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ABSTRACT 

 In this paper, we demonstrate a facile method for the 
fabrication of porous-carbon/silver nanocomposites using direct 
laser writing on polymeric substrates. Our technique uses a 
combination of CO2 laser-induced carbonization and selective 
silver deposition on a polyimide sheet to create flexible highly 
conductive traces. The localized laser irradiation selectively 
converts the polyimide to a highly porous and conductive 
carbonized film with superhydrophilic wettability. The resulting 
pattern allows for selective trapping of aqueous silver ionic ink 
solutions into the carbonized regions that are subsequently 
converted to Ag/C nanocomposite with sheet resistance as low as 

, upon annealing. The resulting patterns are flexible and 
electromechanically robust with less than 0.6 Ω variation in 
resistance after > 15000 flexion bending cycles. Furthermore, 
using this technique, we demonstrate the fabrication of a wireless 
resonant pressure sensor capable of detecting pressures ranging 
from 0 to 97 kPa with an average sensitivity of −26 kHz/kPa.  

 
INTRODUCTION 

Flexible and wearable electronics is an emerging field with a 
wide range of versatile applications, including flexible displays, 
health monitoring devices, and smart clothing [1]–[4]. Despite the 
high performance of conventional photo-masking and vacuum 
deposition processes, limitations such as small printing area, high 
cost, and high processing temperatures have restricted their use on 
flexible polymeric substrates [5], [6]. In recent years, many cost-
effective direct-writing technologies such as micro contact 
printing, screen printing, laser-induced forward transfer, inkjet 
writing, and selective laser sintering (SLS) have been explored as 
alternative approaches to conventional clean-room processes. 
These provide attractive features including reduced material 
wastage and scalable manufacturing. 

 Among these techniques, inkjet printing and laser-assisted 
sintering have emerged as preferable approaches. Inkjet printing 
technology provides a unique non-contact and mask-less patterning 
process that has been widely used for depositing an extensive 
number of materials in solution form; these include conductive 
polymers, CNT, and various metallic nanoparticles [7], [8]. 
Despite its promise for fabricating flexible electronics, there are 
still important fabrication challenges associated with synthesis and 
printing conductive inks. Currently, most conductive inks are 
based on the suspension of metallic nanoparticles that often exhibit 
good levels of conductivity only after multiple printing cycles 
accompanied by high sintering temperatures at 200–350 °C [9], 
[10]. In addition, suspended nanoparticles tend to agglomerate over 
time, influencing the print quality and clogging of the equipment 
nozzle. 

The SLS process of conductive metal nanoparticles (NP) has 
been explored as an alternative approach to inkjet printing. The NP 
sintering for typical inkjet printing processes is usually 
implemented by exposing the whole printed substrate to elevated 
temperatures; SLS is used to selectively localize the heat, thus 
enhancing the printing resolution and minimizing the substrate 
thermal exposure [11], [12]. Nonetheless, this method still faces 
challenges associated with formulation of the binder materials and 

NP synthesis. Localized high temperatures induced by laser 
irradiation has also been utilized to selectively convert organic 
thermoset polymers into conductive carbon materials. This process 
can generate unique conductive carbon micro-patterns with highly 
porous micro/nano structures [13], [14]. The high porosity of the 
carbonized layer can be used to selectively trap precursor aqueous 
solutions. Despite the low cost of fabrication and stability of the 
laser carbonization process, previous reports have shown high 
electrical sheet resistance (typically b  
and sensitivity to mechanical deformations [15], limiting its use in 
flexible electronics, which often require highly conductive and 
robust interconnections.  

In order to further advance the direct-writing laser-
carbonization technique and overcome some of the above-
mentioned shortcomings, we have developed a simple method to 
utilize the super-hydrophilicity of the carbon traces to selectively 
synthesize and trap silver nanoparticles into the carbonized 
regions, significantly enhancing the electrical conductivity and 
robustness of the flexible interconnects. 

 
FABRICATION AND CHARACTERIZATION 

The presented patterning technique relies on the laser 
pyrolysis of a thermoset polymeric substrate serving as the flexible 
support to create highly porous network of conductive carbon 
traces. These traces are later selectively coated with an aqueous 
reactive silver ink, as shown in Figure 1a-c.  In this process, 
commercially available polyimide (PI) sheets (Kapton® HN, with 
a thickness of 60 µm) are used as the substrate for carbonization. 
The process begins by laser writing of highly porous carbon 
patterns into the surface of the PI sheet using a computer-
controlled CO2 laser cutting and engraving system (PLS6MW, 

Figure 1: Fabrication process of carbon/silver nanocomposite 
using laser pyrolization and selective silver trapping. 
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Universal Lasers, Inc., Scottsdale, AZ). For maximum conductivity 
of the carbonized patterns, the laser is operated at 6.75 W with a 
scanning speed of 1.3 m/s. The laser modifies the surface of the 
polymer and creates porous super hydrophilic carbon patterns. The 
selective coating is carried out by loading the porous carbon traces 
with a reactive silver aqueous solution as shown in Figure 1b, 
followed by an annealing step at 90 °C for 10 min, Figure 1c.  

Due to the hydrophilicity and wicking capability of the highly 
porous carbonized areas, the solution is only retained in the laser-
ablated regions and rolls way from other areas on the polyimide 
substrate. The ionic silver ink is prepared by mixing 4 g of silver 
acetate with 10 mL of ammonium hydroxide. Next, under 
continuous magnetic stirring condition, 1 mL of formic acid is 
dropwise titrated into the mixture at room temperature. During the 
titration process, the solutions color changes from light yellow to a 
clear. Owing to low viscosity of the silver ink and the strong 
capillary force of the laser-carbonized traces the ionic silver ink 
can easily penetrate into the carbon network, allowing for the 
formation of a homogenous silver layer. Figure 2a-c shows 
examples of different carbon patterns before and after silver 
coating. Figure 2d shows an example of a simple flexible circuit 
made by conductive Ag/C-PI lines and used to light an array of 
LEDs. 

 
Qualitative characterization 

Optical and SEM images were used to evaluate the 
morphology of laser carbonized microstructures before and after 
silver deposition, Figure 3. Microscopic images show a clear 
change in the color from black to silver after the selective silver 
coating, Figure 3a,b. The SEM image shows the creation of a 
highly-porous network of carbon micro/nano structures generated 
by laser carbonization of the polyimide substrate. The alignment of 

the carbon network is due to the scanning motion of the laser 
across the sample, Figure 3c. Figure 3d shows the top SEM image 
of the carbon trace after the precipitation of silver, illustrating a 
uniform deposition, forming a highly conductive silver/carbon 
nanocomposite. 

 
Electrical characterization 

Figure 4a shows the sheet resistance of the pristine carbonized 
polyimide and carbon-silver nanocomposite as a function of the 
annealing temperatures for samples of 3 cm length and 500 µm 
width (annealing time was fixed at 10 min). The pristine 
carbonized polyimide exhibits a maximum sheet resistance of 
52 Ω/sq, which is consistent with previous laser carbonization 
reports [15]. As anticipated, the resistance of the silver-coated 
carbon traces decreases with increasing annealing temperatures. 
After drying the Ag/C nanocomposite at room temperature, the 
sheet resistance decreases slightly to 40 Ω/sq. Increasing the 
annealing temperature up to 90 °C improves the conductivity, with 
the sheet resistance decreasing to 0.026 Ω/sq. For temperatures 
above 90 °C, the effect of annealing on the conductivity is not 
significant (reactive silver ink is completely converted to bulk 
silver at 90 °C). Figure 4b, shows the change in the resistance of 
laser carbonized traces before and an after silver coating at as a 
function of trace widths ranging from 200 µm to 2 mm at fixed 
annealing temperatures and times of 90 °C and 10 min. As can be 
seen, the composites traces show a resistance approximately three 
orders of magnitude lower than that of the pristine carbonized 
polyimide traces. 

The electrical conductivity between the two ends of the 
carbonized PI is provided by the connection between carbon 
particles throughout the material. Mechanical deformation 
separates the connection points, resulting in an increase in 
resistance. However, the Ag/C nanocomposite has highly 
conductive Ag nanoparticles distributed in the carbon network, 
resulting in a higher conductivity and fewer disconnections 
between the particles in response to mechanical deformation. To 
assess the mechanical stability of the conductive traces upon 
bending, samples with different widths ranging from 200 µm to 
2 mm were subjected to flexion at curvature radii (CR) of 50 mm 
to 2 mm. The mechanical stability of the conductive composite 
was characterized with samples subjected to the optimal annealing 
temperature of 90 °C. Figure 5a shows the change in the 
carbonized polyimide resistance as a function of CR. As can be 

Figure 2: (a) laser carbonized traces before and after 
decorating with silver nanoparticles: (i) silver ionic solution, 
(ii) pristine carbonized trace, (iii) carbon/silver 
nanocomposite; (b, c) flexible traces before and after silver 
deposition; (d) array of lit LEDs with flexible interconnect. 
All scale bars: 1 cm. 

Figure 3: Magnified optical (a, b) and SEM (c, d) of 
carbonized polyimide and carbon-silver nanocomposite. All 
scale bars: 100 µm. 
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seen, for small traces (200 µm), the change in a resistance starts at 
30 mm CR with a relatively linear sensitivity coefficient of 0.35 
(R/Ro) per degree radius of curvature. However, with increasing 
width, the starting threshold decreases. For instance carbon traces 
2 mm wide exhibit a resistance change starting at 10 mm of CR 
with a sensitivity of  0.04 (R/Ro) per degree radius of curvature. 
This observation can be explained by the fact that wider traces 
have more connecting points throughout the network, resulting in a 
higher conductivity and fewer disconnections between the particles 
in response to mechanical deformation. 

In addition to a significantly lower resistance, the carbon-
silver nanocomposite shows greater robustness and lower 
sensitivity to mechanical deformation, Figure 5b. For instance, 
after silver coating, a 200 µm-wide trace with an initial resistance 
of 7.5 Ω shows less than 12 % change in response to CR as small 
as 2 mm; this translates to a 900 % decrease in sensitivity to 
mechanical deformation as compared to a similar carbonized 
polyimide trace. Furthermore, for traces wider than 400 µm, 
carbon-silver nanocomposites have a high level of conductivity, 
with resistance smaller than 3 Ω and less than 9 % change in 
resistance at the maximum bending angles. This extreme level of 
conductivity and mechanical stability can be explained by the 
highly conductive Ag nanoparticles distributed throughout the 
carbon backbone structure. This structure provides multiple 
parallel electrical connections between particles, compensating for 
the change in the resistance of carbonized polyimide at high 
mechanical deformations. 

 
WIRELESS PRESSURE SENSING APPLICATION 

The described direct writing technology can be used to 
fabricate low-cost flexible sensors and actuators. As a proof-of-
concept demonstration, we designed and fabricated a flexible 
passive wireless pressure sensor that can be used for wearable and 
implantable applications. Figure 6 shows the fabrication process 
and working mechanism of the LC passive pressure sensor. The 
device consists of a pressure-sensitive capacitor with a variable 
spacing between its two electrodes that is connected in series with 
a planar spiral inductor. In this design, the coil provides an 
inductively-coupled link between the reader antenna and the LC 
passive pressure sensor, allowing wireless powering and 
information transfer. When pressure is applied to the LC resonant 
circuit the gap between the two electrodes of the capacitor 
decreases, leading to an increase in the capacitance of the circuit. 
This change results in a reduction in the resonant frequency of the 
LC circuit that can be detected wirelessly by an external readout 
coil. We used a network analyzer to determine the resonant 
frequency of the sensor at various levels of pressure by measuring 
the location of the phase-dip in the impedance of the external coil.  

Figure 6a shows the fabrication process using the presented 
conductive printing technique combined with a simple folding 
approach to make the inductor and capacitor used in the sensor. 
The inductor coil and the two capacitor electrode patterns were 
fabricated on a flexible polyimide substrate by using the 
aforementioned laser carbonized and silver deposition technique. 

Figure 4: (a) Electrical sheet resistance of carbon-silver 
composite after annealing at different temperatures, 
(b) carbonized polyimide and carbon-silver nanocomposite 
resistances as a function of line width 

Figure 5: Change in resistance as a function of radii of 
curvature for (a) carbonized polyimide and (b) carbon-silver 
nanocomposite with widths ranging between 0.2mm – 2mm. 
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Figure 6: (a, b) Fabrication process experimental setup of 
wireless pressure sensor, (c)impedance phase versus 
frequency for  several pressures, (d) sensor resonant 
frequency vs. pressure. 

Next, a 50 µm-thick film of PDMS (Dow Corning Sylgard® 184, 
10:1 ratio) was cast onto the conductive patterns and allowed to 
crosslink at 60 ºC for 20 min. To fabricate the cavity needed for 
the pressure sensitive capacitor, a 300 µm-thick film of PDMS 
with predefined hole-punched openings was bonded to the PDMS 
coating. The bonding between the two layers of PDMS was 
achieved by a standard PDMS-to-PDMS bonding procedure using 
corona treatment (BD-10A High Frequency Generator, Electro-
Technic Products, Inc.) followed by annealing on a hotplate at 
90 ºC for 2 h. Finally, the substrate was folded in half and bonded 
to create the final wireless pressure sensor with the PDMS cavity 
between the two conductive patterns. The change in the resonant 
frequency was characterized by measuring the dip in the 
impedance phase for gauge pressures ranging from 0 to 97 kPa, 
Figure 5c. As can be seen, increasing the pressure results in 
shifting the position of the dip to lower frequencies. The resonant 
frequency of the sensor as a function of applied pressure is shown 
in Figure 5d. As expected, the resonant frequency decreases 
linearly with pressures up to 97 kPa, with an average sensitivity of 
−26 kHz/kPa. 

 
CONCLUSION 

We have developed a facile method for fabricating highly 
flexible and robust electrical interconnects using direct writing of a 
carbon-silver nanocomposite on flexible polyimide (PI) substrates. 
The laser irradiation selectively carbonizes the surface of the PI 
substrate and converts it to a super-hydrophilic surface that is used 
to trap aqueous solutions of precipitating silver, resulting in 
improved conductivity and mechanical stability/robustness. As a 
proof-of-concept demonstration of the use of this technology, we 
demonstrated the fabrication of a flexible wireless LC resonant 
pressure sensor consisting of a pressure sensitive capacitor 
connected in series with a planar spiral inductor. 
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