5 µm with smooth edges could be scribed with the 515 nm beam on lightly 
annealed Ag prints. Linewidths in the range 4-15 µm could be obtained without visually damaging the 
polymer substrate, resulting from a variation of the pulse energy by one order of magnitude. At pulse 
energies above 0.3 µJ damage to the polymer substrate could be observed.  
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a) 

 
 

  

Fig. 11: Laser (515 nm) ablated linewidth (circles) and ablated spot diameter (squares) for the 515 
nm, beam vs. pulse energy at LT annealed film. The center to center spot distance of the lines were 
1 µm. 
 
Fig. 11 shows the linewidth and single spot diameter vs. laser pulse energy.  The minimum pulse energy 
for opening continuous lines is smaller than that for single spot ablation, indicating interaction between 
multiple pulses, so called incubation effects. This applies at larger spot to spot distance than the laser 
annealing described above. These interactions between multiple pulses also enable scribing of lines that 
are narrower than the minimum size of a single laser opened spot. For the laser beam with 1030 nm the 
minimum linewidth was limited to the beam diameter, as the pulse energy for 1030 nm could not be 
attenuated below 0.1 µJ.  
 
Fig. 12 shows images of laser opened lines as a function of speed and power. Both for low spot to spot 
overlap and very high spot to spot overlap the width of the laser opened line is reduced and the edges 
becomes less well defined compared to the intermediate speeds. In the case of high overlap the cause is 
pre-annealing by the previous laser spot, which was also observed for the fully annealed films. In the 
lightly annealed samples this appears as particles of residue in the channel, and a rough edge with small 
particles attached. In the case of too high speeds the reduced incubation effects narrows down the laser 
opened area to approach the width of a single spot. In this case the contour of the circular beam becomes 
visible along the edge at small spot to spot overlap.    
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 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2 µm
0.036 
µJ 

0.052 
µJ 

0.103 
µJ 

Fig. 12: Laser opened lines with 515 nm at 1 kHz, the Ag print was annealed at 70 oC for 10 min. 
Increasing pulse energy from top to bottom, and spot to spot distance from left to right (center to 
center distance).  
 

D. Scribing	narrow	TFT	channels	
The above developed process for scribing narrow lines on lightly annealed Ag-prints, results in well-
defined lines with only minor variations in the linewidth. Fig. 13 shows images of a fully printed bottom 
electrode in comparison with a laser patterned electrode. For the fully printed electrode the variation in 
channel length along the width of the channel is larger than the total length of the laser processed 
channel. By shifting from fully printed source and drain electrodes to a laser opened channel between 
the electrodes the dimensions of the channel can be reduced from 40 µm to 5 µm. Improved 
performance of the transistor can be expected by introducing this process for separating the source and 
drain electrodes.  
 

 
a)  

 
b)  c)

 
d)  

Fig. 13: Separating OTFT drain-source bottom electrodes. a) drain-source electrode layout b) 
fully printed channel c) laser opened channel d) laser opened channel. 
 
However, narrowing the channel also contributes to the short channel effect with pronounced contact 
resistances, which limits the operating frequencies. To overcome the short channel issue, the ratio of 
gate dielectric thickness (d) and channel length (L) should follow, d/L≤0.253. As well defined short 
channels of a few microns can now be achieved; new restraints are put on the remaining design of the 
other layers of the device. The thickness of the dielectric layer should be minimized while still 
maintaining low leakage.  
 

10 µm

500 µm

http://dx.doi.org/10.1063/1.5008460


11 
 

E. Conclusion	
By replacing a fully printed OTFT-architecture with a laser scribed channel, the channel length could be 
reduced from 40-50 µm, to 5 µm. A narrow channel could be opened after annealing at 140 oC however 
the process resulted in sharp scale formation and could not be implemented in a transistor structure. 
Laser scribing of a channel on lightly annealed prints followed by a post annealing at 140oC showed 
good edge definition without scale formation. The width of the channel could be tuned below the half 
width of the laser beam and the laser pulse energy could be varied within one order of magnitude 
without inducing any visible damage in the substrate. Laser channels down to 4-5 µm could be scribed 
with the developed methodology, with a laser beam diameter of 15-16 µm. The ablation threshold was 
larger on the lightly annealed films due to remaining residues of solvents absorbing part of the laser 
energy. The energy profile of the Gaussian beam with energy below the ablation threshold anneals the 
film resulting in locally increased ablation threshold in this region. This can be seen as a laser annealed 
line rather than an opened line if successive pulses overlap with the annealed region from the previous 
pulse rather than a fresh area, this occur at very slow processing speeds and pulse energy just above the 
ablation threshold. The ablation threshold was independent of the wavelength with a fluence threshold 
of 0.10 µJ/cm2 for the lightly annealed film and 0.040 µJ/cm2 for the fully annealed film. 
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