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Abstract— -effective Cu complex  inks offer a facile and cost

alternative to commercial nanoparticle inks for printed 

electronics application. Cu complex inks are prepared by mixing 

Cu formate tetrahydrate (metal precursor) with amino-2-

propanol (complexing agent) in a molar ratio of 1:2. A carrier 

solvent consisting of ethanol and ethylene glycol is then added to 

help adjust the  rheological properties of the ink for printing 

purpose. The Cu complex ink having a viscosity of 12 mPa.s is 

then inkjet printed onto a polyimide substrate (thickness: 125  

µm). After printing 10 layers, the ink is pre dried under air at -

100°C for 5 minutes followed by sintering using an IR laser (942 

nm) to enable rapid thermal decomposition of the Cu formate . 

After sintering using a 100 W line beam laser scanned at 3 

mm/sec under air; a contiguous and homogenous Cu metallic 

trace is formed with a minimum bulk resistivity of  4.8 µΩcm 
(2.84 times of bulk Cu). The laser sintered trace exhibited a 

highly compact and homogenous sintered structure after 

thermal decomposition compared to the conventional oven  

sintering process. Th result is remarkable and proves the 

   importance of fast In contrast, er ition . decompos process

sintering the same trace using slow ramp rate within the 

traditional oven sintering pr process, it is observed that a Cu 

 metallic trace is formed with particles in the range of 2-5 μm 
that are sparsely distributed due to low metal content of  Cu 

complex inks (< 10 metal wt.%). Due to sparse distribution of 

particles, a low    bulk resistivity value of 102 µΩcm is obtained.

 Keywords—  Cu complex inks, Laser sintering, Flexible 

substrate, Printed electronics  

 I. I  NTRODUCTION 

 Printed electronics provides innovative approach using  an  
principles of traditional printing process to fabricate electronic 
devices on  flexible and unconventional substrates using 
functional materials - .  [1 5] These functional materials mainly 

   consist of conductive inks that can be printed onto suitable 
substrates by utilizing various  printing techniques. These 
printing techniques can be classified as contact (flexographic 
printing, screen printing and soft lithography) and non-contact 
(inkjet printing, aerosol jet printing and direct writing 

   technologies)  -7]. patterning processes [5 Among these 
printing technologies, non-contact patterning process provides 
advantages in terms of flexibility in design, higher patterning 

  accuracy and lower risk of contamination -[5 7]. Using this 
emerging technology, industries have the potential to produce 
low-cost,  lightweight,  and flexible electronic devices with 
applications such as wearable sensors, RFID components,  

 

energy harvesting and storage, thin film transistors, health 
monitoring devices and many more -  [8 17]. 

Over the last decade, there has been rapid development and 
commercialization of conductive Ag, Cu and Au nanoparticles 
(NPs) . Noble  s  [ -ink for printed electronics applications 18 22]
metals like Ag and Au offer high conductivity and stability in 
terms of oxidation, however owing to high cost they are not 
suitable for large volume applications. On the other hand, Cu 
offers a good alternative due to its high electrical conductivity 
(58 MS/m, second only to Ag), higher abundance (1000 times 
more than Ag) and low cost (nearly 100 times cheaper than 

   Ag) [23]. The biggest challenge however is  addressing it’s 
high affinity to oxidation at elevated temperatures (formation 
of Cu2O . at 150°C) [24] Cu NPs  are prone to oxidation due to 
its high surface energy, which leads to formation of surface 
oxide layers that hinder the sintering [25]. To tackle this issue, 
the sintering process is required to be done under an inert (N2) 
or reducing atmosphere (formic acid enriched nitrogen, H2 or 
forming gas).  Aside from this, capping  agents (such as 
Polyvinylpyrrolidone) are used not only to prevent oxidation 
of Cu NPs at lower temperatures, but also to prevent them 
from agglomerating within the ink formulation -  [26 27]. This
leads to a  complex synthesis route of Cu NPs  ink.  And 
typically, higher sintering temperature (>250°C) remove these 
capping agents to provide good sinterability [28]. Other issues 
pertaining to Cu NP inks are storage  (refrigeration or deep 
freeze) and shorter shelf life (< 6 months). 

 In recent years, there has been a growing interest  in 
development of Cu particle free inks [29 30]- . It offers a facile 
and low-cost synthesis route, where nanoparticles are 
generated  in situ-  upon thermal decomposition. These inks are 
usually composed of Cu metal salt (mainly Cu formate 
tetrahydrate) and an amine based solvent that coordinates with 
formate ion in a monodentate or bidentate fashion to form a 
metal salt amine complex er, suitable solvents are -  . [31] Furth
added to improve the properties (viscosity and wettability) of 
the ink related to printing purpose. Since, the Cu exists in an 
ionic form, it prevents oxidation, particle agglomeration and 
provides a longer shelf life at room temperature. Additionally, 
these inks have lower decomposition temperature (<160°C) 
making it suitable for sintering on some polymeric substrates.  

Based on these advantages, it also provides flexibility in terms 
of choosing a wide range of sintering processes for fabrication 
of conductive traces. Conventional oven  sintering of Cu  
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complex inks faces many challenges. It requires use of an 
inert/reducing atmosphere because the formed NPs due  to 
their reactivity are  prone  to oxidation. Also, efficient 
degassing of organics is required for fabrication of contiguous 
conductive traces [32].  Therefore, slower ramp rate (typically 

 5°C/min) is required for controlled evaporation of solvents 
 present in the ink which formation of  in turn lead to  larger 
  aggregates ranging  from 2-5 µm [32]. This leads to sparse 

distribution of metallic particles resulting in poor conductivity 
of the metallic traces. Apart from conventional sintering 
processes under inert/reducing atmosphere, there have been 
several studies carried out using laser sintering, photonic 
sintering, microwave sintering  and electrical sintering 
processes  -[33 37].  Among them Laser sintering provides  
several advantages in terms of high speed localized sintering 
preventing substrate damage to low melting point substrates 
(such as PET) and  integration of patterning  and sintering 
process for large scale production -  [33 34]. 

In this work, a comparison is made between the conventional 
oven sintering process and  laser sintering process. Laser 

  sintering of Cu complex inks is performed under air on a 
flexible polyimide substrate using two different types of laser 
optics (spot laser and line beam laser) ocus is made on laser . F

 sintering of fine  printed structure (trace thickness after 
sintering < 1-2 µm and trace width < 100 µm ) using inkjet 
printer. The challenges related to process optimization of laser 
sinter parameters will also  be briefly discussed. 

 II. EXPERIMENTAL 

A.    Material

Cu (II) formate tetrahydrate  (Cuf), (98%) is purchased from 
Thermo Fischer Scientific. Amino-2-propanol (A2P) (93%) is 
purchased from Sigma-Aldrich. Ethanol (>96%), and 
Ethylene glycol (EG) (>99%) are purchased from Carl Roth. 
Polyimide films (Kapton® HPPST-125 µm) from DuPont are 
used for printing. Apart from Cu (II) formate tetrahydrate and 

 polyimide film, other chemicals are used as received. 
Additionally, propylene glycol methyl ether acetate 
(PGMEA) is used  for cleaning of the ink cartridges  and 
isopropanol is used to clean the substrates.  

B.    Synthesis

A A2PCuf-  complex  is prepared by mixing in a molar ratio of 
1:2. The mixture is then stirred for 15 minutes at 500 rpm in a 
planetary-rotary solder paste mixer (Thinky SR500). Then, an 
ink formulation for inkjet printing is prepared using ethanol  
and EG (mixed together in 75:25 wt. ratio). 6 g of Cuf-A2P 
complex is added to 6 g of ethanol EG solvent combination to -
prepare a low mPa.s, essentiaviscosity  12 ink of l for ink-jet 
printing with a Cu metal content of 7wt.% Cu. The viscosity 
of the inks was measured using a viscometer (Thermo  
Scientific Haake TM Viscotester  TM) and the contact angle 
of the inks  formed on polyimide substrate were measured 
using a drop shape analyser (Kruss DSA 30M). After the ink 
synthesis, spectral absorbance of the Cu complex ink is 

  measured under near infrared  (NIR) until 1050 nm using a 
spectrometer ( -PMA 12 Photonic multichannel analyser from 
Hamamatsu) to check the compatibility of the laser for 
performing the sintering experiments.  

 C. Printing and processing 

    The prepared Cu complex ink is  printed using a Dimatix 
Materials Printer (DMP 2850, Fujifilm Dimatix Inc.) onto the -

 polyimide substrates. Before printing, the polyimide 

substrates were Ar-plasma treated for 5 minutes for activation 
of the surface and removing of contaminations. The Ar-

  plasma treatment is done using Zepto PLS from Diener 

electronic under UV in a manually controlled Ar atmosphere 
with chamber pressure maintained between 0.4-0.45 mbar. 

After printing, a conventional oven sintering, and laser 
   sintering process is conducted. A -stwo tep process, pre-

drying and sintering is conducted in a reflow oven (UniTemp 
RSS 160 S) under a constant N- 2   flow of 5L/min.  The pre-

drying is done at 100°C for 5 min followed by sintering at a 
slow ramp rate of 5°C/min upto 160°C and then to 0  25 °C for 
an isothermal holding time of 5 min. A predrying step is also 

conducted before the laser sintering process at 100°C for 5 
min in air. Laser sintering of printed Cu complex ink traces 

are done using a spot (200W T-SMILS,  optic size: 1.6 mm in 
diameter, wavelength: 940 nm 360 W T)  and line beam  ( -

SPOLD, optic size: 2mm x 80mm, wavelength: 940 nm) laser 
from Hamamatsu Photonics Deutschland GmbH.  

 D. Characterization 

The particle morphology and sinterability of fabricated traces  
after sintering are analyzed and measured using an optical 

microscope(Keyence VHX-900F 3D microscope).  They are 
evaluated using a scanning electron microscope (Verse FEI 

dual beam) with following parameters (Electron High 
Tension: 10 KV, Working Distance: 10 mm, Current: 8 nA, 

Mode: Secondary Electrons). The thickness (t) of the trace 
was measured using an optical light profilometer (Nanofocus 
µ-surf custom) and sheet resistance (Rs) measured using a 4-

point probe (Keithley 2461). The bulk or volume resistivity 
(ρ), thereafter is calculated using the following equation [ ]: 38

 
       =  s                                      (1) 

 

  Additionally, the bulk resistivity ( )  can also be calculated 
using a standard formula as shown in equation 2 [38]: 

 

      =   
 .


                                      (1) 

 

 where, R is the measured resistance  and L, w, t are length, 
width, and  thickness of the sintered trace.

 III. RESULTS AND ISCUSSIOND  

A.  Ink design and printability 

Cuf upon thermal decomposition (>200°C) forms following 
by-products as shown in equation 2 and 3 [ ]: 39

 
 ( ) ( )    +      ()  + 2()   +  ()          (2)  

                                        

()()    +      ()  + ()  + () + ()      (3)                        

 

A Cuf-A2P complex is prepared which decreases the thermal 
decomposition temperature to 160°C. The A2P in  the 

complex helps in stabilizing the ink formulation preventing 
agglomeration and increasing the shelf life. The OH- bond in 
the alkanolamine also promotes solubility with low-boiling 

point alcohol-based solvents (such as ethanol) that may help 
in lowering the viscosity of prepared complex for  inkjet 

printing  purpose. In order to prepare  the ink for printing 
purpose using inkjet printing, it must have a viscosity in the 

range of  10-12 mPa.s. A solvent combination is prepared 
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using ethanol and EG in 75:25 wt. ratio, which then added to 
the complex in a 50:50 wt.% resulting in a viscosity of 12 
mPa.s. In the prepared ink, ethanol is responsible for 

  controlling the viscosity of the ink is responsible for . EG 
providing good stability by decreasing the rate of evaporation 

during printing as well as storage and improving patterning  
onto polyimide substrate by increasing the contact angle from 

10° to 45°. This prevents uneven spreading and formation of 
single droplets instead of  contiguous trace. Fig. 1a shows a 

schematic of drop  deposition based on ink-substrate 
interaction, where γT and γE are surface tension of the ink and 

 surface energy of the substrate, respectively. When surface 

tension of the Cu complex ink is very less than the surface 
energy of the polyimide substrate, it causes uneven spreading 

whereas when it is greater it causes droplet formation on the 
substrate [40]. In this case, the surface tension of the designed 

Cu complex ink is 35 mN/m and surface energy of the 
polyimide substrate is 47 mJ/m 2    b  [41]. Fig.  1 shows the 
contact angle measurement of the Cu complex ink with and 

without the presence of EG on polyimide substrate. In 
addition, printing parameters related to inkjet printing also 

play a key role ining the uniformity and resolution  in determ
of the printed pattern. Printing parameters such as waveform 

design, jetting voltage and drop spacing plays a significant 
 role in controlling the drop  volume, drop velocity and 

accurate placement of each drop in concurrence with the print 
 design, respectively. Fig. 2 shows the inkjet printing 

parameters used in  this study. More details related to  

optimization of printing parameters related to inkjet printing 
can be found in our previous publications [ ]  40 . 

 

 
 

Fig. 1 Contact angle measurement of the Cu complex ink with and without 

the presence of EG on polyimide substrate. 

 

Fig. 2  Inkjet printing parameters for Cu complex ink and the design after 

printing. 

B.  Conventional oven sintering process 

Firstly, the Cu complex ink traces after inkjet printing are 

 subjected to conventional  oven sinte Cu complex inks ring. 
have high volume shrinkage due to low solids content (<10 

wt.% metallic Cu), therefore a slower ramp rate is necessary 
for efficient degassing of organics. The first step involves 

predrying of the printed Cu complex ink at 100°C for 5 mins 
followed by a slow ramp rate process upto 160°C at 5°C/min 

 and then sintering at 250°C for 5 min.  From the previous 

investigations, it was observed that using the slow ramp rate 
upto 160°C (decomposition temperature for A2P),  a 

 controlled evaporation of ink byproducts and better 
  patterning post-sintering was  achieved [32].  The in-situ 

realized NPs were then further sintered at 250°C for 5 mins. 
This method helped in fabricating contiguous traces, however 

showed a poor conductivity. Fig. 3a shows the differences in 
formation of Cu sintered trace when sintered using a slow 

ramp rate process and fast ramp rate process. Fig. 3b shows 
the SEM images of the Cu trace sintered using the slow ramp 

 rate process (5°C/min). It was  observed that large Cu 
   aggregates (2-5   µm) were formed resulting in sparse 

 distribution of particles across  the sintered trace. The bulk 

resistivity of the Cu traces obtained was 102 µΩcm. It should 
be noted that unlike screen printing  or other  deposition 

methods, the thickness of printed trace is < 20 µm where the 
complex ink has a Cu metal content of < 7 wt.%. Aggregation 

of NPs is  a tightly bound collection, where  NPs are  held 
together  by strong mechanical  forces that are  difficult to 

breakup [42]. Usually as NPs form, they have high surface 
energy, and they tend to reduce this surface energy either by 

 routes of  agglomeration or aggregation [42]. This  can 

however be  thwarted via surface engineering (use of 
surfactants) or by use  of rapid sintering methods (the 

nucleation and growth rate of NPs are increased with heating 
temperature and time)  [ -42 43].  Therefore, rapid sintering 

processes    using laser are required to produce a fine and 
homogenous sintered structure, where formed NPs are <100 

nm and the resulting  Cu metallic trace has high electrical 
conductivity. 

 C. Laser sintering process 

In order to find a laser with suitable wavelength for laser 
sintering, the spectral absorbance of the Cu complex ink is 

measured. Fig. 4a shows the setup for measuring spectral 
absorbance using the spectrometer. It is observed that 

stronger transmission is observed in the blue region of visible 
spectrum with a peak value of 477.8 nm and stronger 

absorbance is observed in the red region of visible spectrum 
with a peak value of 700.64 nm. Fig. 4b shows the spectral 

absorbance of Cu complex ink. Based on this measurement, 
it is clear that a laser in the red or NIR spectrum should be 
selected for the laser sintering process. From the available 
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lasers, a laser of wavelength 940 nm was selected for the 
sintering process.  Another important parameter to consider 
is selection of a suitable laser optic (spot laser and line beam 

laser).  
 

 
 

Fig. 3  (a) Inkjet printed pattern before and after sintering processes, faster 
ramp rate (top) and predrying plus slower ramp rate (bottom), (b) SEM image 

of the sintered sample after predrying followed by slower sintering ramp rate 
upto 160°C at 5°C/ min and then sintered at 250°C for 5 mins.  

 
 

Fig. 4 (a) Setup for measuring spectral absorbance of Cu complex ink using 
the spectrometer, (b) Spectral absorbance of Cu complex ink.  

After inkjet printing 10 layers of Cu complex ink, the printed 
traces are then predried at 100°C for 5 mins under air to avoid 
rapid evaporation of ethanol present in the ink. After process 

optimization, a spot laser of 1.6 mm diameter with a laser 
power of 10 W was used to sinter three identical printed 

traces using three different scan rates (30 mm/s, 20 mm/s and 
10 mm/s). Using laser sintering parameters such as laser 

power (P), scan rate (v) and laser spot diameter (d) energy 
density (Ed) was calculated. Equation 4 shows the formula for 

calculation of energy density.  
 

  =  


 .
                                  (4) 

 
It was found that when scan rate was 30 mm/s, the calculated 
energy density was 20J/cm2 which resulted in a partially 

sintered sample with large voiding as seen on the trace 
resulting in an inhomogeneous trace. Similarly,  for a scan 

rate of 10 mm/s, the energy density was  62.5 J/cm2  which 
caused substrate damage and subsequent oxidation of the 

   trace. Using a scan rate of 2 0 mm/s, a sintered conductive 
   trace having a sheet resistance of 3.2 /   Ω □ under air was 

obtained, where energy density was calculated to  be 31.25 
J/cm2  . The trials with spot laser showed good sinterability 
between the Cu nanoparticles, however there was trace 

  inhomogeneity  and large voiding due to uneven  heat 
  distribution across the printed trace (see Fig. 5). From  the 

    experiments, the energy density  is calculated to be in the 
range of  20-50 J/cm 2    for well sintered samples without 

causing substrate damage.  
 

Subsequently, laser sintering  was performed using a  line 
beam laser with optic size of 2 mm x 80 mm. The operational  

advantages of using a line beam laser are larger scanning area 
which enables sintering of intricate designs without the need 
for retracing the printed path and its suitability for large scale 

production. They require however higher power to meet the 
required energy density for sintering the same printed trace 

resulting in higher operational  costs. After process  
optimization, using a laser power of 100W and scanning rates 

of 12mm/s and 3mm/s sheet resistances of 1.2 Ω □/  and 0.8 
 Ω □/  were obtained respectively under air.  Fig 5 shows the 

SEM images of laser sintered Cu complex traces using laser 
 scan rate of 3mm/s. From SEM images, a well sintered 

homogenous structure is observed. The  energy density 

calculated was found to be 30 J/cm2, which aligns well with 
the good sinterability range as discussed earlier. Compared to 

spot laser, line beam laser provided an easy laser processing 
of the sintered traces without requiring any retracing of  

printed trace using g-codes. It also enabled complete sintering 
of printed traces without leaving behind any residual ink in 

the sintered traces. This can however be adjusted using a spot 
 laser with larger spot diameter. Based on the profilometer 

results, the sintered trace formed using spot laser ( for scan 

rate 20 mm/s) had an average thickness  of 1.5 ± 0.8 µm, 
however the sintered trace formed using a line beam laser (for 

scan rate 3 mm/s) had an average thickness of   1.2 ± 0.2 µm. 
This resulted in a bulk resistivity  (measured over a trace 

 length of 20mm and average trace width of 1mm)   of 24
     µΩcm  and 4.8  µΩcm for spot  laser and  line beam  laser 

respectively. Using line beam laser, sintered Cu traces  had 

bulk resistivity 2.84 times that of bulk Cu.  
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When compared with conventional oven sintering process, it 
is found that laser sintering in general produces a finer and 
densely packed structure. Further, in case of laser sintering 

  the in situ - generated particles are exposed for a very short 
time (<100 ms) preventing the coalescence of the particles 

into larger aggregates [34] In Fig. 5 (SEM images), it can be . 
inferred that the particles formed tend to coalesce together in 

form of rod like structure in that short process time generating 

a densely packed web like structure [34]. Further it can be 
seen that after sintering using a  line beam laser, this structure 

 has a more uniform and packed structure. This can be 

attributed to the homogenous heat distribution. Further 
process optimization related to spot laser trials are ongoing, 

as it  provides an advantage in terms of integration with the 
printing process and to understand the physical mechanism of 

laser sintering of Cu complex inks.  
 

 

 

Fig. 5 s  Laser parameters, optical and SEM image of  laser sintered sample using a spot laser of 1.6 mm diameter and line beam laser of optic size 2 mm x 80 
mm. 

 IV. C  ONCLUSION

Cu complex inks provide a facile, low cost alternative to -

nanoparticles-based inks for printed electronics application. 
Since, they exist in ionic form, they don’t exhibit issues of 
agglomeration during storage and oxidation at ambient  

 temperature. Using conventional reflow oven process, they 
can be sintered at temperature less than 160°C. However, post 

printing  these  inks require efficient  degassing to prevent  

discontinuity of sintered traces post sintering process. 
Sintering using conventional process tend to form larger 

 aggregates (2-5 µm) contributing to sparse distribution of 

particles within the  sintered trace affecting the overall bulk 
resistivity  (102 µΩcm). One method to solve this problem is 

using rapid sintering method such as laser sintering. Initial 
trials with spot laser show good sinterability between the ed 

nanoparticles h   owever trace inhomogeneity was an issue due 
to uneven heat distribution caused by the spot laser. Using 
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line beam optic laser, the morphology of the sintered trace 
 was more  homogeneous compared to the one obtained by 

spot laser as the scanning area is larger and helps in uniform 

heat distribution. The measured bulk resistivity was 24 µΩcm 
and 4.8 µΩcm for spot laser and line beam laser respectively. 

Using line beam laser, sintered Cu traces  had bulk resistivity 
2.84 times that of bulk Cu. In addition, the laser sintering was 

   performed under  air, and it also gives a possibility for 
   sintering toon   low melting temperature substrates such  as 

PET. 
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