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Preface

The interest in flexible electronics is on the rise as it brings an added functionality and es‐
thetic value in the unconventional interfaces, such as biomonitoring systems, wearables,
flexible textiles, paper-based technologies, and many other curves of soft schemes, for which
traditional electronics are not suitable. The demand in new flexible platforms turns to a pur‐
suit for functional materials and technologies commonly compatible with a low tempera‐
ture, high-throughput processing, and novel methods for device integration. New device
design leads to an immense field from fundamental research to the new technologies and
engineering methods bringing advanced functionality. A wide range of functional materials
involving nanoparticles, composites, semiconductor and metallic nanowires, carbon nano‐
materials, polymers, conductive inks, and different hybrid structures are particularly inter‐
esting. Printing technologies have been demonstrated to be highly efficient and compatible
with many flexible substrates; furthermore, surface preparation methods play an important
role for the fabrication of electronic devices. This book brings a comprehensive overview on
the most important technology development in the field of flexible electronics.

Simas Rackauskas
University of Turin

Turin, Italy
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Abstract

Kapton polyimide films are one of the most commonly used flexible and robust sub-
strates for flexible electronic devices due to their excellent thermal, chemical, mechanical, 
and electrical properties. However, such films feature an inert and highly hydrophobic 
surface that inhibits the deposition of functional materials with water-based fluids (solu-
tions, suspensions, inkjet inks, etc.), which raise the need for their surface modification 
to reduce their inherent surface inertness and/or hydrophobicity in order to allow for the 
fabrication of electronic devices on the substrates. Traditional Kapton surface modifica-
tion approaches use harsh conditions that not only cause environmental and safety prob-
lems but also compromise the structural integrity and the properties of the substrates. 
This chapter focuses on two recently-developed mild and environmentally friendly wet 
chemical approaches for surface modification of Kapton HN films. Unlike the traditional 
methods that target the polyimide matrix of Kapton films, these two methods target the 
slip additive embedded in the polyimide matrix. The surface modified Kapton films 
resulted from these two methods allowed for not only great printability of both water- 
and organic solvent-based inks (thus facilitating the full-inkjet-printing of entire flexible 
electronic devices) but also strong adhesion between the inkjet-printed traces and the 
substrate films.

Keywords: surface modification, Kapton, polyimide, flexible electronic devices, sensors, 
inkjet-printing

1. Introduction

Kapton HN films, which are well known to be made of polyimide polymer, are one of the 
most commonly used substrates for flexible electronics due to their excellent physical and 
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electrical properties as well as exceptional thermal and chemical stability. However, such 
films feature an inert and highly hydrophobic surface. Hydrophilic (e.g. water-based) fluids 
(solutions, suspensions, inks, etc.) will ball up on such surfaces (due to “lotus effect”) [1, 2]. 
However, for fabrication of an entire electronic device, both organic solvent- and water-based 
fluids are usually needed to deposit functional materials on the same substrate surface. As a 
result, surface modifying polyimide substrates to reduce their inherent surface hydrophobic-
ity and/or inertness is usually needed to allow for the continuous and uniform deposition 
with both organic solvent- and water-based fluids.

Traditionally, polyimide substrates are surface modified with a number of methods including 
plasma [3, 4] and ion-beam [5, 6] etching, UV/ozone exposure [3, 7], acid [3, 8] and/or base [9, 10]  
treatments, and laser ablation [11, 12]. These methods, however, usually compromise the 
structural integrity and the properties (such as the cohesive strength, and the thermal and 
chemical stability) of the polyimide substrate, since they utilize relatively harsh conditions to  
oxidize and/or tear out part of the surface polyimide. Additionally, the wastes and by-products  
(such as acrolein which is extremely irritating, strong bases and acids which are corrosive, 
and benzene which is carcinogenic) generated from these harsh treatments can raise serious 
environmental and safety issues (especially when the treatments are performed indoors and/
or in large scales). For example, incubation with a sodium hydroxide solution has been one of 
the most common traditional methods to tune the surface properties of Kapton polyimide sub-
strates [9, 10, 13], but such a treatment not only generates highly corrosive strong base waste 
but also tears out some surface polyimide resulting in pits in the Kapton surface [14]. The 
defects on structurally damaged Kapton films would result in not only poor deposition qual-
ity of the device components but also weakened mechanic strength of the resulting devices. 
The increasingly growing of flexible electronic devices (such as flexible displays [15], electronic 
paper [16, 17], photovoltaic cells [18, 19], sensors [1, 2, 20–23], LEDs [24], electronic textiles [25],  
RF tags [26], and electrochemical devices [27], etc.) is calling for mild and environmentally 
friendly surface modification approaches which can minimize the compromise to the struc-
tural integrity and the properties of Kapton polyimide substrates while efficiently tuning the 
surface properties of the substrates. To take full advantage of the properties of Kapton HN 
films, any surface modification to such films should avoid as much as possible compromising 
their structural integrity and properties. For extremely thin Kapton HN films, such as Kapton 
30HN (thickness 7.5 μm), 50HN (thickness 12.7 μm), and 75HN (thickness 19.1 μm), it is criti-
cal to make sure that their surface modification is non- or minimally destructive.

Kapton HN films have a slip additive incorporated in the polyimide matrix to enhance their 
mechanical properties [13]. The nature of the additive, however, has been very scarcely 
reported in the literature. Williams et al. has mentioned, but without providing supporting 
data, that the additive in Kapton HN films was calcium phosphate dibasic (CaHPO4) [14]. 
This chapter first describes the characterization of Kapton 500HN films particularly of their 
slip additive, then introduces two recently-developed mild and environmentally friendly wet 
chemical approaches for surface modification of Kapton HN films to allow for not only great 
printability of both water- and organic solvent-based inks but also strong adhesion between 
the inkjet-printed traces and the surface modified substrates. Unlike the aforementioned tra-
ditional Kapton surface modification methods which target, and oxidize and/or tear out part 
of, the surface polyimide matrix, the approaches described in this chapter target the electric 
charges on the slip additive particles.
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2. Characterization of Kapton HN films

In this section, a number of characterizations were performed on as-received Kapton 500HN 
films (a gift from Dupont, Wilmington, DE, USA) particularly on their slip additive. The opti-
cal microscopy analysis of the films showed particles of varying sizes which were imbedded in 
Kapton HN polyimide matrix (Figure 1a). These particles have been shown to be the slip addi-
tive to the polyimide matrix of Kapton HN [14, 28]. As shown in Figure 1a, the majority of the 
slip additive particles exuded to the substrate surface, which is consistent with a previous obser-
vation [29]. The large hump (with 2θ ranging from ˜10° to ˜35°) and the sharp narrow peaks in 
the X-ray diffraction (XRD) pattern of the Kapton HN films (Figure 1b) indicated the presence 
of amorphous and crystalline components, respectively. Apparently the amorphous moiety 
was the polyimide polymer and crystalline moiety the slip additive. While calcium phosphate 
dibasic (CaHPO4) might be present in the additive as previously reported [14], the crystalline 
peaks in the XRD pattern of the Kapton HN films matched very well with those of calcium 
carbonate (CaCO3) (ICDD reference code 04–001-7249) (Figure 1b) but did not match any of 
the CaHPO4 peaks. Significant carbon and oxygen peaks and a small calcium peak showed up 
in the energy dispersive X-ray spectroscopy (EDX) pattern of the Kapton substrate (Figure 1c).

To better characterize the slip additive in Kapton HN films, efforts were made to minimize 
the interference from the polyimide polymer matrix. Kapton HN films were fired at 800°C for 
2 hours in air (this firing treatment has been shown to be efficient to pyrolyze the entire poly-
imide polymer moiety in Kapton HN [30]) to remove the polyimide polymer. The remaining 
inorganic components were characterized with scanning electron microscopy (SEM), EDX, 
and XRD analyses.

Figure 1. Kapton HN film characterization. (a) Optical microscopy analysis of a blank Kapton HN film. (b) XRD analysis 
of the specimen shown in (a) (pattern ①) and reference CaCO3 (pattern ②, ICDD reference code 04–001-7249) (inset: 
Locally enlarged XRD pattern to show the area with a 2θ of from 50° to 100°). (c) EDX analysis of the specimen shown 
in (a) (inset: Locally enlarged EDX pattern to show the calcium peak) [2] (licensed under creative commons attribution 
4.0 international license).

Surface Modification of Polyimide Films for Inkjet-Printing of Flexible Electronic Devices
http://dx.doi.org/10.5772/intechopen.76450

3

electrical properties as well as exceptional thermal and chemical stability. However, such 
films feature an inert and highly hydrophobic surface. Hydrophilic (e.g. water-based) fluids 
(solutions, suspensions, inks, etc.) will ball up on such surfaces (due to “lotus effect”) [1, 2]. 
However, for fabrication of an entire electronic device, both organic solvent- and water-based 
fluids are usually needed to deposit functional materials on the same substrate surface. As a 
result, surface modifying polyimide substrates to reduce their inherent surface hydrophobic-
ity and/or inertness is usually needed to allow for the continuous and uniform deposition 
with both organic solvent- and water-based fluids.

Traditionally, polyimide substrates are surface modified with a number of methods including 
plasma [3, 4] and ion-beam [5, 6] etching, UV/ozone exposure [3, 7], acid [3, 8] and/or base [9, 10]  
treatments, and laser ablation [11, 12]. These methods, however, usually compromise the 
structural integrity and the properties (such as the cohesive strength, and the thermal and 
chemical stability) of the polyimide substrate, since they utilize relatively harsh conditions to  
oxidize and/or tear out part of the surface polyimide. Additionally, the wastes and by-products  
(such as acrolein which is extremely irritating, strong bases and acids which are corrosive, 
and benzene which is carcinogenic) generated from these harsh treatments can raise serious 
environmental and safety issues (especially when the treatments are performed indoors and/
or in large scales). For example, incubation with a sodium hydroxide solution has been one of 
the most common traditional methods to tune the surface properties of Kapton polyimide sub-
strates [9, 10, 13], but such a treatment not only generates highly corrosive strong base waste 
but also tears out some surface polyimide resulting in pits in the Kapton surface [14]. The 
defects on structurally damaged Kapton films would result in not only poor deposition qual-
ity of the device components but also weakened mechanic strength of the resulting devices. 
The increasingly growing of flexible electronic devices (such as flexible displays [15], electronic 
paper [16, 17], photovoltaic cells [18, 19], sensors [1, 2, 20–23], LEDs [24], electronic textiles [25],  
RF tags [26], and electrochemical devices [27], etc.) is calling for mild and environmentally 
friendly surface modification approaches which can minimize the compromise to the struc-
tural integrity and the properties of Kapton polyimide substrates while efficiently tuning the 
surface properties of the substrates. To take full advantage of the properties of Kapton HN 
films, any surface modification to such films should avoid as much as possible compromising 
their structural integrity and properties. For extremely thin Kapton HN films, such as Kapton 
30HN (thickness 7.5 μm), 50HN (thickness 12.7 μm), and 75HN (thickness 19.1 μm), it is criti-
cal to make sure that their surface modification is non- or minimally destructive.

Kapton HN films have a slip additive incorporated in the polyimide matrix to enhance their 
mechanical properties [13]. The nature of the additive, however, has been very scarcely 
reported in the literature. Williams et al. has mentioned, but without providing supporting 
data, that the additive in Kapton HN films was calcium phosphate dibasic (CaHPO4) [14]. 
This chapter first describes the characterization of Kapton 500HN films particularly of their 
slip additive, then introduces two recently-developed mild and environmentally friendly wet 
chemical approaches for surface modification of Kapton HN films to allow for not only great 
printability of both water- and organic solvent-based inks but also strong adhesion between 
the inkjet-printed traces and the surface modified substrates. Unlike the aforementioned tra-
ditional Kapton surface modification methods which target, and oxidize and/or tear out part 
of, the surface polyimide matrix, the approaches described in this chapter target the electric 
charges on the slip additive particles.
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In this section, a number of characterizations were performed on as-received Kapton 500HN 
films (a gift from Dupont, Wilmington, DE, USA) particularly on their slip additive. The opti-
cal microscopy analysis of the films showed particles of varying sizes which were imbedded in 
Kapton HN polyimide matrix (Figure 1a). These particles have been shown to be the slip addi-
tive to the polyimide matrix of Kapton HN [14, 28]. As shown in Figure 1a, the majority of the 
slip additive particles exuded to the substrate surface, which is consistent with a previous obser-
vation [29]. The large hump (with 2θ ranging from ˜10° to ˜35°) and the sharp narrow peaks in 
the X-ray diffraction (XRD) pattern of the Kapton HN films (Figure 1b) indicated the presence 
of amorphous and crystalline components, respectively. Apparently the amorphous moiety 
was the polyimide polymer and crystalline moiety the slip additive. While calcium phosphate 
dibasic (CaHPO4) might be present in the additive as previously reported [14], the crystalline 
peaks in the XRD pattern of the Kapton HN films matched very well with those of calcium 
carbonate (CaCO3) (ICDD reference code 04–001-7249) (Figure 1b) but did not match any of 
the CaHPO4 peaks. Significant carbon and oxygen peaks and a small calcium peak showed up 
in the energy dispersive X-ray spectroscopy (EDX) pattern of the Kapton substrate (Figure 1c).

To better characterize the slip additive in Kapton HN films, efforts were made to minimize 
the interference from the polyimide polymer matrix. Kapton HN films were fired at 800°C for 
2 hours in air (this firing treatment has been shown to be efficient to pyrolyze the entire poly-
imide polymer moiety in Kapton HN [30]) to remove the polyimide polymer. The remaining 
inorganic components were characterized with scanning electron microscopy (SEM), EDX, 
and XRD analyses.

Figure 1. Kapton HN film characterization. (a) Optical microscopy analysis of a blank Kapton HN film. (b) XRD analysis 
of the specimen shown in (a) (pattern ①) and reference CaCO3 (pattern ②, ICDD reference code 04–001-7249) (inset: 
Locally enlarged XRD pattern to show the area with a 2θ of from 50° to 100°). (c) EDX analysis of the specimen shown 
in (a) (inset: Locally enlarged EDX pattern to show the calcium peak) [2] (licensed under creative commons attribution 
4.0 international license).
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electrical properties as well as exceptional thermal and chemical stability. However, such 
films feature an inert and highly hydrophobic surface. Hydrophilic (e.g. water-based) fluids 
(solutions, suspensions, inks, etc.) will ball up on such surfaces (due to “lotus effect”) [1, 2]. 
However, for fabrication of an entire electronic device, both organic solvent- and water-based 
fluids are usually needed to deposit functional materials on the same substrate surface. As a 
result, surface modifying polyimide substrates to reduce their inherent surface hydrophobic-
ity and/or inertness is usually needed to allow for the continuous and uniform deposition 
with both organic solvent- and water-based fluids.

Traditionally, polyimide substrates are surface modified with a number of methods including 
plasma [3, 4] and ion-beam [5, 6] etching, UV/ozone exposure [3, 7], acid [3, 8] and/or base [9, 10]  
treatments, and laser ablation [11, 12]. These methods, however, usually compromise the 
structural integrity and the properties (such as the cohesive strength, and the thermal and 
chemical stability) of the polyimide substrate, since they utilize relatively harsh conditions to  
oxidize and/or tear out part of the surface polyimide. Additionally, the wastes and by-products  
(such as acrolein which is extremely irritating, strong bases and acids which are corrosive, 
and benzene which is carcinogenic) generated from these harsh treatments can raise serious 
environmental and safety issues (especially when the treatments are performed indoors and/
or in large scales). For example, incubation with a sodium hydroxide solution has been one of 
the most common traditional methods to tune the surface properties of Kapton polyimide sub-
strates [9, 10, 13], but such a treatment not only generates highly corrosive strong base waste 
but also tears out some surface polyimide resulting in pits in the Kapton surface [14]. The 
defects on structurally damaged Kapton films would result in not only poor deposition qual-
ity of the device components but also weakened mechanic strength of the resulting devices. 
The increasingly growing of flexible electronic devices (such as flexible displays [15], electronic 
paper [16, 17], photovoltaic cells [18, 19], sensors [1, 2, 20–23], LEDs [24], electronic textiles [25],  
RF tags [26], and electrochemical devices [27], etc.) is calling for mild and environmentally 
friendly surface modification approaches which can minimize the compromise to the struc-
tural integrity and the properties of Kapton polyimide substrates while efficiently tuning the 
surface properties of the substrates. To take full advantage of the properties of Kapton HN 
films, any surface modification to such films should avoid as much as possible compromising 
their structural integrity and properties. For extremely thin Kapton HN films, such as Kapton 
30HN (thickness 7.5 μm), 50HN (thickness 12.7 μm), and 75HN (thickness 19.1 μm), it is criti-
cal to make sure that their surface modification is non- or minimally destructive.

Kapton HN films have a slip additive incorporated in the polyimide matrix to enhance their 
mechanical properties [13]. The nature of the additive, however, has been very scarcely 
reported in the literature. Williams et al. has mentioned, but without providing supporting 
data, that the additive in Kapton HN films was calcium phosphate dibasic (CaHPO4) [14]. 
This chapter first describes the characterization of Kapton 500HN films particularly of their 
slip additive, then introduces two recently-developed mild and environmentally friendly wet 
chemical approaches for surface modification of Kapton HN films to allow for not only great 
printability of both water- and organic solvent-based inks but also strong adhesion between 
the inkjet-printed traces and the surface modified substrates. Unlike the aforementioned tra-
ditional Kapton surface modification methods which target, and oxidize and/or tear out part 
of, the surface polyimide matrix, the approaches described in this chapter target the electric 
charges on the slip additive particles.
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In this section, a number of characterizations were performed on as-received Kapton 500HN 
films (a gift from Dupont, Wilmington, DE, USA) particularly on their slip additive. The opti-
cal microscopy analysis of the films showed particles of varying sizes which were imbedded in 
Kapton HN polyimide matrix (Figure 1a). These particles have been shown to be the slip addi-
tive to the polyimide matrix of Kapton HN [14, 28]. As shown in Figure 1a, the majority of the 
slip additive particles exuded to the substrate surface, which is consistent with a previous obser-
vation [29]. The large hump (with 2θ ranging from ˜10° to ˜35°) and the sharp narrow peaks in 
the X-ray diffraction (XRD) pattern of the Kapton HN films (Figure 1b) indicated the presence 
of amorphous and crystalline components, respectively. Apparently the amorphous moiety 
was the polyimide polymer and crystalline moiety the slip additive. While calcium phosphate 
dibasic (CaHPO4) might be present in the additive as previously reported [14], the crystalline 
peaks in the XRD pattern of the Kapton HN films matched very well with those of calcium 
carbonate (CaCO3) (ICDD reference code 04–001-7249) (Figure 1b) but did not match any of 
the CaHPO4 peaks. Significant carbon and oxygen peaks and a small calcium peak showed up 
in the energy dispersive X-ray spectroscopy (EDX) pattern of the Kapton substrate (Figure 1c).

To better characterize the slip additive in Kapton HN films, efforts were made to minimize 
the interference from the polyimide polymer matrix. Kapton HN films were fired at 800°C for 
2 hours in air (this firing treatment has been shown to be efficient to pyrolyze the entire poly-
imide polymer moiety in Kapton HN [30]) to remove the polyimide polymer. The remaining 
inorganic components were characterized with scanning electron microscopy (SEM), EDX, 
and XRD analyses.

Figure 1. Kapton HN film characterization. (a) Optical microscopy analysis of a blank Kapton HN film. (b) XRD analysis 
of the specimen shown in (a) (pattern ①) and reference CaCO3 (pattern ②, ICDD reference code 04–001-7249) (inset: 
Locally enlarged XRD pattern to show the area with a 2θ of from 50° to 100°). (c) EDX analysis of the specimen shown 
in (a) (inset: Locally enlarged EDX pattern to show the calcium peak) [2] (licensed under creative commons attribution 
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electrical properties as well as exceptional thermal and chemical stability. However, such 
films feature an inert and highly hydrophobic surface. Hydrophilic (e.g. water-based) fluids 
(solutions, suspensions, inks, etc.) will ball up on such surfaces (due to “lotus effect”) [1, 2]. 
However, for fabrication of an entire electronic device, both organic solvent- and water-based 
fluids are usually needed to deposit functional materials on the same substrate surface. As a 
result, surface modifying polyimide substrates to reduce their inherent surface hydrophobic-
ity and/or inertness is usually needed to allow for the continuous and uniform deposition 
with both organic solvent- and water-based fluids.

Traditionally, polyimide substrates are surface modified with a number of methods including 
plasma [3, 4] and ion-beam [5, 6] etching, UV/ozone exposure [3, 7], acid [3, 8] and/or base [9, 10]  
treatments, and laser ablation [11, 12]. These methods, however, usually compromise the 
structural integrity and the properties (such as the cohesive strength, and the thermal and 
chemical stability) of the polyimide substrate, since they utilize relatively harsh conditions to  
oxidize and/or tear out part of the surface polyimide. Additionally, the wastes and by-products  
(such as acrolein which is extremely irritating, strong bases and acids which are corrosive, 
and benzene which is carcinogenic) generated from these harsh treatments can raise serious 
environmental and safety issues (especially when the treatments are performed indoors and/
or in large scales). For example, incubation with a sodium hydroxide solution has been one of 
the most common traditional methods to tune the surface properties of Kapton polyimide sub-
strates [9, 10, 13], but such a treatment not only generates highly corrosive strong base waste 
but also tears out some surface polyimide resulting in pits in the Kapton surface [14]. The 
defects on structurally damaged Kapton films would result in not only poor deposition qual-
ity of the device components but also weakened mechanic strength of the resulting devices. 
The increasingly growing of flexible electronic devices (such as flexible displays [15], electronic 
paper [16, 17], photovoltaic cells [18, 19], sensors [1, 2, 20–23], LEDs [24], electronic textiles [25],  
RF tags [26], and electrochemical devices [27], etc.) is calling for mild and environmentally 
friendly surface modification approaches which can minimize the compromise to the struc-
tural integrity and the properties of Kapton polyimide substrates while efficiently tuning the 
surface properties of the substrates. To take full advantage of the properties of Kapton HN 
films, any surface modification to such films should avoid as much as possible compromising 
their structural integrity and properties. For extremely thin Kapton HN films, such as Kapton 
30HN (thickness 7.5 μm), 50HN (thickness 12.7 μm), and 75HN (thickness 19.1 μm), it is criti-
cal to make sure that their surface modification is non- or minimally destructive.

Kapton HN films have a slip additive incorporated in the polyimide matrix to enhance their 
mechanical properties [13]. The nature of the additive, however, has been very scarcely 
reported in the literature. Williams et al. has mentioned, but without providing supporting 
data, that the additive in Kapton HN films was calcium phosphate dibasic (CaHPO4) [14]. 
This chapter first describes the characterization of Kapton 500HN films particularly of their 
slip additive, then introduces two recently-developed mild and environmentally friendly wet 
chemical approaches for surface modification of Kapton HN films to allow for not only great 
printability of both water- and organic solvent-based inks but also strong adhesion between 
the inkjet-printed traces and the surface modified substrates. Unlike the aforementioned tra-
ditional Kapton surface modification methods which target, and oxidize and/or tear out part 
of, the surface polyimide matrix, the approaches described in this chapter target the electric 
charges on the slip additive particles.
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2. Characterization of Kapton HN films

In this section, a number of characterizations were performed on as-received Kapton 500HN 
films (a gift from Dupont, Wilmington, DE, USA) particularly on their slip additive. The opti-
cal microscopy analysis of the films showed particles of varying sizes which were imbedded in 
Kapton HN polyimide matrix (Figure 1a). These particles have been shown to be the slip addi-
tive to the polyimide matrix of Kapton HN [14, 28]. As shown in Figure 1a, the majority of the 
slip additive particles exuded to the substrate surface, which is consistent with a previous obser-
vation [29]. The large hump (with 2θ ranging from ˜10° to ˜35°) and the sharp narrow peaks in 
the X-ray diffraction (XRD) pattern of the Kapton HN films (Figure 1b) indicated the presence 
of amorphous and crystalline components, respectively. Apparently the amorphous moiety 
was the polyimide polymer and crystalline moiety the slip additive. While calcium phosphate 
dibasic (CaHPO4) might be present in the additive as previously reported [14], the crystalline 
peaks in the XRD pattern of the Kapton HN films matched very well with those of calcium 
carbonate (CaCO3) (ICDD reference code 04–001-7249) (Figure 1b) but did not match any of 
the CaHPO4 peaks. Significant carbon and oxygen peaks and a small calcium peak showed up 
in the energy dispersive X-ray spectroscopy (EDX) pattern of the Kapton substrate (Figure 1c).

To better characterize the slip additive in Kapton HN films, efforts were made to minimize 
the interference from the polyimide polymer matrix. Kapton HN films were fired at 800°C for 
2 hours in air (this firing treatment has been shown to be efficient to pyrolyze the entire poly-
imide polymer moiety in Kapton HN [30]) to remove the polyimide polymer. The remaining 
inorganic components were characterized with scanning electron microscopy (SEM), EDX, 
and XRD analyses.

Figure 1. Kapton HN film characterization. (a) Optical microscopy analysis of a blank Kapton HN film. (b) XRD analysis 
of the specimen shown in (a) (pattern ①) and reference CaCO3 (pattern ②, ICDD reference code 04–001-7249) (inset: 
Locally enlarged XRD pattern to show the area with a 2θ of from 50° to 100°). (c) EDX analysis of the specimen shown 
in (a) (inset: Locally enlarged EDX pattern to show the calcium peak) [2] (licensed under creative commons attribution 
4.0 international license).
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As shown in Figure 2a and b, the size of the ash particles varied significantly, from less than 
100 nm to several microns, with the large particles probably resulting from the sintering and 
agglomeration of the fine ones [14]. The EDX analysis of the ash showed the presence of the 
elements of oxygen, calcium, and phosphorus (Figure 2c). The XRD analysis of the ash showed 
the presence of only calcium pyrophosphate Ca2P2O7 (ICDD Reference code 04–009-6231) 
(Figure 2d). Compared with the XRD pattern of the as-received Kapton HN films (Figure 1b),  
the XRD pattern of the pyrolyzed films (Figure 2d) indicated the disappearance of CaCO3 and 
the presence of Ca2P2O7. The composition change was due to the multiple chemical reactions 
(such as the decomposition of CaCO3 into CaO and CO2 [31]) taken place during the pyrolyz-
ing process. Combining Figure 1 (characterization of Kapton HN) and Figure 2 (character-
ization of the Kapton HN ash resulted from pyrolysis), we can conclude that the additive in 
Kapton HN was composed of CaCO3 (crystalline) and one or more phosphorus-containing 
compounds (crystalline or amorphous). Any calcium phosphate compounds, if present as 
previously reported [14] in the additive, must be either crystalline but in a small amount 
(i.e. beyond the detection limit of the diffractometer used for the XRD analyses) or amor-
phous, or both. While the exact nature of the additive in Kapton HN is probably proprietary  

Figure 2. Characterization of the Kapton HN ash resulted from the pyrolysis of Kapton HN films at 800°C for 2 hours 
in air. (a) and (b) SEM images of the ash with low (a) and high (b) magnifications. (c) EDX pattern of the ash. (d) XRD 
patterns of both the ash (pattern ①) and reference calcium pyrophosphate Ca2P2O7 (pattern ②. ICDD reference code 
04–009-6231) [2] (licensed under creative commons attribution 4.0 international license).
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and unknown to the public, XRD analyses showed that crystalline CaCO3 was present in the 
additive in a significant amount (Figure 1b). With an isoelectric point of 8.2 [32], crystalline 
CaCO3 bears positive charges at a neutral or acidic pH. The two recently developed mild and 
environmentally friendly wet chemical approaches described below both target the surface 
electric charges borne by the additive particles imbedded in the polyimide matrix of Kapton 
HN films.

3. A bio-enabled maximally mild layer-by-layer Kapton surface 
modification approach

Protamine has been clinically used to reverse the anticoagulant effects of heparin by bind-
ing to it [33, 34]. The development of the present bio-enabled surface modification approach 
was inspired by the in vivo antagonizing interaction of these two clinically used biological 
molecules. In this surface modification process, negatively charged heparin and positively 
charged protamine were used to uniformly deposit a thin film of protamine-heparin complex 
on Kapton HN substrates in a layer-by-layer fashion. The surface modification process was 
conducted under maximally mild conditions (in aqueous solutions of clinical biomolecules, 
and at a neutral pH, room temperature and atmospheric pressure). During the process the 
positively charged additive particles (e.g. CaCO3 particles) on the Kapton HN surface enabled 
binding of the initial heparin (negatively charged) layer via electrostatic interaction. After the 
initial binding of heparin, the layer-by-layer uniform deposition of the protamine-heparin 
complex on Kapton HN was realized by the electrostatic interaction between the oppositely 
charged protamine and heparin molecules.

As far as we know, the present bio-inspired method was the first to use environmentally 
friendly clinical biomolecules for substrate surface modification. It is also the first surface mod-
ification approach performed under maximally mild and minimally destructive conditions.

3.1. Surface modification of Kapton HN films

A small Kapton piece with appropriate dimensions (e.g., 50 mm × 50 mm) was cut from a 
Kapton 500HN sheet. After a brief rinse with a phosphate buffer (0.2 M, pH 7.0), the Kapton 
piece was incubated for 10 min with a heparin sodium solution (10 mg/ml, pH 7.0) in the 
phosphate buffer followed by rinsing three times with the phosphate buffer. The Kapton 
piece was then incubated for 10 min with a protamine sulfate solution (10 mg/ml, pH 7.0) in 
the phosphate buffer followed by rinsing three times with the phosphate buffer. This process 
(heparin/rinse/protamine/rinse) was performed for a total of 5 times. Finally, the Kapton piece 
was rinsed with DI water and dried in air at 60°C for 2 hours.

A control surface modification process was conducted to validate the hypothesis that the 
surface modification process was facilitated by the positive electric charges on the Kapton 
HN surface. The control process was similar to the standard process described earlier, except 
that the heparin solution used in each deposition cycle was supplemented with 1 M sodium 
chloride.
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and unknown to the public, XRD analyses showed that crystalline CaCO3 was present in the 
additive in a significant amount (Figure 1b). With an isoelectric point of 8.2 [32], crystalline 
CaCO3 bears positive charges at a neutral or acidic pH. The two recently developed mild and 
environmentally friendly wet chemical approaches described below both target the surface 
electric charges borne by the additive particles imbedded in the polyimide matrix of Kapton 
HN films.

3. A bio-enabled maximally mild layer-by-layer Kapton surface 
modification approach

Protamine has been clinically used to reverse the anticoagulant effects of heparin by bind-
ing to it [33, 34]. The development of the present bio-enabled surface modification approach 
was inspired by the in vivo antagonizing interaction of these two clinically used biological 
molecules. In this surface modification process, negatively charged heparin and positively 
charged protamine were used to uniformly deposit a thin film of protamine-heparin complex 
on Kapton HN substrates in a layer-by-layer fashion. The surface modification process was 
conducted under maximally mild conditions (in aqueous solutions of clinical biomolecules, 
and at a neutral pH, room temperature and atmospheric pressure). During the process the 
positively charged additive particles (e.g. CaCO3 particles) on the Kapton HN surface enabled 
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As shown in Figure 2a and b, the size of the ash particles varied significantly, from less than 
100 nm to several microns, with the large particles probably resulting from the sintering and 
agglomeration of the fine ones [14]. The EDX analysis of the ash showed the presence of the 
elements of oxygen, calcium, and phosphorus (Figure 2c). The XRD analysis of the ash showed 
the presence of only calcium pyrophosphate Ca2P2O7 (ICDD Reference code 04–009-6231) 
(Figure 2d). Compared with the XRD pattern of the as-received Kapton HN films (Figure 1b),  
the XRD pattern of the pyrolyzed films (Figure 2d) indicated the disappearance of CaCO3 and 
the presence of Ca2P2O7. The composition change was due to the multiple chemical reactions 
(such as the decomposition of CaCO3 into CaO and CO2 [31]) taken place during the pyrolyz-
ing process. Combining Figure 1 (characterization of Kapton HN) and Figure 2 (character-
ization of the Kapton HN ash resulted from pyrolysis), we can conclude that the additive in 
Kapton HN was composed of CaCO3 (crystalline) and one or more phosphorus-containing 
compounds (crystalline or amorphous). Any calcium phosphate compounds, if present as 
previously reported [14] in the additive, must be either crystalline but in a small amount 
(i.e. beyond the detection limit of the diffractometer used for the XRD analyses) or amor-
phous, or both. While the exact nature of the additive in Kapton HN is probably proprietary  

Figure 2. Characterization of the Kapton HN ash resulted from the pyrolysis of Kapton HN films at 800°C for 2 hours 
in air. (a) and (b) SEM images of the ash with low (a) and high (b) magnifications. (c) EDX pattern of the ash. (d) XRD 
patterns of both the ash (pattern ①) and reference calcium pyrophosphate Ca2P2O7 (pattern ②. ICDD reference code 
04–009-6231) [2] (licensed under creative commons attribution 4.0 international license).
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additive in a significant amount (Figure 1b). With an isoelectric point of 8.2 [32], crystalline 
CaCO3 bears positive charges at a neutral or acidic pH. The two recently developed mild and 
environmentally friendly wet chemical approaches described below both target the surface 
electric charges borne by the additive particles imbedded in the polyimide matrix of Kapton 
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modification approach
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3.2. Printability assessment

Figure 3a and b show the optical images with low and high magnifications, respectively, of 
some proof-of-concept silver interdigitated electrode (IDE) patterns inkjet-printed on a surface-
modified Kapton substrate with an ethanediol-based silver nanoparticle ink (Sun Chemical 
Corporation, Parsippany, NJ, USA), while Figure 3c shows the optical image of some proof-of-
concept graphene patches inkjet-printed on a surface modified Kapton substrate with a cyclo-
hexanone/terpineol-based graphene ink which had been formulated based on the procedures 
described by Secor et al. [35]. Both the silver (Figure 3a and b) and the graphene (Figure 3c)  
patterns printed with organic solvent-based inks were very similar to the designs and exhib-
ited accurately controlled shapes with sharp edges.

A number of shapes (rectangle, circle with a 100 μm-wide gap in the center, and diamond) 
were then printed on both surface unmodified and surface modified Kapton HN films with a 
home-made water-based graphene oxide (GO) ink. As shown in Figure 4a–c, accurately con-
trolled shapes were able to be inkjet-printed as designed on a surface modified Kapton HN 
film. On the other hand, the GO ink drops balled up and formed isolated small “islands” on 
a surface unmodified Kapton HN film (Figure 4d–f). As shown in Figure 4g–i, the GO ink 
that was printed on the Kapton film which had been treated with the control process (which 
was similar to the standard process except that the heparin solution used in each deposition 
cycle was supplemented with 1 M sodium chloride) balled up and exhibited isolated small 
“islands,” similar to the patterns with surface unmodified Kapton HN shown in Figure 4d–f. 
This validated the hypothesis that the present surface modification method was made possible 
by the electric charges on the Kapton HN surface. Indeed, with such a high concentration of 
NaCl present in the heparin solution, the Cl¯ ions will screen the positive electric charges on 
the Kapton HN film surface. As a result, the initial heparin binding to the blank substrate film, 
and the subsequent protamine and heparin binding to the substrate, will all be drastically 

Figure 3. Optical images of proof-of-concept silver IDEs and graphene patches printed on surface modified Kapton HN 
films with an ethanediol-based silver nanoparticle ink and a cyclohexanone/terpineol-based graphene ink, respectively. 
(a) and (b) Low (a) and high (b) magnification optical images of the silver IDEs fabricated by printing (for five passes) 
the silver nanoparticle ink on a surface modified Kapton film followed by annealing at 120°C for 3 hours. (c) Optical 
image of the graphene patches fabricated by printing (for five passes) the graphene ink on a surface modified Kapton 
film followed by drying at 100°C for 1 hour [2] (licensed under creative commons attribution 4.0 international license).
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reduced. Consequently, the Kapton HN film will not be properly surface modified and its 
surface properties were hardly tuned.

For ink particles which are electrically charged under particular experimental conditions, the 
present surface modification method can enhance the uniformity of the thin films deposited 
on the resulting substrate. This is realized via reduction of “coffee ring effect” during the dry-
ing process. In the case of inkjet-printing, “coffee ring effect” results in an appreciable amount 
of more solid ink material deposited at the substrate perimeter than the other areas upon ink 
drying. The present surface modification method can choose to terminate the substrate surface 
with either negatively charged heparin or positively charged protamine. Terminating the sub-
strate surface with opposite electric charges of the ink particles will enable local electrostatic 
interaction between the substrate surface and the ink particles. Consequently, the migration 
of the ink particles to the substrate perimeter during drying will be drastically reduced and 
the uniformity of the inkjet-printed thin films significantly enhanced after drying.

3.3. Fabrication and sensing tests of all-inkjet-printed flexible gas sensors

A flexible multilayered gas sensor was inkjet-printed adhering to the following steps: A 
Kapton HN film was treated with the process described in the present work, and a water-based  

Figure 4. Printability assessment of a water-based GO ink on regularly surface modified (a, b, c), surface unmodified 
(d, e, f) Kapton HN, and Kapton HN which had been surface modified with a control process which was similar to the 
regular surface modification process except that 1 M NaCl was supplemented to the heparin solution (g, h, i) [2] (licensed 
under creative commons attribution 4.0 international license).

Surface Modification of Polyimide Films for Inkjet-Printing of Flexible Electronic Devices
http://dx.doi.org/10.5772/intechopen.76450

7

3.2. Printability assessment

Figure 3a and b show the optical images with low and high magnifications, respectively, of 
some proof-of-concept silver interdigitated electrode (IDE) patterns inkjet-printed on a surface-
modified Kapton substrate with an ethanediol-based silver nanoparticle ink (Sun Chemical 
Corporation, Parsippany, NJ, USA), while Figure 3c shows the optical image of some proof-of-
concept graphene patches inkjet-printed on a surface modified Kapton substrate with a cyclo-
hexanone/terpineol-based graphene ink which had been formulated based on the procedures 
described by Secor et al. [35]. Both the silver (Figure 3a and b) and the graphene (Figure 3c)  
patterns printed with organic solvent-based inks were very similar to the designs and exhib-
ited accurately controlled shapes with sharp edges.

A number of shapes (rectangle, circle with a 100 μm-wide gap in the center, and diamond) 
were then printed on both surface unmodified and surface modified Kapton HN films with a 
home-made water-based graphene oxide (GO) ink. As shown in Figure 4a–c, accurately con-
trolled shapes were able to be inkjet-printed as designed on a surface modified Kapton HN 
film. On the other hand, the GO ink drops balled up and formed isolated small “islands” on 
a surface unmodified Kapton HN film (Figure 4d–f). As shown in Figure 4g–i, the GO ink 
that was printed on the Kapton film which had been treated with the control process (which 
was similar to the standard process except that the heparin solution used in each deposition 
cycle was supplemented with 1 M sodium chloride) balled up and exhibited isolated small 
“islands,” similar to the patterns with surface unmodified Kapton HN shown in Figure 4d–f. 
This validated the hypothesis that the present surface modification method was made possible 
by the electric charges on the Kapton HN surface. Indeed, with such a high concentration of 
NaCl present in the heparin solution, the Cl¯ ions will screen the positive electric charges on 
the Kapton HN film surface. As a result, the initial heparin binding to the blank substrate film, 
and the subsequent protamine and heparin binding to the substrate, will all be drastically 

Figure 3. Optical images of proof-of-concept silver IDEs and graphene patches printed on surface modified Kapton HN 
films with an ethanediol-based silver nanoparticle ink and a cyclohexanone/terpineol-based graphene ink, respectively. 
(a) and (b) Low (a) and high (b) magnification optical images of the silver IDEs fabricated by printing (for five passes) 
the silver nanoparticle ink on a surface modified Kapton film followed by annealing at 120°C for 3 hours. (c) Optical 
image of the graphene patches fabricated by printing (for five passes) the graphene ink on a surface modified Kapton 
film followed by drying at 100°C for 1 hour [2] (licensed under creative commons attribution 4.0 international license).

Flexible Electronics6
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GO ink was then used to inkjet-print a GO patch on the resulting Kapton substrate. The elec-
trically non-conductive GO patch was converted into its conductive reduced graphene oxide 
(rGO) counterpart by firing at 300°C for 1 hour in nitrogen. A selector layer was inkjet-printed 
on the resulting rGO patch with a dimethylformamide- (DMF-) based ink containing 10 mg/
ml of 2-(2-hydroxy-1, 1, 1, 3, 3, 3-hexafluoropropyl)-1-naphthol. An ethanediol-based silver 
nanoparticle ink was then used to print two silver electrodes. To achieve an optimum con-
tact between the rGO patch and the silver electrodes, both electrodes overlapped the rGO 
patch by 1.5 mm. Finally the resulting multi-layered sensor prototype was fired at 120°C for 
3 hours to remove the organic molecules coated on the silver nanoparticles and to anneal the 
silver nanoparticles for desired conductivity. Figure 5a shows an optical image of a typical 
multi-layered gas sensor prototype fabricated with the procedures described above. A flexible 
single-layered sensor was similarly fabricated except that the selector layer was not printed. 
Both the multi- and the single-layered sensors were flexible, ultra-lightweight (˜25 mg), and 
miniature sized (~1.5 cm x 1.0 cm).

Gas sensing was then performed with both multi- and single-layered sensors. A dimethyl 
methylphosphonate (DMMP) vapor of 2.5 ppm was generated from a DMMP permeation 
tube (KIN-TEK Laboratories, Inc., La Marque, TX, USA) installed in a FlexStream™ Gas 
Standards Generator (KIN-TEK Laboratories, Inc.) and carried by nitrogen with a flow rate 
of 500 sccm. The relative sensitivity of a multi-layered (black solid line) and a single-layered 
(red-dashed line) sensor upon exposure to 2.5 ppm DMMP is shown in Figure 5b. The relative 
sensitivity (S) is defined by the following formula:

  S =   
R −  R  0   ____  R  0  

    

where R0 is the resistance between the two silver electrodes of a sensor before the exposure to 
the DMMP vapor and R that at a particular time after the exposure.

SEM analyses were performed to examine the micro-/nano-morphology of the inkjet-printed 
GO patterns. A GO patch inkjet-printed (ten passes) on a surface modified Kapton HN film was 
dried at 95°C under vacuum overnight (to remove the glycerol and the water in the GO ink)  
and then subjected to SEM analyses. Under a scanning electron microscope, the dried GO 

Figure 5. (a) Optical image of a flexible, rGO-based, multi-layered gas sensor inkjet-printed on a surface modified Kapton 
HN film (the GO ink was printed for 10 passes, the selector ink for one pass, and the silver ink for 5 passes). (b) Relative 
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square had sharp edges as designed and the GO flakes were well interconnected with no 
observable cracks (Figure 6a and b).

3.4. Bend cycling tests on an all-inkjet-printed flexible gas sensor

A four-point bend tester (TestResources, Inc., Shakopee, MN, USA) controlled by R Controller 
software (TestResources, Inc.) was used to conduct the bend cycling tests. A fully inkjet-
printed single-layered gas sensor was mounted on the bend tester with a home-made mount-
ing system. The sensor was bent, with an amplitude of 20 mm and a bend rate of 1 mm/
second, to a radius of curvature of 1 cm 1000 times in tension and then another 1000 times in 
compression to the same radius of curvature. After the 2000 bending cycles, the resistance of 
the sensor was measured with a multimeter and its morphology examined with an optical 
microscope. It was found that the resistance of the sensor after the bend test was virtually 
the same as that before the test (i.e. ~14 kΩ) and no morphological changes were observed 
during the optical analyses. Keeping the amplitude and the bend rate the same, the radius of 
curvature was reduced to 0.5 cm and the sensor was bent 1000 times in tension and another 
1000 times in compression, followed by conductivity and morphology examination. Again, 
apparent conductivity or morphological changes were not observed.

3.5. Peel testes on an all-inkjet-printed flexible gas sensor

Peel tests were performed via a qualitative Scotch-tape peel test to evaluate the adhesion of an 
inkjet-printed single-layered gas sensor to the surface modified Kapton film. The adhesive side 
of a piece of Scotch® magic tape (3 M Company, St. Paul, MN, USA) was firmly pressed against 
the sensor and then peeled off [36, 37]. By visual inspection and optical microscopic analy-
ses, all three components of the sensor (two silver electrodes and one rGO patch) remained 
attached to the substrate and retained their intactness after the tape had been peeled off.

4. A computer-controlled polyelectrolyte multilayer-based layer-by-
layer Kapton surface modification approach

This is a computer-controlled, facile, environmentally friendly, low-cost, readily scalable, 
and layer-by-layer deposition process. This process used two weak polyelectrolytes, poly 

Figure 6. SEM images with low (a) and high (b) magnifications of an inkjet-printed (10 passes) and dried GO film on a 
surface modified Kapton HN film [2] (licensed under creative commons attribution 4.0 international license).

Surface Modification of Polyimide Films for Inkjet-Printing of Flexible Electronic Devices
http://dx.doi.org/10.5772/intechopen.76450

9

GO ink was then used to inkjet-print a GO patch on the resulting Kapton substrate. The elec-
trically non-conductive GO patch was converted into its conductive reduced graphene oxide 
(rGO) counterpart by firing at 300°C for 1 hour in nitrogen. A selector layer was inkjet-printed 
on the resulting rGO patch with a dimethylformamide- (DMF-) based ink containing 10 mg/
ml of 2-(2-hydroxy-1, 1, 1, 3, 3, 3-hexafluoropropyl)-1-naphthol. An ethanediol-based silver 
nanoparticle ink was then used to print two silver electrodes. To achieve an optimum con-
tact between the rGO patch and the silver electrodes, both electrodes overlapped the rGO 
patch by 1.5 mm. Finally the resulting multi-layered sensor prototype was fired at 120°C for 
3 hours to remove the organic molecules coated on the silver nanoparticles and to anneal the 
silver nanoparticles for desired conductivity. Figure 5a shows an optical image of a typical 
multi-layered gas sensor prototype fabricated with the procedures described above. A flexible 
single-layered sensor was similarly fabricated except that the selector layer was not printed. 
Both the multi- and the single-layered sensors were flexible, ultra-lightweight (˜25 mg), and 
miniature sized (~1.5 cm x 1.0 cm).

Gas sensing was then performed with both multi- and single-layered sensors. A dimethyl 
methylphosphonate (DMMP) vapor of 2.5 ppm was generated from a DMMP permeation 
tube (KIN-TEK Laboratories, Inc., La Marque, TX, USA) installed in a FlexStream™ Gas 
Standards Generator (KIN-TEK Laboratories, Inc.) and carried by nitrogen with a flow rate 
of 500 sccm. The relative sensitivity of a multi-layered (black solid line) and a single-layered 
(red-dashed line) sensor upon exposure to 2.5 ppm DMMP is shown in Figure 5b. The relative 
sensitivity (S) is defined by the following formula:

  S =   
R −  R  0   ____  R  0  

    

where R0 is the resistance between the two silver electrodes of a sensor before the exposure to 
the DMMP vapor and R that at a particular time after the exposure.

SEM analyses were performed to examine the micro-/nano-morphology of the inkjet-printed 
GO patterns. A GO patch inkjet-printed (ten passes) on a surface modified Kapton HN film was 
dried at 95°C under vacuum overnight (to remove the glycerol and the water in the GO ink)  
and then subjected to SEM analyses. Under a scanning electron microscope, the dried GO 

Figure 5. (a) Optical image of a flexible, rGO-based, multi-layered gas sensor inkjet-printed on a surface modified Kapton 
HN film (the GO ink was printed for 10 passes, the selector ink for one pass, and the silver ink for 5 passes). (b) Relative 
sensitivity of the multi-layered (black solid line) and the single-layered (red dashed line) gas sensors upon exposure to 
2.5 ppm dimethyl methylphosphonate [2] (licensed under creative commons attribution 4.0 international license).
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square had sharp edges as designed and the GO flakes were well interconnected with no 
observable cracks (Figure 6a and b).

3.4. Bend cycling tests on an all-inkjet-printed flexible gas sensor

A four-point bend tester (TestResources, Inc., Shakopee, MN, USA) controlled by R Controller 
software (TestResources, Inc.) was used to conduct the bend cycling tests. A fully inkjet-
printed single-layered gas sensor was mounted on the bend tester with a home-made mount-
ing system. The sensor was bent, with an amplitude of 20 mm and a bend rate of 1 mm/
second, to a radius of curvature of 1 cm 1000 times in tension and then another 1000 times in 
compression to the same radius of curvature. After the 2000 bending cycles, the resistance of 
the sensor was measured with a multimeter and its morphology examined with an optical 
microscope. It was found that the resistance of the sensor after the bend test was virtually 
the same as that before the test (i.e. ~14 kΩ) and no morphological changes were observed 
during the optical analyses. Keeping the amplitude and the bend rate the same, the radius of 
curvature was reduced to 0.5 cm and the sensor was bent 1000 times in tension and another 
1000 times in compression, followed by conductivity and morphology examination. Again, 
apparent conductivity or morphological changes were not observed.

3.5. Peel testes on an all-inkjet-printed flexible gas sensor

Peel tests were performed via a qualitative Scotch-tape peel test to evaluate the adhesion of an 
inkjet-printed single-layered gas sensor to the surface modified Kapton film. The adhesive side 
of a piece of Scotch® magic tape (3 M Company, St. Paul, MN, USA) was firmly pressed against 
the sensor and then peeled off [36, 37]. By visual inspection and optical microscopic analy-
ses, all three components of the sensor (two silver electrodes and one rGO patch) remained 
attached to the substrate and retained their intactness after the tape had been peeled off.

4. A computer-controlled polyelectrolyte multilayer-based layer-by-
layer Kapton surface modification approach

This is a computer-controlled, facile, environmentally friendly, low-cost, readily scalable, 
and layer-by-layer deposition process. This process used two weak polyelectrolytes, poly 

Figure 6. SEM images with low (a) and high (b) magnifications of an inkjet-printed (10 passes) and dried GO film on a 
surface modified Kapton HN film [2] (licensed under creative commons attribution 4.0 international license).
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GO ink was then used to inkjet-print a GO patch on the resulting Kapton substrate. The elec-
trically non-conductive GO patch was converted into its conductive reduced graphene oxide 
(rGO) counterpart by firing at 300°C for 1 hour in nitrogen. A selector layer was inkjet-printed 
on the resulting rGO patch with a dimethylformamide- (DMF-) based ink containing 10 mg/
ml of 2-(2-hydroxy-1, 1, 1, 3, 3, 3-hexafluoropropyl)-1-naphthol. An ethanediol-based silver 
nanoparticle ink was then used to print two silver electrodes. To achieve an optimum con-
tact between the rGO patch and the silver electrodes, both electrodes overlapped the rGO 
patch by 1.5 mm. Finally the resulting multi-layered sensor prototype was fired at 120°C for 
3 hours to remove the organic molecules coated on the silver nanoparticles and to anneal the 
silver nanoparticles for desired conductivity. Figure 5a shows an optical image of a typical 
multi-layered gas sensor prototype fabricated with the procedures described above. A flexible 
single-layered sensor was similarly fabricated except that the selector layer was not printed. 
Both the multi- and the single-layered sensors were flexible, ultra-lightweight (˜25 mg), and 
miniature sized (~1.5 cm x 1.0 cm).

Gas sensing was then performed with both multi- and single-layered sensors. A dimethyl 
methylphosphonate (DMMP) vapor of 2.5 ppm was generated from a DMMP permeation 
tube (KIN-TEK Laboratories, Inc., La Marque, TX, USA) installed in a FlexStream™ Gas 
Standards Generator (KIN-TEK Laboratories, Inc.) and carried by nitrogen with a flow rate 
of 500 sccm. The relative sensitivity of a multi-layered (black solid line) and a single-layered 
(red-dashed line) sensor upon exposure to 2.5 ppm DMMP is shown in Figure 5b. The relative 
sensitivity (S) is defined by the following formula:

  S =   
R −  R  0   ____  R  0  

    

where R0 is the resistance between the two silver electrodes of a sensor before the exposure to 
the DMMP vapor and R that at a particular time after the exposure.

SEM analyses were performed to examine the micro-/nano-morphology of the inkjet-printed 
GO patterns. A GO patch inkjet-printed (ten passes) on a surface modified Kapton HN film was 
dried at 95°C under vacuum overnight (to remove the glycerol and the water in the GO ink)  
and then subjected to SEM analyses. Under a scanning electron microscope, the dried GO 

Figure 5. (a) Optical image of a flexible, rGO-based, multi-layered gas sensor inkjet-printed on a surface modified Kapton 
HN film (the GO ink was printed for 10 passes, the selector ink for one pass, and the silver ink for 5 passes). (b) Relative 
sensitivity of the multi-layered (black solid line) and the single-layered (red dashed line) gas sensors upon exposure to 
2.5 ppm dimethyl methylphosphonate [2] (licensed under creative commons attribution 4.0 international license).
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square had sharp edges as designed and the GO flakes were well interconnected with no 
observable cracks (Figure 6a and b).

3.4. Bend cycling tests on an all-inkjet-printed flexible gas sensor

A four-point bend tester (TestResources, Inc., Shakopee, MN, USA) controlled by R Controller 
software (TestResources, Inc.) was used to conduct the bend cycling tests. A fully inkjet-
printed single-layered gas sensor was mounted on the bend tester with a home-made mount-
ing system. The sensor was bent, with an amplitude of 20 mm and a bend rate of 1 mm/
second, to a radius of curvature of 1 cm 1000 times in tension and then another 1000 times in 
compression to the same radius of curvature. After the 2000 bending cycles, the resistance of 
the sensor was measured with a multimeter and its morphology examined with an optical 
microscope. It was found that the resistance of the sensor after the bend test was virtually 
the same as that before the test (i.e. ~14 kΩ) and no morphological changes were observed 
during the optical analyses. Keeping the amplitude and the bend rate the same, the radius of 
curvature was reduced to 0.5 cm and the sensor was bent 1000 times in tension and another 
1000 times in compression, followed by conductivity and morphology examination. Again, 
apparent conductivity or morphological changes were not observed.

3.5. Peel testes on an all-inkjet-printed flexible gas sensor

Peel tests were performed via a qualitative Scotch-tape peel test to evaluate the adhesion of an 
inkjet-printed single-layered gas sensor to the surface modified Kapton film. The adhesive side 
of a piece of Scotch® magic tape (3 M Company, St. Paul, MN, USA) was firmly pressed against 
the sensor and then peeled off [36, 37]. By visual inspection and optical microscopic analy-
ses, all three components of the sensor (two silver electrodes and one rGO patch) remained 
attached to the substrate and retained their intactness after the tape had been peeled off.

4. A computer-controlled polyelectrolyte multilayer-based layer-by-
layer Kapton surface modification approach

This is a computer-controlled, facile, environmentally friendly, low-cost, readily scalable, 
and layer-by-layer deposition process. This process used two weak polyelectrolytes, poly 

Figure 6. SEM images with low (a) and high (b) magnifications of an inkjet-printed (10 passes) and dried GO film on a 
surface modified Kapton HN film [2] (licensed under creative commons attribution 4.0 international license).
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GO ink was then used to inkjet-print a GO patch on the resulting Kapton substrate. The elec-
trically non-conductive GO patch was converted into its conductive reduced graphene oxide 
(rGO) counterpart by firing at 300°C for 1 hour in nitrogen. A selector layer was inkjet-printed 
on the resulting rGO patch with a dimethylformamide- (DMF-) based ink containing 10 mg/
ml of 2-(2-hydroxy-1, 1, 1, 3, 3, 3-hexafluoropropyl)-1-naphthol. An ethanediol-based silver 
nanoparticle ink was then used to print two silver electrodes. To achieve an optimum con-
tact between the rGO patch and the silver electrodes, both electrodes overlapped the rGO 
patch by 1.5 mm. Finally the resulting multi-layered sensor prototype was fired at 120°C for 
3 hours to remove the organic molecules coated on the silver nanoparticles and to anneal the 
silver nanoparticles for desired conductivity. Figure 5a shows an optical image of a typical 
multi-layered gas sensor prototype fabricated with the procedures described above. A flexible 
single-layered sensor was similarly fabricated except that the selector layer was not printed. 
Both the multi- and the single-layered sensors were flexible, ultra-lightweight (˜25 mg), and 
miniature sized (~1.5 cm x 1.0 cm).

Gas sensing was then performed with both multi- and single-layered sensors. A dimethyl 
methylphosphonate (DMMP) vapor of 2.5 ppm was generated from a DMMP permeation 
tube (KIN-TEK Laboratories, Inc., La Marque, TX, USA) installed in a FlexStream™ Gas 
Standards Generator (KIN-TEK Laboratories, Inc.) and carried by nitrogen with a flow rate 
of 500 sccm. The relative sensitivity of a multi-layered (black solid line) and a single-layered 
(red-dashed line) sensor upon exposure to 2.5 ppm DMMP is shown in Figure 5b. The relative 
sensitivity (S) is defined by the following formula:

  S =   
R −  R  0   ____  R  0  

    

where R0 is the resistance between the two silver electrodes of a sensor before the exposure to 
the DMMP vapor and R that at a particular time after the exposure.

SEM analyses were performed to examine the micro-/nano-morphology of the inkjet-printed 
GO patterns. A GO patch inkjet-printed (ten passes) on a surface modified Kapton HN film was 
dried at 95°C under vacuum overnight (to remove the glycerol and the water in the GO ink)  
and then subjected to SEM analyses. Under a scanning electron microscope, the dried GO 

Figure 5. (a) Optical image of a flexible, rGO-based, multi-layered gas sensor inkjet-printed on a surface modified Kapton 
HN film (the GO ink was printed for 10 passes, the selector ink for one pass, and the silver ink for 5 passes). (b) Relative 
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square had sharp edges as designed and the GO flakes were well interconnected with no 
observable cracks (Figure 6a and b).

3.4. Bend cycling tests on an all-inkjet-printed flexible gas sensor

A four-point bend tester (TestResources, Inc., Shakopee, MN, USA) controlled by R Controller 
software (TestResources, Inc.) was used to conduct the bend cycling tests. A fully inkjet-
printed single-layered gas sensor was mounted on the bend tester with a home-made mount-
ing system. The sensor was bent, with an amplitude of 20 mm and a bend rate of 1 mm/
second, to a radius of curvature of 1 cm 1000 times in tension and then another 1000 times in 
compression to the same radius of curvature. After the 2000 bending cycles, the resistance of 
the sensor was measured with a multimeter and its morphology examined with an optical 
microscope. It was found that the resistance of the sensor after the bend test was virtually 
the same as that before the test (i.e. ~14 kΩ) and no morphological changes were observed 
during the optical analyses. Keeping the amplitude and the bend rate the same, the radius of 
curvature was reduced to 0.5 cm and the sensor was bent 1000 times in tension and another 
1000 times in compression, followed by conductivity and morphology examination. Again, 
apparent conductivity or morphological changes were not observed.

3.5. Peel testes on an all-inkjet-printed flexible gas sensor

Peel tests were performed via a qualitative Scotch-tape peel test to evaluate the adhesion of an 
inkjet-printed single-layered gas sensor to the surface modified Kapton film. The adhesive side 
of a piece of Scotch® magic tape (3 M Company, St. Paul, MN, USA) was firmly pressed against 
the sensor and then peeled off [36, 37]. By visual inspection and optical microscopic analy-
ses, all three components of the sensor (two silver electrodes and one rGO patch) remained 
attached to the substrate and retained their intactness after the tape had been peeled off.

4. A computer-controlled polyelectrolyte multilayer-based layer-by-
layer Kapton surface modification approach

This is a computer-controlled, facile, environmentally friendly, low-cost, readily scalable, 
and layer-by-layer deposition process. This process used two weak polyelectrolytes, poly 

Figure 6. SEM images with low (a) and high (b) magnifications of an inkjet-printed (10 passes) and dried GO film on a 
surface modified Kapton HN film [2] (licensed under creative commons attribution 4.0 international license).
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(acrylic acid) (PAA) and polyethylenimine (PEI), to apply polyelectrolyte multilayers (PEMs) 
on flexible Kapton HN films in an alternating, layer-by-layer fashion under controlled pH and 
ionic strength. Compared to strong polyelectrolytes, weak electrolytes have the advantage of 
controlling the PEM properties more systematically and simply [38]. To our knowledge, this 
work is the first to use only weak polyelectrolytes to surface modify Kapton substrates.

4.1. Computer-controlled polyelectrolyte multilayer-based surface modification of 
Kapton HN films

Small pieces of Kapton 500HN with appropriate dimensions (e.g. 95 mm x 95 mm) were cut 
from a Kapton 500HN sheet and cleaned by sonication, first with a 10 g/L suspension of 
Powdered Precision Cleaner (Alconox, Inc., White Plains, NY, USA) in DI water for 10 min 
and then with acetone for 10 min, in an ultrasonic cleaner (Model 2510. Branson Ultrasonics, 
Danbury, CT, USA). The cleaned Kapton films were rinsed three times with DI water, placed 
in the sample chamber of a custom-built, computer-controlled, automated deposition system, 
and then subjected to a layer-by-layer PEM deposition process. The PEM deposition process 
involved alternating exposure to two solutions of oppositely charged, relatively small poly-
electrolyte molecules, polyethylenimine (PEI. Branched, M.W. 1800 Dalton; Alfa Aesar, Ward 
Hill, MA, USA) and poly (acrylic acid) (PAA. Average M.W. ~1800 Dalton; Sigma-Aldrich, 
St. Louis, MO, USA). In a typical deposition cycle, the cleaned Kapton pieces were incubated 
for 10 min in a PAA aqueous solution (10 mg/ml. pH adjusted to 5.1 with NaOH) containing 
0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aqueous solution. The Kapton 
pieces were then incubated for 10 min in a PEI aqueous solution (10 mg/ml. pH adjusted to 
2.5 with HCl) containing 0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aque-
ous solution. Such a cycle was repeated to deposit the desired number of PEM layers on the 
Kapton pieces. To automate the deposition process, a peristaltic pump was used to deliver 
each of the polyelectrolyte solutions and the 0.5 M NaCl rinse solution to the sample chamber 
of the system. A two-way drain valve was used to remove the polyelectrolyte or the rinse 
solution to a waste chamber after a given incubation or rinsing step had been completed. 
A properly programmed microprocessor was used to operate the peristaltic pumps and the 
drain valve. After the desired number of deposition cycles has been finished, the resulting 
Kapton films were rinsed with DI water and dried in air at 60°C for 2 hours.

4.2. Contact angle measurements

Contact angle measurements were conducted (on a Rame-Hart goniometer equipped with a 
CCD camera (Rame-Hart Instrument Co., Succasunna, NJ, USA)) to evaluate the wetting of 
water, organic solvents, and inkjet inks on surface unmodified and PEM-modified Kapton 
HN films. Table 1 shows that water and the water-based GO ink (which contained 60 wt% 
of glycerol for viscosity adjustment) exhibited an average contact angle of 76.6° and 72.4°, 
respectively, on a surface unmodified Kapton HN film. Organic solvents (ethanol and DMF), 
on the other hand, had quite small contact angles (<13°) on the same film. The commercial 
ethanol-based silver ink, with the presence of additional components such as a binder and 
a stabilizer, exhibited an average contact angle of 25.2° which was slightly higher than those 
of the two organic solvents. After PEM deposition on the Kapton HN film, the contact angles 
of both water and the water-based GO ink were significantly and reproducibly reduced. The 
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average contact angles of water and the water-based GO ink were reduced to 41.0° and 55.5°, 
respectively, after the deposition of only one layer of PEM, whereas the contact angles of the 
organic solvents (DMF and ethanol) and the ethanediol-based silver ink were essentially not 
changed (Table 1). It has been shown that the wetting of fluids onto sequentially adsorbed 
PEM layers was affected primarily by the outermost layer [39, 40]. In agreement with this 
previous observation, when additional PEM layers were deposited on the Kapton film, all the 
inks and the solvents examined in this work (water-based GO ink, ethanediol-based silver 
ink, DMF, ethanol, and water) exhibited little further changes in their contact angles (Table 1).

4.3. Printability assessment

Two organic solvent-based inks (a commercial ethanediol-based silver nanoparticle ink (Sun 
Chemical Corporation, Parsippany, NJ, USA) and a cyclohexanone/terpineol-based graphene 
ink (home-formulated based on the procedures described by Secor et al. [35])) and a water-
based GO ink were examined for their inkjet printability on Kapton HN films before and after 
the PEM-based surface modification.

Figures 7 and 8 show high-resolution scanned images of silver IDE patterns and graphene 
patches, respectively, that were inkjet-printed on surface unmodified Kapton HN and Kapton 
HN which had been deposited with 1, 3 and 4 layers of PEMs. All of the silver IDEs and gra-
phene patches exhibited uniform morphologies and precisely controlled shapes with sharp 
edges, as designed, irrespective of whether they had been printed on surface unmodified or 
PEM-modified Kapton HN films.

Figure 9a shows a square that was printed (five passes) with the GO ink on a surface unmodi-
fied Kapton KN film. The ink drops balled up to form isolated small “islands.” On the other 
hand, after 1, 3, or 4 PEM layers had been deposited on a Kapton HN film, precisely controlled 
ink squares with sharp edges were able to be printed as designed. A typical GO ink square 
printed on a Kapton HN film that had been deposited with 4 PEM layers is shown in Figure 9b.

For electrically charged ink particles, similar to the bio-enabled method described above, 
this PEM-based surface modification method can also enhance the uniformity of the inkjet-
printed thin films (by reducing the “coffee ring effect” during drying) compared with tradi-
tional Kapton surface modification methods.

Unmodified 
Kapton

Kapton with 1 PEM 
layer

Kapton with 3 PEM 
layers

Kapton with 4 PEM 
layers

Water 76.6 ± 3.9 41.0 ± 2.4 39.8 ± 1.9 37.4 ± 1.2

Ethanol 10.4 ± 2.5 12.1 ± 1.4 10.4 ± 1.9 12.2 ± 4.8

DMF 11.5 ± 1.3 12.5 ± 1.5 12.9 ± 0.1 13.3 ± 2.6

Water-based GO ink 72.4 ± 3.5 55.5 ± 2.6 53.7 ± 1.9 51.5 ± 1.2

ethanediol-based 
silver ink

25.2 ± 1.8 23.6 ± 0.3 24.1 ± 1.1 26.4 ± 1.6

Table 1. Contact angles of different solvents/inks on surface unmodified and PEM-modified Kapton HN films [1] (with 
permission from the Royal Society of Chemistry).
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(acrylic acid) (PAA) and polyethylenimine (PEI), to apply polyelectrolyte multilayers (PEMs) 
on flexible Kapton HN films in an alternating, layer-by-layer fashion under controlled pH and 
ionic strength. Compared to strong polyelectrolytes, weak electrolytes have the advantage of 
controlling the PEM properties more systematically and simply [38]. To our knowledge, this 
work is the first to use only weak polyelectrolytes to surface modify Kapton substrates.

4.1. Computer-controlled polyelectrolyte multilayer-based surface modification of 
Kapton HN films

Small pieces of Kapton 500HN with appropriate dimensions (e.g. 95 mm x 95 mm) were cut 
from a Kapton 500HN sheet and cleaned by sonication, first with a 10 g/L suspension of 
Powdered Precision Cleaner (Alconox, Inc., White Plains, NY, USA) in DI water for 10 min 
and then with acetone for 10 min, in an ultrasonic cleaner (Model 2510. Branson Ultrasonics, 
Danbury, CT, USA). The cleaned Kapton films were rinsed three times with DI water, placed 
in the sample chamber of a custom-built, computer-controlled, automated deposition system, 
and then subjected to a layer-by-layer PEM deposition process. The PEM deposition process 
involved alternating exposure to two solutions of oppositely charged, relatively small poly-
electrolyte molecules, polyethylenimine (PEI. Branched, M.W. 1800 Dalton; Alfa Aesar, Ward 
Hill, MA, USA) and poly (acrylic acid) (PAA. Average M.W. ~1800 Dalton; Sigma-Aldrich, 
St. Louis, MO, USA). In a typical deposition cycle, the cleaned Kapton pieces were incubated 
for 10 min in a PAA aqueous solution (10 mg/ml. pH adjusted to 5.1 with NaOH) containing 
0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aqueous solution. The Kapton 
pieces were then incubated for 10 min in a PEI aqueous solution (10 mg/ml. pH adjusted to 
2.5 with HCl) containing 0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aque-
ous solution. Such a cycle was repeated to deposit the desired number of PEM layers on the 
Kapton pieces. To automate the deposition process, a peristaltic pump was used to deliver 
each of the polyelectrolyte solutions and the 0.5 M NaCl rinse solution to the sample chamber 
of the system. A two-way drain valve was used to remove the polyelectrolyte or the rinse 
solution to a waste chamber after a given incubation or rinsing step had been completed. 
A properly programmed microprocessor was used to operate the peristaltic pumps and the 
drain valve. After the desired number of deposition cycles has been finished, the resulting 
Kapton films were rinsed with DI water and dried in air at 60°C for 2 hours.

4.2. Contact angle measurements

Contact angle measurements were conducted (on a Rame-Hart goniometer equipped with a 
CCD camera (Rame-Hart Instrument Co., Succasunna, NJ, USA)) to evaluate the wetting of 
water, organic solvents, and inkjet inks on surface unmodified and PEM-modified Kapton 
HN films. Table 1 shows that water and the water-based GO ink (which contained 60 wt% 
of glycerol for viscosity adjustment) exhibited an average contact angle of 76.6° and 72.4°, 
respectively, on a surface unmodified Kapton HN film. Organic solvents (ethanol and DMF), 
on the other hand, had quite small contact angles (<13°) on the same film. The commercial 
ethanol-based silver ink, with the presence of additional components such as a binder and 
a stabilizer, exhibited an average contact angle of 25.2° which was slightly higher than those 
of the two organic solvents. After PEM deposition on the Kapton HN film, the contact angles 
of both water and the water-based GO ink were significantly and reproducibly reduced. The 
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average contact angles of water and the water-based GO ink were reduced to 41.0° and 55.5°, 
respectively, after the deposition of only one layer of PEM, whereas the contact angles of the 
organic solvents (DMF and ethanol) and the ethanediol-based silver ink were essentially not 
changed (Table 1). It has been shown that the wetting of fluids onto sequentially adsorbed 
PEM layers was affected primarily by the outermost layer [39, 40]. In agreement with this 
previous observation, when additional PEM layers were deposited on the Kapton film, all the 
inks and the solvents examined in this work (water-based GO ink, ethanediol-based silver 
ink, DMF, ethanol, and water) exhibited little further changes in their contact angles (Table 1).

4.3. Printability assessment

Two organic solvent-based inks (a commercial ethanediol-based silver nanoparticle ink (Sun 
Chemical Corporation, Parsippany, NJ, USA) and a cyclohexanone/terpineol-based graphene 
ink (home-formulated based on the procedures described by Secor et al. [35])) and a water-
based GO ink were examined for their inkjet printability on Kapton HN films before and after 
the PEM-based surface modification.

Figures 7 and 8 show high-resolution scanned images of silver IDE patterns and graphene 
patches, respectively, that were inkjet-printed on surface unmodified Kapton HN and Kapton 
HN which had been deposited with 1, 3 and 4 layers of PEMs. All of the silver IDEs and gra-
phene patches exhibited uniform morphologies and precisely controlled shapes with sharp 
edges, as designed, irrespective of whether they had been printed on surface unmodified or 
PEM-modified Kapton HN films.

Figure 9a shows a square that was printed (five passes) with the GO ink on a surface unmodi-
fied Kapton KN film. The ink drops balled up to form isolated small “islands.” On the other 
hand, after 1, 3, or 4 PEM layers had been deposited on a Kapton HN film, precisely controlled 
ink squares with sharp edges were able to be printed as designed. A typical GO ink square 
printed on a Kapton HN film that had been deposited with 4 PEM layers is shown in Figure 9b.

For electrically charged ink particles, similar to the bio-enabled method described above, 
this PEM-based surface modification method can also enhance the uniformity of the inkjet-
printed thin films (by reducing the “coffee ring effect” during drying) compared with tradi-
tional Kapton surface modification methods.

Unmodified 
Kapton

Kapton with 1 PEM 
layer

Kapton with 3 PEM 
layers

Kapton with 4 PEM 
layers

Water 76.6 ± 3.9 41.0 ± 2.4 39.8 ± 1.9 37.4 ± 1.2

Ethanol 10.4 ± 2.5 12.1 ± 1.4 10.4 ± 1.9 12.2 ± 4.8

DMF 11.5 ± 1.3 12.5 ± 1.5 12.9 ± 0.1 13.3 ± 2.6

Water-based GO ink 72.4 ± 3.5 55.5 ± 2.6 53.7 ± 1.9 51.5 ± 1.2

ethanediol-based 
silver ink

25.2 ± 1.8 23.6 ± 0.3 24.1 ± 1.1 26.4 ± 1.6

Table 1. Contact angles of different solvents/inks on surface unmodified and PEM-modified Kapton HN films [1] (with 
permission from the Royal Society of Chemistry).
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0.5 M NaCl followed by rinsing three times with a 0.5 M NaCl aqueous solution. The Kapton 
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solution to a waste chamber after a given incubation or rinsing step had been completed. 
A properly programmed microprocessor was used to operate the peristaltic pumps and the 
drain valve. After the desired number of deposition cycles has been finished, the resulting 
Kapton films were rinsed with DI water and dried in air at 60°C for 2 hours.

4.2. Contact angle measurements

Contact angle measurements were conducted (on a Rame-Hart goniometer equipped with a 
CCD camera (Rame-Hart Instrument Co., Succasunna, NJ, USA)) to evaluate the wetting of 
water, organic solvents, and inkjet inks on surface unmodified and PEM-modified Kapton 
HN films. Table 1 shows that water and the water-based GO ink (which contained 60 wt% 
of glycerol for viscosity adjustment) exhibited an average contact angle of 76.6° and 72.4°, 
respectively, on a surface unmodified Kapton HN film. Organic solvents (ethanol and DMF), 
on the other hand, had quite small contact angles (<13°) on the same film. The commercial 
ethanol-based silver ink, with the presence of additional components such as a binder and 
a stabilizer, exhibited an average contact angle of 25.2° which was slightly higher than those 
of the two organic solvents. After PEM deposition on the Kapton HN film, the contact angles 
of both water and the water-based GO ink were significantly and reproducibly reduced. The 
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previous observation, when additional PEM layers were deposited on the Kapton film, all the 
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ink (home-formulated based on the procedures described by Secor et al. [35])) and a water-
based GO ink were examined for their inkjet printability on Kapton HN films before and after 
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edges, as designed, irrespective of whether they had been printed on surface unmodified or 
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Figure 9a shows a square that was printed (five passes) with the GO ink on a surface unmodi-
fied Kapton KN film. The ink drops balled up to form isolated small “islands.” On the other 
hand, after 1, 3, or 4 PEM layers had been deposited on a Kapton HN film, precisely controlled 
ink squares with sharp edges were able to be printed as designed. A typical GO ink square 
printed on a Kapton HN film that had been deposited with 4 PEM layers is shown in Figure 9b.

For electrically charged ink particles, similar to the bio-enabled method described above, 
this PEM-based surface modification method can also enhance the uniformity of the inkjet-
printed thin films (by reducing the “coffee ring effect” during drying) compared with tradi-
tional Kapton surface modification methods.
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Hill, MA, USA) and poly (acrylic acid) (PAA. Average M.W. ~1800 Dalton; Sigma-Aldrich, 
St. Louis, MO, USA). In a typical deposition cycle, the cleaned Kapton pieces were incubated 
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A properly programmed microprocessor was used to operate the peristaltic pumps and the 
drain valve. After the desired number of deposition cycles has been finished, the resulting 
Kapton films were rinsed with DI water and dried in air at 60°C for 2 hours.

4.2. Contact angle measurements

Contact angle measurements were conducted (on a Rame-Hart goniometer equipped with a 
CCD camera (Rame-Hart Instrument Co., Succasunna, NJ, USA)) to evaluate the wetting of 
water, organic solvents, and inkjet inks on surface unmodified and PEM-modified Kapton 
HN films. Table 1 shows that water and the water-based GO ink (which contained 60 wt% 
of glycerol for viscosity adjustment) exhibited an average contact angle of 76.6° and 72.4°, 
respectively, on a surface unmodified Kapton HN film. Organic solvents (ethanol and DMF), 
on the other hand, had quite small contact angles (<13°) on the same film. The commercial 
ethanol-based silver ink, with the presence of additional components such as a binder and 
a stabilizer, exhibited an average contact angle of 25.2° which was slightly higher than those 
of the two organic solvents. After PEM deposition on the Kapton HN film, the contact angles 
of both water and the water-based GO ink were significantly and reproducibly reduced. The 
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HN which had been deposited with 1, 3 and 4 layers of PEMs. All of the silver IDEs and gra-
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edges, as designed, irrespective of whether they had been printed on surface unmodified or 
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4.4. Adhesion sustainability tests after chemical functionalization

For sensing applications, GO films normally need to be surface functionalized for the purpose 
of sensitivity and/or selectivity enhancement. Such surface functionalization includes reduc-
tion/oxidation and introduction and/or amplification of particular surface chemical groups 

Figure 8. Scanned high-resolution images of graphene patches printed on surface unmodified and PEM-modified 
Kapton HN films with a cyclohexanone/terpineol-based graphene ink. (a), (b), (c) and (d) are low magnification images 
of graphene patches inkjet-printed on surface unmodified, 1-PEM-layer-modified, 3-PEM-layer-modified and 4-PEM-
layer-modified Kapton HN films, respectively. (e), (f), (g), and (h) are the high magnification counterparts of (a), (b), 
(c), and (d), respectively. All these graphene patches were fabricated by inkjet-printing for 5 passes the graphene ink 
on the appropriate Kapton films followed by drying at 100°C for 1 hour [1] (with permission from the Royal Society of 
Chemistry).

Figure 7. Scanned high-resolution images of silver IDE patterns printed on surface unmodified and PEM-modified 
Kapton HN films with a commercial ethanediol-based silver nanoparticle ink. (a), (b), (c) and (d) are low magnification 
images of silver IDEs inkjet-printed on surface unmodified, 1-PEM-layer-modified, 3-PEM-layer-modified and 4-PEM-
layer-modified Kapton HN films, respectively. (e), (f), (g) and (h) are the high magnification counterparts of (a), (b), 
(c) and (d), respectively. All these silver IDE patterns were fabricated by inkjet-printing for 5 passes the silver ink on 
the appropriate Kapton films followed by drying at 120°C for 3 hours [1] (with permission from the Royal Society of 
Chemistry).
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and so on. The adhesion between the inkjet-printed GO films and the substrates has to be 
strong enough to survive such chemical functionalization.

To assess the adhesion of inkjet-printed rGO-based flexible sensors on Kapton HN sub-
strates after such chemical functionalization, Kapton HN films were first surface modified via 
three approaches: UV/ozone treatment (traditional method), plasma treatment (traditional 
method), and the standard PEM-based deposition process described in this work. The UV/
ozone treatment was conducted on a 95 mm x 95 mm Kapton HN film with a UVO Cleaner 
(Jelight Company Inc., Irvine, CA, USA) for 5 min. The plasma treatment was performed on 
a 95 mm x 95 mm Kapton HN film with a plasma cleaner (model PDC-001. Harrick Scientific 
Corp., Ossining, NY, USA) in air for 20 min with the RF power set to the “high” level. GO 
patches were then inkjet-printed on the resulting surface modified Kapton films with the 
water-based GO ink. The inkjet-printed GO traces were then fired in nitrogen for one hour 
to be reduced to their rGO counterparts, followed by chemical treatments to introduce vari-
ous surface chemical functional groups (hexafluoroisopropyl, amine, acrylate, and hydroxyl 
groups) to the resulting rGO patches.

After the reduction or a GO film functionalization process, the adhesion between the rGO 
patches and the surface-modified Kapton substrates was evaluated by visual inspection 
while slowly bending (to a radius of curvature of ˜1 cm) the rGO-on-Kapton structure. 
The structures were first bent 150 times in tension and then another 150 times in compres-
sion. Table 2 summarizes the results of such adhesion sustainability bend tests. The GO 
films inkjet-printed on all the surface-modified Kapton HN substrates remained attached 
to the substrates after the thermal reduction and such bending. After the thermal reduc-
tion followed by each of the film functionalization treatments, the GO films printed on the 
3-PEM-layer-modified or 4-PEM-layer-modified Kapton HN film remained attached upon 
bending (Table 2). On the other hand, the adhesion of the inkjet-printed GO films on the 
UV/ozone-, plasma-treated, or 1-PEM-layer-modified Kapton HN substrates was not as 
universally robust after the thermal reduction followed by the various film functionaliza-
tion treatments. As shown in Table 2, the adhesion sustainability of the inkjet-printed GO 
films increased with increasing number of PEM layers on the Kapton substrates, which 
is probably due to the following reasons: each time after a polyelectrolyte (PAA or PEI) 
had bound to a Kapton HN substrate surface or to the oppositely charged polyelectro-
lyte which had previously bound to the substrate, there still existed nonoccupied binding 

Figure 9. Optical images of GO squares printed (5 passes) with a water-based GO ink on surface unmodified (a) and 
4-PEM-layer-modified (b) Kapton substrates [1] (with permission from the Royal Society of Chemistry).
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the appropriate Kapton films followed by drying at 120°C for 3 hours [1] (with permission from the Royal Society of 
Chemistry).
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and so on. The adhesion between the inkjet-printed GO films and the substrates has to be 
strong enough to survive such chemical functionalization.

To assess the adhesion of inkjet-printed rGO-based flexible sensors on Kapton HN sub-
strates after such chemical functionalization, Kapton HN films were first surface modified via 
three approaches: UV/ozone treatment (traditional method), plasma treatment (traditional 
method), and the standard PEM-based deposition process described in this work. The UV/
ozone treatment was conducted on a 95 mm x 95 mm Kapton HN film with a UVO Cleaner 
(Jelight Company Inc., Irvine, CA, USA) for 5 min. The plasma treatment was performed on 
a 95 mm x 95 mm Kapton HN film with a plasma cleaner (model PDC-001. Harrick Scientific 
Corp., Ossining, NY, USA) in air for 20 min with the RF power set to the “high” level. GO 
patches were then inkjet-printed on the resulting surface modified Kapton films with the 
water-based GO ink. The inkjet-printed GO traces were then fired in nitrogen for one hour 
to be reduced to their rGO counterparts, followed by chemical treatments to introduce vari-
ous surface chemical functional groups (hexafluoroisopropyl, amine, acrylate, and hydroxyl 
groups) to the resulting rGO patches.

After the reduction or a GO film functionalization process, the adhesion between the rGO 
patches and the surface-modified Kapton substrates was evaluated by visual inspection 
while slowly bending (to a radius of curvature of ˜1 cm) the rGO-on-Kapton structure. 
The structures were first bent 150 times in tension and then another 150 times in compres-
sion. Table 2 summarizes the results of such adhesion sustainability bend tests. The GO 
films inkjet-printed on all the surface-modified Kapton HN substrates remained attached 
to the substrates after the thermal reduction and such bending. After the thermal reduc-
tion followed by each of the film functionalization treatments, the GO films printed on the 
3-PEM-layer-modified or 4-PEM-layer-modified Kapton HN film remained attached upon 
bending (Table 2). On the other hand, the adhesion of the inkjet-printed GO films on the 
UV/ozone-, plasma-treated, or 1-PEM-layer-modified Kapton HN substrates was not as 
universally robust after the thermal reduction followed by the various film functionaliza-
tion treatments. As shown in Table 2, the adhesion sustainability of the inkjet-printed GO 
films increased with increasing number of PEM layers on the Kapton substrates, which 
is probably due to the following reasons: each time after a polyelectrolyte (PAA or PEI) 
had bound to a Kapton HN substrate surface or to the oppositely charged polyelectro-
lyte which had previously bound to the substrate, there still existed nonoccupied binding 

Figure 9. Optical images of GO squares printed (5 passes) with a water-based GO ink on surface unmodified (a) and 
4-PEM-layer-modified (b) Kapton substrates [1] (with permission from the Royal Society of Chemistry).
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4.4. Adhesion sustainability tests after chemical functionalization
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on the appropriate Kapton films followed by drying at 100°C for 1 hour [1] (with permission from the Royal Society of 
Chemistry).
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layer-modified Kapton HN films, respectively. (e), (f), (g) and (h) are the high magnification counterparts of (a), (b), 
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the appropriate Kapton films followed by drying at 120°C for 3 hours [1] (with permission from the Royal Society of 
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sites (point charges) on the substrate surface [39]. One PEM layer deposited on the sub-
strate would probably be able to cover most (but not all) of the blank Kapton HN surface, 
which allowed for reasonably good printability for the GO ink. As more PEM layers were 
deposited, the uncovered substrate surface gradually decreased and the surface positive 
charge density gradually increased. As a result, when the GO ink particles (negatively 
charged) were inkjet-printed on, and bound to, such surface modified substrate, the adhe-
sion between the inkjet-printed GO film and the substrate gradually increased.

Figure 10. Morphological analyses of a single-layered rGO-based sensor printed on a 4-PEM-layer-modified Kapton HN 
substrate before and after the bend testing. The water-based GO ink and the ethanediol-based Ag ink were printed for 60 
and 5 inkjet passes, respectively. (a) and (b) optical images of the sensor before and after the bend testing, respectively. 
(c) Low and high (inset) magnification SEM images of a silver IDE of the sensor after the bend testing. (d) SEM image of 
the rGO patch of the sensor after the bend testing [1] (with permission from the Royal Society of Chemistry).

Modification to GO Modification to Kapton

UV/ozone Plasma 1 PEM layer 3 PEM layers 4 PEM layers

Thermal reduction + + + + +

Hexafluoroisopropyl addition — — + + +

Amine addition — — + + +

Acrylate addition NA NA — + +

Hydroxyl addition NA NA NA + +

Table 2. Adhesion sustainability of GO films on surface-modified Kapton HN substrates upon thermal reduction 
followed by a number of surface group-introducing reactions (“+”: the adhesion survived the corresponding chemical 
treatment; “—“: the adhesion did not survive the corresponding chemical treatment; “NA”: the corresponding chemical 
treatment was not performed since a prior step had peeled the GO film off from the substrate) [1] (with permission from 
the Royal Society of Chemistry).
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4.5. Fabrication and bend testing of all-inkjet-printed flexible gas sensors

Single-layered, rGO-based gas sensors were fabricated on a 4-PEM-layer-modified Kapton 
HN substrate following the procedures described in Section 3.3. A such fabricated sensor, as 
shown in Figure 10a, was subjected to bend testing. The sensor was bent, to a radius of cur-
vature of ~1 cm, 1000 times in tension followed by another 1000 times in compression. During 
the bending process, conductivity measurements were performed on the sensor after every 
50 times of bending. The conductivity of the sensor was found to be virtually the same (i.e. 
a resistance of ~6 kΩ) throughout the whole bend testing as that before the bending. Optical 
and SEM microscopic analyses were conducted after such repeated bending to examine the 
morphology of the sensor. No apparent cracks on either the silver electrodes or the rGO patch 
were observed and the sensor remained the same morphology as that before the bending 
(Figure 10b–d).

5. Conclusions

The slip additive in Kapton HN films contains a significant amount of crystalline CaCO3. 
Taking advantage of the electric charges borne by the additive particles at a neutral or acidic 
pH, two mild and environmentally friendly wet chemical approaches have been recently 
developed to surface modify Kapton HN films. The resulting surface modified films allowed 
for not only great printability of both water- and organic solvent-based inks (thus facilitating 
the full-inkjet-printing of entire flexible electronic devices) but also strong adhesion between 
the inkjet-printed traces and the substrate films. Different from the traditional Kapton surface 
modification approaches which target the surface polyimide matrix, these two mild methods 
targeted the electric charges borne by the additive particles.

The bio-enabled method, which utilized two clinical biomolecules and was conducted in 
aqueous salt solutions at a neutral pH, room temperature, and atmospheric pressure, was 
maximally mild and minimally destructive. The flexible rGO-based gas sensors fully inkjet-
printed on the resulting surface modified Kapton HN films survived a Scotch-tape peel test 
and were found insensitive to repeated bending to a small 0.5 cm radius.

The computer-controlled PEM-based method involved the use of only weak polyelectrolytes 
(to enable systematic and simple control of the PEMs formed via adjustment of the pH of the 
polyelectrolyte solutions). The adhesion sustainability increased with increasing number of 
PEM layers. The rGO-based sensors printed on the resulting surface modified (with 4 layers 
of PEM layers) Kapton HN substrate was insensitive to repeated (1000 times in tension and 
another 1000 times in compression) bending to a radius of curvature of ~1 cm.

For electrically charged ink particles, both methods can enhance the uniformity of the inkjet-
printed films via reduction of the “coffee ring effect” during drying.

The two methods have not only introduced new means to tune the surface properties of 
Kapton HN films thus allowing for the full-inkjet-printing of flexible and robust electronic 
devices but also brought forth solutions to significantly reduce of the environmental pollu-
tions associated with inkjet-printing of Kapton-based flexible electronic devices.
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Abstract

There has been an explosion of interests in using flexible transparent electrodes for next-
generation flexible electronics, such as touch panels, flexible lighting, flexible solar cells, 
and wearable sensors. Silver nanowires (AgNWs) are a promising material for flexible 
transparent electrodes due to high electrical conductivity, optical transparency and 
mechanical flexibility. Despite many efforts in this field, the optoelectronic performance 
of AgNW networks is still not sufficient to replace the present material, indium tin oxide 
(ITO), due to the high junction resistance. Also, the environmental stability and the 
mechanical properties need enhancement for future commercialization. Many studies 
have attempted to overcome such problems by tuning the AgNW synthesis and optimiz-
ing the film-forming process. In this chapter, we survey recent progresses of AgNWs in 
flexible electronics by describing both fabrication and applications of flexible transparent 
AgNW electrodes. The synthesis of AgNWs and the fabrication of AgNW electrodes will 
be demonstrated, and the performance enhanced by various methods to suit different 
applications will be also discussed. Finally, technical challenges and future trends are 
presented for the application of transparent electrodes in flexible electronics.

Keywords: flexible electronics, flexible transparent electrodes, silver nanowires, 
fabrication, application

1. Introduction

Flexible transparent electrodes are a crucial component in many devices, such as touch screen 
panels, solar cells, light emitting diodes (LEDs) and flexible sensors [1]. Although Indium tin 
oxide (ITO) is the dominant material with desirable performance for transparent electrodes 
currently, an alternative to ITO transparent electrodes has been widely studied in recent years 
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due to the increasing marketing demand for flexible devices and the brittleness and scarce-
ness of ITO.

Recent studies have suggested carbon nanotubes (CNT) [2, 3], graphene [4] and silver nanow-
ires (AgNWs) [5] as the alternatives. Though CNTs are reported to have good electrical, ther-
mal and mechanical properties, the CNT electrodes show lower electrical conductivity than 
ITO electrodes due to large contact resistance and extensive bundling of CNTs. Graphene 
is reported to have high Fermi velocity of 106 m/s and high intrinsic in-plane conductivity. 
But the large-area production of high-performance graphene films remains a serious issue. 
Although chemical vapor deposition method has the ability of producing large-area high-
performance graphene, the process costs a lot and needs extremely high temperature.

Metallic nanowire based electrodes, as the most promising alternative to ITO, have superior 
optical, electrical and mechanical properties. Both random and regular metallic nanowire net-
works have received an increasing interest from both academia and industry. Random metal-
lic nanowires can be dispersed in the solvent and be deposited onto the substrates through 
low-cost solution-based processing [6]. This makes nanowire-based electrodes compatible 
for high-throughput and large-area production of the next generation flexible optoelectronic 
devices. Moreover, for regular metallic nanowire based electrodes, called metal mesh, the elec-
trical conductivity and the optical transparency can be easily tuned by changing the geometry 
parameter of the nanowires. When the period of the metal mesh is in sub-micrometer scale 
and the line width is close to subwavelength, metal meshes can be considered as bulk materi-
als to estimate the sheet resistance of the films. Various metallic materials, such as gold, silver 
and copper, are used to achieve different work functions and chemical properties for various 
applications. Silver, a material with high electrical conductivity and low price to some degree, 
is considered as the most suitable nanowire material. And the overall performance of AgNW 
electrodes has already surpassed that of ITO electrodes. Table 1 shows the comparison of 
several transparent electrodes based on different materials.

The present chapter focuses on recent progresses in the fabrication techniques of flexible trans-
parent AgNW electrodes. Firstly, we briefly introduce the requirements of electrical, optical, 
thermal and mechanical properties for flexible transparent electrodes in different applica-
tions. Then synthesis of AgNWs and film-forming techniques of flexible transparent AgNW 

Properties ITO TCO CNT Graphene AgNW Ag mesh

Conductivity ++ ++ — — ++ +++

Transmittance ++ + +++ ++ + +++

Haziness + + ++ ++ — —

Flexibility — — +++ +++ +++ —

Stability + + + ++ +++ +++

Large-scale — + ++ ++ ++ —

Low-cost — — — — +++ —

Table 1. Comparison of several transparent electrodes.
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electrodes will be introduced. Thirdly, recent investigations in optimizing all the properties of 
flexible transparent electrodes will be discussed in detail. Finally, the future challenges in the 
widespread adoption of flexible transparent AgNW electrodes will be proposed.

2. Requirements for flexible transparent electrodes in different 
applications

Flexible transparent electrodes can be applied in many cases. Different properties are required 
according to different applications subject to various problems, as shown in Table 2. In this 
section, we will introduce some applications such as touch panels, solar cells, flexible lighting, 
and flexible sensors.

2.1. Touch panels

Touch Display Research Inc. forecasted that the market of transparent electrodes without ITO 
will reach $13 billion by 2023. The surface area of manufactured touch panels will reach more 
than 80 km2 in 2025, double of that in 2014, predicted by IDTechEx Ltd. [7]. Companies like 
Samsung, LG, Apple and Toshiba have all indicated the market trends for flexible displays. 
Touch screens can be divided into capacitive sensing and resistive sensing by different work-
ing principles. When fingers touch the screen, the capacitive sensing works on the change in 
capacitance instead of the change in resistance as the resistive sensing does. Resistive sensing 
is low-cost and high-resolution reported by S.H. Ko’s team [8, 9]. With the durability and the 
compatibility of multi-touch features, the capacitive sensing arises many researchers’ atten-
tion worldwide. Capacitive touch panels can now be divided into single [10–12] and double-
sided sensors [13, 14] based on the number of transparent conductive layers. Figure 1(a) and 
(b) show the photograph of the working touch panel [10]. The resolution of single-sensor 
capacitive touch screen is required to be at the millimeter scale while that of double-sided 
ones is hundreds of micrometers. Not only the distribution but also the orientation and align-
ment will govern the performance of the AgNW networks. Patterning is also of prime impor-
tance for high performance. Figure 1(c) exhibits the design of touch sensors and the image 

Properties ITO TCO CNT Graphene AgNW Ag mesh

Conductivity ++ ++ - --- ++ +++

Transmittance ++ + +++ ++ + +++

Haziness + + ++ ++ --- ---

Flexibility --- --- +++ +++ +++ -

Stability + + + ++ +++ +++

Large-scale - + ++ ++ ++ -

Low-cost --- - - --- +++ ---

Table 2. Comparison of performance requirements for different applications.
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due to the increasing marketing demand for flexible devices and the brittleness and scarce-
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electrodes has already surpassed that of ITO electrodes. Table 1 shows the comparison of 
several transparent electrodes based on different materials.

The present chapter focuses on recent progresses in the fabrication techniques of flexible trans-
parent AgNW electrodes. Firstly, we briefly introduce the requirements of electrical, optical, 
thermal and mechanical properties for flexible transparent electrodes in different applica-
tions. Then synthesis of AgNWs and film-forming techniques of flexible transparent AgNW 

Properties ITO TCO CNT Graphene AgNW Ag mesh

Conductivity ++ ++ — — ++ +++

Transmittance ++ + +++ ++ + +++

Haziness + + ++ ++ — —

Flexibility — — +++ +++ +++ —

Stability + + + ++ +++ +++

Large-scale — + ++ ++ ++ —

Low-cost — — — — +++ —
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electrodes will be introduced. Thirdly, recent investigations in optimizing all the properties of 
flexible transparent electrodes will be discussed in detail. Finally, the future challenges in the 
widespread adoption of flexible transparent AgNW electrodes will be proposed.

2. Requirements for flexible transparent electrodes in different 
applications

Flexible transparent electrodes can be applied in many cases. Different properties are required 
according to different applications subject to various problems, as shown in Table 2. In this 
section, we will introduce some applications such as touch panels, solar cells, flexible lighting, 
and flexible sensors.

2.1. Touch panels

Touch Display Research Inc. forecasted that the market of transparent electrodes without ITO 
will reach $13 billion by 2023. The surface area of manufactured touch panels will reach more 
than 80 km2 in 2025, double of that in 2014, predicted by IDTechEx Ltd. [7]. Companies like 
Samsung, LG, Apple and Toshiba have all indicated the market trends for flexible displays. 
Touch screens can be divided into capacitive sensing and resistive sensing by different work-
ing principles. When fingers touch the screen, the capacitive sensing works on the change in 
capacitance instead of the change in resistance as the resistive sensing does. Resistive sensing 
is low-cost and high-resolution reported by S.H. Ko’s team [8, 9]. With the durability and the 
compatibility of multi-touch features, the capacitive sensing arises many researchers’ atten-
tion worldwide. Capacitive touch panels can now be divided into single [10–12] and double-
sided sensors [13, 14] based on the number of transparent conductive layers. Figure 1(a) and 
(b) show the photograph of the working touch panel [10]. The resolution of single-sensor 
capacitive touch screen is required to be at the millimeter scale while that of double-sided 
ones is hundreds of micrometers. Not only the distribution but also the orientation and align-
ment will govern the performance of the AgNW networks. Patterning is also of prime impor-
tance for high performance. Figure 1(c) exhibits the design of touch sensors and the image 
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due to the increasing marketing demand for flexible devices and the brittleness and scarce-
ness of ITO.

Recent studies have suggested carbon nanotubes (CNT) [2, 3], graphene [4] and silver nanow-
ires (AgNWs) [5] as the alternatives. Though CNTs are reported to have good electrical, ther-
mal and mechanical properties, the CNT electrodes show lower electrical conductivity than 
ITO electrodes due to large contact resistance and extensive bundling of CNTs. Graphene 
is reported to have high Fermi velocity of 106 m/s and high intrinsic in-plane conductivity. 
But the large-area production of high-performance graphene films remains a serious issue. 
Although chemical vapor deposition method has the ability of producing large-area high-
performance graphene, the process costs a lot and needs extremely high temperature.

Metallic nanowire based electrodes, as the most promising alternative to ITO, have superior 
optical, electrical and mechanical properties. Both random and regular metallic nanowire net-
works have received an increasing interest from both academia and industry. Random metal-
lic nanowires can be dispersed in the solvent and be deposited onto the substrates through 
low-cost solution-based processing [6]. This makes nanowire-based electrodes compatible 
for high-throughput and large-area production of the next generation flexible optoelectronic 
devices. Moreover, for regular metallic nanowire based electrodes, called metal mesh, the elec-
trical conductivity and the optical transparency can be easily tuned by changing the geometry 
parameter of the nanowires. When the period of the metal mesh is in sub-micrometer scale 
and the line width is close to subwavelength, metal meshes can be considered as bulk materi-
als to estimate the sheet resistance of the films. Various metallic materials, such as gold, silver 
and copper, are used to achieve different work functions and chemical properties for various 
applications. Silver, a material with high electrical conductivity and low price to some degree, 
is considered as the most suitable nanowire material. And the overall performance of AgNW 
electrodes has already surpassed that of ITO electrodes. Table 1 shows the comparison of 
several transparent electrodes based on different materials.

The present chapter focuses on recent progresses in the fabrication techniques of flexible trans-
parent AgNW electrodes. Firstly, we briefly introduce the requirements of electrical, optical, 
thermal and mechanical properties for flexible transparent electrodes in different applica-
tions. Then synthesis of AgNWs and film-forming techniques of flexible transparent AgNW 
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electrodes will be introduced. Thirdly, recent investigations in optimizing all the properties of 
flexible transparent electrodes will be discussed in detail. Finally, the future challenges in the 
widespread adoption of flexible transparent AgNW electrodes will be proposed.

2. Requirements for flexible transparent electrodes in different 
applications

Flexible transparent electrodes can be applied in many cases. Different properties are required 
according to different applications subject to various problems, as shown in Table 2. In this 
section, we will introduce some applications such as touch panels, solar cells, flexible lighting, 
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Touch Display Research Inc. forecasted that the market of transparent electrodes without ITO 
will reach $13 billion by 2023. The surface area of manufactured touch panels will reach more 
than 80 km2 in 2025, double of that in 2014, predicted by IDTechEx Ltd. [7]. Companies like 
Samsung, LG, Apple and Toshiba have all indicated the market trends for flexible displays. 
Touch screens can be divided into capacitive sensing and resistive sensing by different work-
ing principles. When fingers touch the screen, the capacitive sensing works on the change in 
capacitance instead of the change in resistance as the resistive sensing does. Resistive sensing 
is low-cost and high-resolution reported by S.H. Ko’s team [8, 9]. With the durability and the 
compatibility of multi-touch features, the capacitive sensing arises many researchers’ atten-
tion worldwide. Capacitive touch panels can now be divided into single [10–12] and double-
sided sensors [13, 14] based on the number of transparent conductive layers. Figure 1(a) and 
(b) show the photograph of the working touch panel [10]. The resolution of single-sensor 
capacitive touch screen is required to be at the millimeter scale while that of double-sided 
ones is hundreds of micrometers. Not only the distribution but also the orientation and align-
ment will govern the performance of the AgNW networks. Patterning is also of prime impor-
tance for high performance. Figure 1(c) exhibits the design of touch sensors and the image 
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ness of ITO.

Recent studies have suggested carbon nanotubes (CNT) [2, 3], graphene [4] and silver nanow-
ires (AgNWs) [5] as the alternatives. Though CNTs are reported to have good electrical, ther-
mal and mechanical properties, the CNT electrodes show lower electrical conductivity than 
ITO electrodes due to large contact resistance and extensive bundling of CNTs. Graphene 
is reported to have high Fermi velocity of 106 m/s and high intrinsic in-plane conductivity. 
But the large-area production of high-performance graphene films remains a serious issue. 
Although chemical vapor deposition method has the ability of producing large-area high-
performance graphene, the process costs a lot and needs extremely high temperature.

Metallic nanowire based electrodes, as the most promising alternative to ITO, have superior 
optical, electrical and mechanical properties. Both random and regular metallic nanowire net-
works have received an increasing interest from both academia and industry. Random metal-
lic nanowires can be dispersed in the solvent and be deposited onto the substrates through 
low-cost solution-based processing [6]. This makes nanowire-based electrodes compatible 
for high-throughput and large-area production of the next generation flexible optoelectronic 
devices. Moreover, for regular metallic nanowire based electrodes, called metal mesh, the elec-
trical conductivity and the optical transparency can be easily tuned by changing the geometry 
parameter of the nanowires. When the period of the metal mesh is in sub-micrometer scale 
and the line width is close to subwavelength, metal meshes can be considered as bulk materi-
als to estimate the sheet resistance of the films. Various metallic materials, such as gold, silver 
and copper, are used to achieve different work functions and chemical properties for various 
applications. Silver, a material with high electrical conductivity and low price to some degree, 
is considered as the most suitable nanowire material. And the overall performance of AgNW 
electrodes has already surpassed that of ITO electrodes. Table 1 shows the comparison of 
several transparent electrodes based on different materials.

The present chapter focuses on recent progresses in the fabrication techniques of flexible trans-
parent AgNW electrodes. Firstly, we briefly introduce the requirements of electrical, optical, 
thermal and mechanical properties for flexible transparent electrodes in different applica-
tions. Then synthesis of AgNWs and film-forming techniques of flexible transparent AgNW 
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electrodes will be introduced. Thirdly, recent investigations in optimizing all the properties of 
flexible transparent electrodes will be discussed in detail. Finally, the future challenges in the 
widespread adoption of flexible transparent AgNW electrodes will be proposed.

2. Requirements for flexible transparent electrodes in different 
applications

Flexible transparent electrodes can be applied in many cases. Different properties are required 
according to different applications subject to various problems, as shown in Table 2. In this 
section, we will introduce some applications such as touch panels, solar cells, flexible lighting, 
and flexible sensors.

2.1. Touch panels

Touch Display Research Inc. forecasted that the market of transparent electrodes without ITO 
will reach $13 billion by 2023. The surface area of manufactured touch panels will reach more 
than 80 km2 in 2025, double of that in 2014, predicted by IDTechEx Ltd. [7]. Companies like 
Samsung, LG, Apple and Toshiba have all indicated the market trends for flexible displays. 
Touch screens can be divided into capacitive sensing and resistive sensing by different work-
ing principles. When fingers touch the screen, the capacitive sensing works on the change in 
capacitance instead of the change in resistance as the resistive sensing does. Resistive sensing 
is low-cost and high-resolution reported by S.H. Ko’s team [8, 9]. With the durability and the 
compatibility of multi-touch features, the capacitive sensing arises many researchers’ atten-
tion worldwide. Capacitive touch panels can now be divided into single [10–12] and double-
sided sensors [13, 14] based on the number of transparent conductive layers. Figure 1(a) and 
(b) show the photograph of the working touch panel [10]. The resolution of single-sensor 
capacitive touch screen is required to be at the millimeter scale while that of double-sided 
ones is hundreds of micrometers. Not only the distribution but also the orientation and align-
ment will govern the performance of the AgNW networks. Patterning is also of prime impor-
tance for high performance. Figure 1(c) exhibits the design of touch sensors and the image 
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of patterned AgNW networks respectively [12]. Interestingly, healable touchscreens were 
produced by Pei and co-workers through embedding AgNWs into the surface of healable 
polymer substrate [14], as shown in Figure 1(d).

2.2. Solar cells

Flexible transparent electrodes as front electrodes is a crucial factor in determining photo-
conversion efficiency of solar cells [15]. High electrical conductivity and high optical transpar-
ency of flexible transparent electrodes are required in order to lower the ohmic dissipation 
of heat and maximize the light absorption in the conversion layer. The band alignment and 
work function of the electrodes should also be considered. The most commonly used materi-
als for solar cells are doped metal oxides. They are prone to cracking, costly and need high-
temperature fabrication. Many researches have proved that AgNW networks are a promising 
alternative to ITO for both organic solar cells [16–18] and polymer solar cells [19]. AgNW net-
works have similar photovoltaic performances and excellent bending capacities as ITO and 
are compatible with solution-processed fabrication. And unlike doped metal oxides, AgNWs 
have high optical transparency in the IR range, leading to enhanced efficiency and the semi-
transparency of solar cells. The performance comparison in solar cells using AgNW electrodes 

Figure 1. Photographs of touch panels: (a-b) photograph of working capacitive touch panels [10], (c) the patterned 
AgNW network [12], and (d) healable touch sensor [14].

PCE(%) Jsc(mA/cm2) Voc(V) FF(%) Ref

1.85 −7.22 0.5308 48.475 [20]

6.58 14.29 0.78 59 [1]

3.05 9.191 0.638 0.521 [21]

2.73 8.4 0.58 56.07 [22]

2.66 6.36 1.06 39.59 [19]

PCE: power conversion efficiency, Jsc: short-circuit current density, Voc: open-circuit voltage, FF: fill factor.

Table 3. Performance comparison in solar cells.
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is shown in Table 3. Topics concerning the integration of transparent AgNW electrodes into 
flexible solar cells are as follows: one is the low-cost fabrication for the development of flexible 
solar cells and another one is the study of plasmonic effects to further control the optoelec-
tronic properties.

2.3. Flexible lighting

AgNW electrodes can be integrated into LEDs. Figure 2(a) shows the schematic of AlGaN-
based LEDs with AgNW/ITO electrodes [23]. The active layer of the light emitting devices 
mostly investigated can be organic materials (OLEDs) or polymer (PLEDs). The emulation 
of fully rollable lighting panels is time-to-market dependent on our ability to provide not 
only the active layer but also the interfaces and the transparent electrodes with high flexibil-
ity. In this case, it is essential for the transparent electrodes to have no alteration in optoelec-
tronic properties under bending cycles. For conventional ITO-based OLEDs, the luminance 
and the efficiency of the devices would have a sharp decrease under mechanical stress due 
to the fracture of the brittle ITO electrodes. Thus the usage of AgNW electrodes with good 
optoelectronic and mechanical properties seems to be a good strategy to fulfill this demand. 
Polyvinyl alcohol (PVA) [24], polyacrylate [25], poly(methyl methacrylate) (PMMA) [26], 
colorless polyimide (cPI) [27] and poly(urethane acrylate) (PUA) [28, 29] are used to produce 
the transparent electrodes together with AgNWs to improve the performance of electrodes. 
For instance, AgNW/PMMA OLEDs show high luminous efficiency, the color-independent 
emission and the nearly perfect Lambertian emission [26], as depicted in Figure 2(b). Many 
efforts have been done to decrease the current leakage [30, 31]. Table 4 illustrates the per-
formance comparison of LEDs produced by different researchers. The challenge of keeping 
the performance of AgNW-based OLEDs unchanged under deformation also arises many 
researchers’ attention [28].

2.4. Flexible sensors

High sensitive and stretchable sensors can be used in both our daily life and large military 
projects, from the human health monitoring devices to the structural health monitoring of 
aircrafts and bridges [36–38]. Figure 3(a) shows a strain sensor attached to the neck to moni-
tor human activities [39]. And as shown in Figure 3(b), AgNW electrodes can be integrated 

Figure 2. Light emitting diodes with AgNW electrodes: (a) the schematic of LEDs with AgNW/ITO electrodes [23], and 
(b) the angular dependence property of white OLEDs [26].
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of patterned AgNW networks respectively [12]. Interestingly, healable touchscreens were 
produced by Pei and co-workers through embedding AgNWs into the surface of healable 
polymer substrate [14], as shown in Figure 1(d).

2.2. Solar cells

Flexible transparent electrodes as front electrodes is a crucial factor in determining photo-
conversion efficiency of solar cells [15]. High electrical conductivity and high optical transpar-
ency of flexible transparent electrodes are required in order to lower the ohmic dissipation 
of heat and maximize the light absorption in the conversion layer. The band alignment and 
work function of the electrodes should also be considered. The most commonly used materi-
als for solar cells are doped metal oxides. They are prone to cracking, costly and need high-
temperature fabrication. Many researches have proved that AgNW networks are a promising 
alternative to ITO for both organic solar cells [16–18] and polymer solar cells [19]. AgNW net-
works have similar photovoltaic performances and excellent bending capacities as ITO and 
are compatible with solution-processed fabrication. And unlike doped metal oxides, AgNWs 
have high optical transparency in the IR range, leading to enhanced efficiency and the semi-
transparency of solar cells. The performance comparison in solar cells using AgNW electrodes 

Figure 1. Photographs of touch panels: (a-b) photograph of working capacitive touch panels [10], (c) the patterned 
AgNW network [12], and (d) healable touch sensor [14].
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6.58 14.29 0.78 59 [1]

3.05 9.191 0.638 0.521 [21]

2.73 8.4 0.58 56.07 [22]

2.66 6.36 1.06 39.59 [19]

PCE: power conversion efficiency, Jsc: short-circuit current density, Voc: open-circuit voltage, FF: fill factor.
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is shown in Table 3. Topics concerning the integration of transparent AgNW electrodes into 
flexible solar cells are as follows: one is the low-cost fabrication for the development of flexible 
solar cells and another one is the study of plasmonic effects to further control the optoelec-
tronic properties.

2.3. Flexible lighting

AgNW electrodes can be integrated into LEDs. Figure 2(a) shows the schematic of AlGaN-
based LEDs with AgNW/ITO electrodes [23]. The active layer of the light emitting devices 
mostly investigated can be organic materials (OLEDs) or polymer (PLEDs). The emulation 
of fully rollable lighting panels is time-to-market dependent on our ability to provide not 
only the active layer but also the interfaces and the transparent electrodes with high flexibil-
ity. In this case, it is essential for the transparent electrodes to have no alteration in optoelec-
tronic properties under bending cycles. For conventional ITO-based OLEDs, the luminance 
and the efficiency of the devices would have a sharp decrease under mechanical stress due 
to the fracture of the brittle ITO electrodes. Thus the usage of AgNW electrodes with good 
optoelectronic and mechanical properties seems to be a good strategy to fulfill this demand. 
Polyvinyl alcohol (PVA) [24], polyacrylate [25], poly(methyl methacrylate) (PMMA) [26], 
colorless polyimide (cPI) [27] and poly(urethane acrylate) (PUA) [28, 29] are used to produce 
the transparent electrodes together with AgNWs to improve the performance of electrodes. 
For instance, AgNW/PMMA OLEDs show high luminous efficiency, the color-independent 
emission and the nearly perfect Lambertian emission [26], as depicted in Figure 2(b). Many 
efforts have been done to decrease the current leakage [30, 31]. Table 4 illustrates the per-
formance comparison of LEDs produced by different researchers. The challenge of keeping 
the performance of AgNW-based OLEDs unchanged under deformation also arises many 
researchers’ attention [28].

2.4. Flexible sensors

High sensitive and stretchable sensors can be used in both our daily life and large military 
projects, from the human health monitoring devices to the structural health monitoring of 
aircrafts and bridges [36–38]. Figure 3(a) shows a strain sensor attached to the neck to moni-
tor human activities [39]. And as shown in Figure 3(b), AgNW electrodes can be integrated 
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of patterned AgNW networks respectively [12]. Interestingly, healable touchscreens were 
produced by Pei and co-workers through embedding AgNWs into the surface of healable 
polymer substrate [14], as shown in Figure 1(d).

2.2. Solar cells

Flexible transparent electrodes as front electrodes is a crucial factor in determining photo-
conversion efficiency of solar cells [15]. High electrical conductivity and high optical transpar-
ency of flexible transparent electrodes are required in order to lower the ohmic dissipation 
of heat and maximize the light absorption in the conversion layer. The band alignment and 
work function of the electrodes should also be considered. The most commonly used materi-
als for solar cells are doped metal oxides. They are prone to cracking, costly and need high-
temperature fabrication. Many researches have proved that AgNW networks are a promising 
alternative to ITO for both organic solar cells [16–18] and polymer solar cells [19]. AgNW net-
works have similar photovoltaic performances and excellent bending capacities as ITO and 
are compatible with solution-processed fabrication. And unlike doped metal oxides, AgNWs 
have high optical transparency in the IR range, leading to enhanced efficiency and the semi-
transparency of solar cells. The performance comparison in solar cells using AgNW electrodes 

Figure 1. Photographs of touch panels: (a-b) photograph of working capacitive touch panels [10], (c) the patterned 
AgNW network [12], and (d) healable touch sensor [14].
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1.85 −7.22 0.5308 48.475 [20]

6.58 14.29 0.78 59 [1]

3.05 9.191 0.638 0.521 [21]

2.73 8.4 0.58 56.07 [22]

2.66 6.36 1.06 39.59 [19]

PCE: power conversion efficiency, Jsc: short-circuit current density, Voc: open-circuit voltage, FF: fill factor.

Table 3. Performance comparison in solar cells.
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is shown in Table 3. Topics concerning the integration of transparent AgNW electrodes into 
flexible solar cells are as follows: one is the low-cost fabrication for the development of flexible 
solar cells and another one is the study of plasmonic effects to further control the optoelec-
tronic properties.

2.3. Flexible lighting

AgNW electrodes can be integrated into LEDs. Figure 2(a) shows the schematic of AlGaN-
based LEDs with AgNW/ITO electrodes [23]. The active layer of the light emitting devices 
mostly investigated can be organic materials (OLEDs) or polymer (PLEDs). The emulation 
of fully rollable lighting panels is time-to-market dependent on our ability to provide not 
only the active layer but also the interfaces and the transparent electrodes with high flexibil-
ity. In this case, it is essential for the transparent electrodes to have no alteration in optoelec-
tronic properties under bending cycles. For conventional ITO-based OLEDs, the luminance 
and the efficiency of the devices would have a sharp decrease under mechanical stress due 
to the fracture of the brittle ITO electrodes. Thus the usage of AgNW electrodes with good 
optoelectronic and mechanical properties seems to be a good strategy to fulfill this demand. 
Polyvinyl alcohol (PVA) [24], polyacrylate [25], poly(methyl methacrylate) (PMMA) [26], 
colorless polyimide (cPI) [27] and poly(urethane acrylate) (PUA) [28, 29] are used to produce 
the transparent electrodes together with AgNWs to improve the performance of electrodes. 
For instance, AgNW/PMMA OLEDs show high luminous efficiency, the color-independent 
emission and the nearly perfect Lambertian emission [26], as depicted in Figure 2(b). Many 
efforts have been done to decrease the current leakage [30, 31]. Table 4 illustrates the per-
formance comparison of LEDs produced by different researchers. The challenge of keeping 
the performance of AgNW-based OLEDs unchanged under deformation also arises many 
researchers’ attention [28].

2.4. Flexible sensors

High sensitive and stretchable sensors can be used in both our daily life and large military 
projects, from the human health monitoring devices to the structural health monitoring of 
aircrafts and bridges [36–38]. Figure 3(a) shows a strain sensor attached to the neck to moni-
tor human activities [39]. And as shown in Figure 3(b), AgNW electrodes can be integrated 

Figure 2. Light emitting diodes with AgNW electrodes: (a) the schematic of LEDs with AgNW/ITO electrodes [23], and 
(b) the angular dependence property of white OLEDs [26].
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of patterned AgNW networks respectively [12]. Interestingly, healable touchscreens were 
produced by Pei and co-workers through embedding AgNWs into the surface of healable 
polymer substrate [14], as shown in Figure 1(d).

2.2. Solar cells

Flexible transparent electrodes as front electrodes is a crucial factor in determining photo-
conversion efficiency of solar cells [15]. High electrical conductivity and high optical transpar-
ency of flexible transparent electrodes are required in order to lower the ohmic dissipation 
of heat and maximize the light absorption in the conversion layer. The band alignment and 
work function of the electrodes should also be considered. The most commonly used materi-
als for solar cells are doped metal oxides. They are prone to cracking, costly and need high-
temperature fabrication. Many researches have proved that AgNW networks are a promising 
alternative to ITO for both organic solar cells [16–18] and polymer solar cells [19]. AgNW net-
works have similar photovoltaic performances and excellent bending capacities as ITO and 
are compatible with solution-processed fabrication. And unlike doped metal oxides, AgNWs 
have high optical transparency in the IR range, leading to enhanced efficiency and the semi-
transparency of solar cells. The performance comparison in solar cells using AgNW electrodes 

Figure 1. Photographs of touch panels: (a-b) photograph of working capacitive touch panels [10], (c) the patterned 
AgNW network [12], and (d) healable touch sensor [14].
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6.58 14.29 0.78 59 [1]

3.05 9.191 0.638 0.521 [21]

2.73 8.4 0.58 56.07 [22]

2.66 6.36 1.06 39.59 [19]

PCE: power conversion efficiency, Jsc: short-circuit current density, Voc: open-circuit voltage, FF: fill factor.

Table 3. Performance comparison in solar cells.
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is shown in Table 3. Topics concerning the integration of transparent AgNW electrodes into 
flexible solar cells are as follows: one is the low-cost fabrication for the development of flexible 
solar cells and another one is the study of plasmonic effects to further control the optoelec-
tronic properties.

2.3. Flexible lighting

AgNW electrodes can be integrated into LEDs. Figure 2(a) shows the schematic of AlGaN-
based LEDs with AgNW/ITO electrodes [23]. The active layer of the light emitting devices 
mostly investigated can be organic materials (OLEDs) or polymer (PLEDs). The emulation 
of fully rollable lighting panels is time-to-market dependent on our ability to provide not 
only the active layer but also the interfaces and the transparent electrodes with high flexibil-
ity. In this case, it is essential for the transparent electrodes to have no alteration in optoelec-
tronic properties under bending cycles. For conventional ITO-based OLEDs, the luminance 
and the efficiency of the devices would have a sharp decrease under mechanical stress due 
to the fracture of the brittle ITO electrodes. Thus the usage of AgNW electrodes with good 
optoelectronic and mechanical properties seems to be a good strategy to fulfill this demand. 
Polyvinyl alcohol (PVA) [24], polyacrylate [25], poly(methyl methacrylate) (PMMA) [26], 
colorless polyimide (cPI) [27] and poly(urethane acrylate) (PUA) [28, 29] are used to produce 
the transparent electrodes together with AgNWs to improve the performance of electrodes. 
For instance, AgNW/PMMA OLEDs show high luminous efficiency, the color-independent 
emission and the nearly perfect Lambertian emission [26], as depicted in Figure 2(b). Many 
efforts have been done to decrease the current leakage [30, 31]. Table 4 illustrates the per-
formance comparison of LEDs produced by different researchers. The challenge of keeping 
the performance of AgNW-based OLEDs unchanged under deformation also arises many 
researchers’ attention [28].

2.4. Flexible sensors

High sensitive and stretchable sensors can be used in both our daily life and large military 
projects, from the human health monitoring devices to the structural health monitoring of 
aircrafts and bridges [36–38]. Figure 3(a) shows a strain sensor attached to the neck to moni-
tor human activities [39]. And as shown in Figure 3(b), AgNW electrodes can be integrated 

Figure 2. Light emitting diodes with AgNW electrodes: (a) the schematic of LEDs with AgNW/ITO electrodes [23], and 
(b) the angular dependence property of white OLEDs [26].
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into electrocardiogram (ECG) measurements [38]. Performances of flexible sensors concern 
about the linearity, sensitivity, detecting range, response time, stability and stretchability. 
Investigations using AgNW electrodes mainly concern about strain sensors [40, 41], pressure 
sensors [40] and electrochemical sensors [42]. Yao et al. presented wearable sensors based on 
highly stretchable AgNW electrodes enabling the detection of strain and pressure [40]. The 
strain sensors produced showed good linearity and reversibility even up to a large strain of 
50%. At the same time, the pressure under detection ranged up to 1.2 MPa. Hwang et al. have 
recently developed a self-powered patchable platform to monitor human activities [39], as 
shown in Figure 3(c). Usually, the stretchability of the transparent systems has been reported 
to be among 50–90% [43, 44]. The high stretchability is achieved by compositing AgNWs with 
a thin layer of elastomer [39, 41]. In particular, Jeong et al. integrated ultra-long AgNWs into 
an elastic-composite generator which exhibits hyper-stretchability up to 200% [45], as shown 

Category Vc(V) EQE(%) CE(cd/A) PE(lm/W) Ref

OLED NA NA 58.2 NA [32]

OLED NA 18.7 68.6 62.8 [33]

OLED 6 24.3 49 30.3 [26]

PLED 0.6 NA NA NA [34]

LED 2.72 NA NA NA [35]

OLED 3.6 NA 44.5 35.8 [30]

Vc: turn on voltage, EQE: external quantum efficiency, CE: current efficiency, PE: power efficiency.

Table 4. Performance comparison in LEDs.

Figure 3. The schematic and photograph of flexible AgNW sensors: (a) photograph of strain sensor attached to the neck 
[39], (b) AgNW dry electrode for ECG measurements [38], (c) the schematic diagram of strain sensor [39], and (d) the 
schematic illustration of highly-stretchable nanocomposite generator [45].
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in Figure 3(d). In addition to stretchability, the sensitivity can be tuned by controlling the 
areal density and roughness of AgNW networks [46]. Further optimization of geometry and 
materials is needed in this field.

3. Fabrication of flexible transparent electrodes based on silver 
nanowires

3.1. Controllable synthesis of silver nanowires

Many approaches have been addressed to synthesize AgNWs, which can be mainly divided into 
two groups: template methods and polyol process [47]. Template methods are classified into 
two categories, in terms of hard templates and soft templates. Soft templates include polymer 
film of PVA and DNA chains [48, 49]. Hard templates include silicon wafer and aluminum oxide 
[50, 51]. Although many literatures have investigated template methods to synthesize AgNWs, 
these methods are incompatible for large-scale production. The preparation and removal of the 
templates are time consuming and high cost. Moreover, nanowires synthesized through template 
methods suffer from low aspect ratio, irregular morphology and low yield.

Different from template methods, polyol process provides high yield of nanowires with ideal 
morphology. As the most promising synthetic procedure, salt-mediated polyol method [52, 53] 
has good reproducibility and low cost. The usage of salts, such as NaCl [54], CuCl2 [53], CuCl 
[53], FeCl3 and PtCl2, helps the mass synthesis of AgNWs. Metal seeds in the solution served as 
nuclei for subsequent growth of AgNWs, as depicted in Figure 4(a). The dimensions of AgNWs 
can be kinetically controlled by temperature, seeding conditions, and the ratio between PVP 
and AgNO3. High reaction temperature leads to the formation of nanowires with low aspect 
ratio. Increasing the concentration of metal seeds could slightly decrease the diameter of 
nanowires. Chen et al. [55] adjust the concentration of Na2S to control the diameter of AgNWs. 
The aspect ratio of the nanowires is small, unable to meet the requirements for high aspect 
ratio nanowires. Microwave and UV irradiation have been adopted by researchers to assist the 
synthesis of AgNWs [56–58]. The controllable methods to fabricate high aspect ratio nanowires 
have received much attention. Long nanowires with length of over 300 μm were fabricated 
by Lee et al. [59] using a successive multistep growth method, as shown in Figure 4(b). The 
fabrication process is time-consuming and complex. Then Andrés et al. [60] demonstrated a 
rapid synthesis of nanowires with the length reaching 190 μm to overcome this problem.

3.2. Coating techniques

Apart from the synthesis of AgNWs, coating and printing them onto the flexible plastic substrate 
is also an essential process in the fabrication of transparent electrodes. The performance of the 
electrodes varies according to different techniques and devices. The ideal process should meet 
three requirements: (1) the process should be free from toxic chemicals and costly materials; (2) the 
process should have a low environmental impact and can be recycled; (3) the process should meet 
the demand of the large-area, high-efficiency and high-quality production. Solution-processed 
fabrication can easily be surface scalable. Many solution processes have been reported to produce 
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into electrocardiogram (ECG) measurements [38]. Performances of flexible sensors concern 
about the linearity, sensitivity, detecting range, response time, stability and stretchability. 
Investigations using AgNW electrodes mainly concern about strain sensors [40, 41], pressure 
sensors [40] and electrochemical sensors [42]. Yao et al. presented wearable sensors based on 
highly stretchable AgNW electrodes enabling the detection of strain and pressure [40]. The 
strain sensors produced showed good linearity and reversibility even up to a large strain of 
50%. At the same time, the pressure under detection ranged up to 1.2 MPa. Hwang et al. have 
recently developed a self-powered patchable platform to monitor human activities [39], as 
shown in Figure 3(c). Usually, the stretchability of the transparent systems has been reported 
to be among 50–90% [43, 44]. The high stretchability is achieved by compositing AgNWs with 
a thin layer of elastomer [39, 41]. In particular, Jeong et al. integrated ultra-long AgNWs into 
an elastic-composite generator which exhibits hyper-stretchability up to 200% [45], as shown 
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OLED NA 18.7 68.6 62.8 [33]

OLED 6 24.3 49 30.3 [26]
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LED 2.72 NA NA NA [35]

OLED 3.6 NA 44.5 35.8 [30]

Vc: turn on voltage, EQE: external quantum efficiency, CE: current efficiency, PE: power efficiency.

Table 4. Performance comparison in LEDs.

Figure 3. The schematic and photograph of flexible AgNW sensors: (a) photograph of strain sensor attached to the neck 
[39], (b) AgNW dry electrode for ECG measurements [38], (c) the schematic diagram of strain sensor [39], and (d) the 
schematic illustration of highly-stretchable nanocomposite generator [45].
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in Figure 3(d). In addition to stretchability, the sensitivity can be tuned by controlling the 
areal density and roughness of AgNW networks [46]. Further optimization of geometry and 
materials is needed in this field.

3. Fabrication of flexible transparent electrodes based on silver 
nanowires

3.1. Controllable synthesis of silver nanowires

Many approaches have been addressed to synthesize AgNWs, which can be mainly divided into 
two groups: template methods and polyol process [47]. Template methods are classified into 
two categories, in terms of hard templates and soft templates. Soft templates include polymer 
film of PVA and DNA chains [48, 49]. Hard templates include silicon wafer and aluminum oxide 
[50, 51]. Although many literatures have investigated template methods to synthesize AgNWs, 
these methods are incompatible for large-scale production. The preparation and removal of the 
templates are time consuming and high cost. Moreover, nanowires synthesized through template 
methods suffer from low aspect ratio, irregular morphology and low yield.

Different from template methods, polyol process provides high yield of nanowires with ideal 
morphology. As the most promising synthetic procedure, salt-mediated polyol method [52, 53] 
has good reproducibility and low cost. The usage of salts, such as NaCl [54], CuCl2 [53], CuCl 
[53], FeCl3 and PtCl2, helps the mass synthesis of AgNWs. Metal seeds in the solution served as 
nuclei for subsequent growth of AgNWs, as depicted in Figure 4(a). The dimensions of AgNWs 
can be kinetically controlled by temperature, seeding conditions, and the ratio between PVP 
and AgNO3. High reaction temperature leads to the formation of nanowires with low aspect 
ratio. Increasing the concentration of metal seeds could slightly decrease the diameter of 
nanowires. Chen et al. [55] adjust the concentration of Na2S to control the diameter of AgNWs. 
The aspect ratio of the nanowires is small, unable to meet the requirements for high aspect 
ratio nanowires. Microwave and UV irradiation have been adopted by researchers to assist the 
synthesis of AgNWs [56–58]. The controllable methods to fabricate high aspect ratio nanowires 
have received much attention. Long nanowires with length of over 300 μm were fabricated 
by Lee et al. [59] using a successive multistep growth method, as shown in Figure 4(b). The 
fabrication process is time-consuming and complex. Then Andrés et al. [60] demonstrated a 
rapid synthesis of nanowires with the length reaching 190 μm to overcome this problem.

3.2. Coating techniques

Apart from the synthesis of AgNWs, coating and printing them onto the flexible plastic substrate 
is also an essential process in the fabrication of transparent electrodes. The performance of the 
electrodes varies according to different techniques and devices. The ideal process should meet 
three requirements: (1) the process should be free from toxic chemicals and costly materials; (2) the 
process should have a low environmental impact and can be recycled; (3) the process should meet 
the demand of the large-area, high-efficiency and high-quality production. Solution-processed 
fabrication can easily be surface scalable. Many solution processes have been reported to produce 
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into electrocardiogram (ECG) measurements [38]. Performances of flexible sensors concern 
about the linearity, sensitivity, detecting range, response time, stability and stretchability. 
Investigations using AgNW electrodes mainly concern about strain sensors [40, 41], pressure 
sensors [40] and electrochemical sensors [42]. Yao et al. presented wearable sensors based on 
highly stretchable AgNW electrodes enabling the detection of strain and pressure [40]. The 
strain sensors produced showed good linearity and reversibility even up to a large strain of 
50%. At the same time, the pressure under detection ranged up to 1.2 MPa. Hwang et al. have 
recently developed a self-powered patchable platform to monitor human activities [39], as 
shown in Figure 3(c). Usually, the stretchability of the transparent systems has been reported 
to be among 50–90% [43, 44]. The high stretchability is achieved by compositing AgNWs with 
a thin layer of elastomer [39, 41]. In particular, Jeong et al. integrated ultra-long AgNWs into 
an elastic-composite generator which exhibits hyper-stretchability up to 200% [45], as shown 
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OLED 3.6 NA 44.5 35.8 [30]

Vc: turn on voltage, EQE: external quantum efficiency, CE: current efficiency, PE: power efficiency.

Table 4. Performance comparison in LEDs.

Figure 3. The schematic and photograph of flexible AgNW sensors: (a) photograph of strain sensor attached to the neck 
[39], (b) AgNW dry electrode for ECG measurements [38], (c) the schematic diagram of strain sensor [39], and (d) the 
schematic illustration of highly-stretchable nanocomposite generator [45].
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in Figure 3(d). In addition to stretchability, the sensitivity can be tuned by controlling the 
areal density and roughness of AgNW networks [46]. Further optimization of geometry and 
materials is needed in this field.

3. Fabrication of flexible transparent electrodes based on silver 
nanowires

3.1. Controllable synthesis of silver nanowires

Many approaches have been addressed to synthesize AgNWs, which can be mainly divided into 
two groups: template methods and polyol process [47]. Template methods are classified into 
two categories, in terms of hard templates and soft templates. Soft templates include polymer 
film of PVA and DNA chains [48, 49]. Hard templates include silicon wafer and aluminum oxide 
[50, 51]. Although many literatures have investigated template methods to synthesize AgNWs, 
these methods are incompatible for large-scale production. The preparation and removal of the 
templates are time consuming and high cost. Moreover, nanowires synthesized through template 
methods suffer from low aspect ratio, irregular morphology and low yield.

Different from template methods, polyol process provides high yield of nanowires with ideal 
morphology. As the most promising synthetic procedure, salt-mediated polyol method [52, 53] 
has good reproducibility and low cost. The usage of salts, such as NaCl [54], CuCl2 [53], CuCl 
[53], FeCl3 and PtCl2, helps the mass synthesis of AgNWs. Metal seeds in the solution served as 
nuclei for subsequent growth of AgNWs, as depicted in Figure 4(a). The dimensions of AgNWs 
can be kinetically controlled by temperature, seeding conditions, and the ratio between PVP 
and AgNO3. High reaction temperature leads to the formation of nanowires with low aspect 
ratio. Increasing the concentration of metal seeds could slightly decrease the diameter of 
nanowires. Chen et al. [55] adjust the concentration of Na2S to control the diameter of AgNWs. 
The aspect ratio of the nanowires is small, unable to meet the requirements for high aspect 
ratio nanowires. Microwave and UV irradiation have been adopted by researchers to assist the 
synthesis of AgNWs [56–58]. The controllable methods to fabricate high aspect ratio nanowires 
have received much attention. Long nanowires with length of over 300 μm were fabricated 
by Lee et al. [59] using a successive multistep growth method, as shown in Figure 4(b). The 
fabrication process is time-consuming and complex. Then Andrés et al. [60] demonstrated a 
rapid synthesis of nanowires with the length reaching 190 μm to overcome this problem.

3.2. Coating techniques

Apart from the synthesis of AgNWs, coating and printing them onto the flexible plastic substrate 
is also an essential process in the fabrication of transparent electrodes. The performance of the 
electrodes varies according to different techniques and devices. The ideal process should meet 
three requirements: (1) the process should be free from toxic chemicals and costly materials; (2) the 
process should have a low environmental impact and can be recycled; (3) the process should meet 
the demand of the large-area, high-efficiency and high-quality production. Solution-processed 
fabrication can easily be surface scalable. Many solution processes have been reported to produce 
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into electrocardiogram (ECG) measurements [38]. Performances of flexible sensors concern 
about the linearity, sensitivity, detecting range, response time, stability and stretchability. 
Investigations using AgNW electrodes mainly concern about strain sensors [40, 41], pressure 
sensors [40] and electrochemical sensors [42]. Yao et al. presented wearable sensors based on 
highly stretchable AgNW electrodes enabling the detection of strain and pressure [40]. The 
strain sensors produced showed good linearity and reversibility even up to a large strain of 
50%. At the same time, the pressure under detection ranged up to 1.2 MPa. Hwang et al. have 
recently developed a self-powered patchable platform to monitor human activities [39], as 
shown in Figure 3(c). Usually, the stretchability of the transparent systems has been reported 
to be among 50–90% [43, 44]. The high stretchability is achieved by compositing AgNWs with 
a thin layer of elastomer [39, 41]. In particular, Jeong et al. integrated ultra-long AgNWs into 
an elastic-composite generator which exhibits hyper-stretchability up to 200% [45], as shown 
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[39], (b) AgNW dry electrode for ECG measurements [38], (c) the schematic diagram of strain sensor [39], and (d) the 
schematic illustration of highly-stretchable nanocomposite generator [45].
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in Figure 3(d). In addition to stretchability, the sensitivity can be tuned by controlling the 
areal density and roughness of AgNW networks [46]. Further optimization of geometry and 
materials is needed in this field.

3. Fabrication of flexible transparent electrodes based on silver 
nanowires

3.1. Controllable synthesis of silver nanowires

Many approaches have been addressed to synthesize AgNWs, which can be mainly divided into 
two groups: template methods and polyol process [47]. Template methods are classified into 
two categories, in terms of hard templates and soft templates. Soft templates include polymer 
film of PVA and DNA chains [48, 49]. Hard templates include silicon wafer and aluminum oxide 
[50, 51]. Although many literatures have investigated template methods to synthesize AgNWs, 
these methods are incompatible for large-scale production. The preparation and removal of the 
templates are time consuming and high cost. Moreover, nanowires synthesized through template 
methods suffer from low aspect ratio, irregular morphology and low yield.

Different from template methods, polyol process provides high yield of nanowires with ideal 
morphology. As the most promising synthetic procedure, salt-mediated polyol method [52, 53] 
has good reproducibility and low cost. The usage of salts, such as NaCl [54], CuCl2 [53], CuCl 
[53], FeCl3 and PtCl2, helps the mass synthesis of AgNWs. Metal seeds in the solution served as 
nuclei for subsequent growth of AgNWs, as depicted in Figure 4(a). The dimensions of AgNWs 
can be kinetically controlled by temperature, seeding conditions, and the ratio between PVP 
and AgNO3. High reaction temperature leads to the formation of nanowires with low aspect 
ratio. Increasing the concentration of metal seeds could slightly decrease the diameter of 
nanowires. Chen et al. [55] adjust the concentration of Na2S to control the diameter of AgNWs. 
The aspect ratio of the nanowires is small, unable to meet the requirements for high aspect 
ratio nanowires. Microwave and UV irradiation have been adopted by researchers to assist the 
synthesis of AgNWs [56–58]. The controllable methods to fabricate high aspect ratio nanowires 
have received much attention. Long nanowires with length of over 300 μm were fabricated 
by Lee et al. [59] using a successive multistep growth method, as shown in Figure 4(b). The 
fabrication process is time-consuming and complex. Then Andrés et al. [60] demonstrated a 
rapid synthesis of nanowires with the length reaching 190 μm to overcome this problem.

3.2. Coating techniques

Apart from the synthesis of AgNWs, coating and printing them onto the flexible plastic substrate 
is also an essential process in the fabrication of transparent electrodes. The performance of the 
electrodes varies according to different techniques and devices. The ideal process should meet 
three requirements: (1) the process should be free from toxic chemicals and costly materials; (2) the 
process should have a low environmental impact and can be recycled; (3) the process should meet 
the demand of the large-area, high-efficiency and high-quality production. Solution-processed 
fabrication can easily be surface scalable. Many solution processes have been reported to produce 
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AgNW electrodes, including Meyer rod coating [5, 33, 62, 63], dip coating [64], spin coating [65–67],  
drop casting [68], spray coating [69], vacuum filtration [70], roll-to-roll printing [19, 71, 72] and 
transferring [73, 74]. Figure 5(a)-(e) show coating devices with different techniques. Most of the 

Figure 4. AgNW synthesis: (a) the polyol process of AgNW synthesis [61], and (b) the schematic diagram of a multistep 
synthesis of ultra-long AgNWs [59].

Figure 5. Equipments of different coating techniques: (a) parts of slot-die coating device [77], (b) slot-die coating device 
[77], (c) Meyer rod coating device [78], (d) electrostatic spray system [79], and (e) pad printer [80].
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techniques are compatible with low-energy deposition process and without any vacuum equip-
ment. Direct laser ablation [13, 75], shadow mask [11], chemical etching using the photolithogra-
phy process [76] are all the patterning strategies for flexible transparent electrodes.

3.2.1. Roll-to-roll techniques

The processability of AgNW networks by R2R was showed by many researchers due to their 
compatibility with large-area production [81–83]. The substrate in R2R coating system is 
required to have mechanical flexibility and in the form of a long sheet. Quite different from 
other solution-processed coating methods, the R2R process is continuous and is suitable for 
large-area production. During coating, the substrate is first unwound from a roll and then 
passed through the coating machine and finally rewound on another roll. Aside from the coat-
ing machine, some post-treatment may also be added into the process, such as compressing, 
heating, UV-curing, chemical welding and drying, as shown in Figure 6(a) [83]. Interestingly, 
Lai’s team produced AgNW electrodes combined with moth-eye nanostructures using R2R 
techniques and greatly enhanced the transmittance [5, 81]. The quality of forming can be 
influenced by tension, speed, cleaning of the substrate and the removal of static electricity. 
Also, the pre-treatment and post-treatment can have a great impact on the performance of the 
coated AgNW films. Many laboratories have developed their own R2R system to study the 
coating process. Figure 6(b)-(d) show two laboratory-scale coating system [77, 84]. Hösel et al. 
have compared the performance of flexible electronics produced by R2R process [85]. The big-
gest challenge of R2R process is the unification problem [86]. The comparison between differ-
ent printing methods for large-scale R2R production was reported in Roll-to-Roll Processing 
Technology Assessment by U.S. Department of Energy, as shown in Table 5 [87].

Figure 6. The schematic and equipment of roll-to-roll fabrication process: (a) the schematic [82], (b) photograph of the 
R2R system [84], (c) a laboratory-scale coating system from solar coating machinery GmbH, Germany [77], and (d) 
photograph of the monitoring during coating [77].
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[77], (c) Meyer rod coating device [78], (d) electrostatic spray system [79], and (e) pad printer [80].
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techniques are compatible with low-energy deposition process and without any vacuum equip-
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Technology Assessment by U.S. Department of Energy, as shown in Table 5 [87].

Figure 6. The schematic and equipment of roll-to-roll fabrication process: (a) the schematic [82], (b) photograph of the 
R2R system [84], (c) a laboratory-scale coating system from solar coating machinery GmbH, Germany [77], and (d) 
photograph of the monitoring during coating [77].
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3.2.2. Drop casting

Drop casting is the simplest method to produce flexible transparent electrodes. The equip-
ment needed is only a horizontal work platform. What we need to do is casting the coating 
solution onto the substrate followed by drying. However, problems exist due to the simple 
procedure. The thickness of the film is unable to be controlled. The effect of “coffee-ring” may 
be easily observed causing uneven distribution of nanowires due to the surface tension of the 
liquid and the self-aggregation of nanowires upon drying.

3.2.3. Spin coating

Spin coating is an important way to form homogeneous film. As illustrated in Figure 7(a), the 
substrate is first accelerated to a chosen rotational speed and then the coating solution is applied 
onto the substrate [86]. Noticeably, most of the coating solution is ejected and only a little of the 
solution is left on the substrate to form a thin film. Figure 7(b)-(f) show the spin coating operation 
and the high speed images with different timing after the first drop [86]. Spin coating is high 
reproducible. The forming quality of spin coating can be measured by the thickness, morphology 
and the surface topography of the film coated. All these properties can be tuned by controlling the 
coating solution, the substrate and the rotational speed. Specially, the molecular weight, viscosity, 
diffusivity, volatility and concentration of the solutes all have impact on the final forming results.

3.2.4. Screen printing

Screen printing has a large wet film thickness. The coating ink used needs to have a high vis-
cosity and low volatility. First, the screen should be under tension by being glued to a frame. 
Second, an emulsion is filled into the screen to obtain the pattern. Here the area of the emul-
sion should be with no print and the area of the pattern is open waiting for the coating ink. 

Printing method Speed Wet thickness Resolution 
(μm)

Start/Stop Complexity Applicability

Flatbed Screen 
Printing

Low 5–100 μm 100 μm Yes Low Limited

Rotary Screen 
Printing

High 3–500 μm 100 μm Yes(a) Medium Very good

Inkjet Printing Medium 1–5 μm < 50 μm Yes High Limited, materials 
must be jettable

Flexography Very high 1–10 μm < 50 μm Yes(a) Medium Very good

Imprint or soft 
lithography

High (> 5m/
min)

NA 0.1 μm NA NA New technology

Laser ablation Low NA ~10 NA NA Thermal effect 
sensitivity

Gravure High NA > 0.07 μm NA NA Very good

(a)-Stopping should be avoided. Risk of registration lost and drying of ink in anilox cylinder. Short run-in length. 
NA-not available.

Table 5. Comparison between different printing methods in terms of their theoretical capacity and practical applicability 
for large-scale R2R production [87].
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Third, the patterned electrodes is obtained by filling the screen with coating ink. Figure 8(a)-
(c) show screen printers both in laboratories and factories, while Figure 8(d) shows the screen 
printing process.

4. Performance enhancements of flexible transparent electrodes

4.1. Optoelectronic properties

The optimization of the optoelectronic properties has been studied for many years. Since junction 
resistance plays an important role in the electrical properties of the whole network, decreasing 

Figure 7. Spin coating: (a) the schematic, (b) photograph of the operation, and (c-f) high-speed images with the timing 
after the first drop of 17, 100, 137 and 180 ms [86].

Figure 8. Photographs of screen printers and the coating process: (a-b) pictures of industrial screen printers [80, 86], 
(c) screen printing of silver nanowires in the laboratory [77], and (d) a close photograph showing screen printing [88].
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the number of junctions and reducing the junction resistance between wires are two main ideas 
to lower the sheet resistance of the film. In order to decrease the number of junctions, some 
researchers have studied different approaches to synthesize nanowires with high aspect ratio  
[59, 60, 89], which have been introduced in Section 3.1. Researchers have also devoted great efforts 
to decrease the junction resistance between nanowires. Methods such as vacuum filtration [90], 
graphene coating [91, 92], electrochemical coating [93], modification with graphene oxide (GO) 
[29] and deposition of particles like Au, ZnO and TiO2 [94] have been performed in the fabrica-
tion of transparent electrodes to reduce the resistance. Liang et al. wrapped the GO sheet around 
AgNW junctions and obtain a flexible transparent electrodes with the sheet resistance of 14 Ω/sq. 
and the transmittance of 88%, as shown in Figure 9(a) [29]. Many post-treatments such as thermal 
annealing [24], pressing [95], electrochemical annealing [96], salt treatment [83, 90], plasmonic 
welding [97], HCl vapor treatment, capillary-force-induced cold welding [63] and high intensity 
pulsed light technique(HIPL) [98, 99] have also been studied to reduce the junction resistance. 
Figure 9(b) and (c) show the obvious changes of AgNW junctions after hot-pressing. Lee et al. 
[6] demonstrated that annealing of the nanowire network at the temperature of 200°C causes 
the PVP to flow and partially decompose, leading AgNWs to fuse together. However, thermal 
annealing needs high temperature and long treatment time. It also cannot be employed with 
heat-sensitive substrates. Tokuno et al. [100] performed two steps to replace the heat treatment 
in the fabrication of transparent electrodes. The network was first rinsed with water and ethanol 
to remove the PVP followed by mechanical pressing to weld the wires. The sheet resistance was 

Figure 9. Different methods to improve the optoelectronic properties of flexible transparent AgNW electrodes: (a) SEM 
observation of AgNW networks with GO surrounding AgNW junctions [29], (b-c) SEM images of AgNW networks 
before and after hot-pressing [32], (d) a schematic diagram of electrowelding treatment [101], (e) illustration of the 
procedure used for the preparation of dual-scale nanowire networks [33], and (f) SEM image of AgNWs bridging 
graphene grains [104].
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reduced from 6.9 × 106 to 1.8 × 104 Ω/sq. and then to 8.6 Ω/sq. However, mechanical pressing may 
not suitable for delicate substrates. Thus some other different approaches such as joule heating, 
HIPL, moisture-treating and hybridization with mesoscale wires, have been explored. Song et al. 
[101] apply the idea that joule heating can weld platinum wires and carbon nanotubes into the 
metallic nanowire networks. An approach with low additional power and short treatment dura-
tions is achieved by current-assisted localized joule heating accompanied by electromigration, as 
shown in Figure 9(d). The resistance of individual nanowires is also investigated by researchers, 
such as the utilization of nanowires with large gain size [102] and the hybridization of differ-
ent scale wires [33, 103]. Figure 9(e) shows the procedure used to produce dual-scale nanowire 
networks [33]. Many investigations also focus on hybridizing AgNWs with other conductive 
materials. AgNWs were treated as bridges for high resistance grain boundaries of graphene by 
Teymouri et al. to obtain highly transparent electrodes, as shown in Figure 9(f) [104].

Besides the electrical properties, many efforts have been done by researchers to improve the optical 
transparency of AgNW electrodes. Firstly, the dimensions of AgNWs are optimized for high trans-
mittance. Nanowires networks with large aspect ratio show better optical property [105]. Secondly, 
different deposition process has been explored. Kim et al. [79] applied the electrostatic spray depo-
sition to obtain electrodes with the transmittance of 92.1%. Thirdly, changing substrates into more 
transparent materials. Jiang et al. [106] changing the commonly used polyethylene terephthalate 
(PET) substrate into the flexible resin film and improve the transmittance by nearly 10%. Kim et al. 
integrated CNT into AgNW electrodes to reduce the haze factor by absorbing the scattered light 
from AgNWs [107]. Table 6 illustrates the performance comparison in AgNW electrodes.

4.2. Environmental stability

Though environmental stability seems to be important for future application, few investi-
gations have been reported so far on it compared to the optoelectronic performance. The 

NW dimensions Substrate Rs (Ω/sq) T (%) Ref.

D 20–40 nm, L 20–40 μm Glass/PET 91.3 97.9 [108]

D 35 nm, L 25 μm PET ~50 94.5 [1]

D 25 nm, L 35 μm PET ~20 86 [5]

D 20–90 nm, L 20–150 μm PDMS 179 89.4 [63]

D 100 nm, L 100 μm and D 40 nm, L 10 μm Resin 50 90 [33]

D 50–90 nm, L 15–25 μm PEN 12 83 [32]

D 70 nm, L 8 μm glass 6–21 70–85 [21]

D 70 nm, L 10–20 μm and D 85 nm, L 30–60 μm PU 6 68 [98]

D 70 nm, L 200 μm No data <30 95 [104]

Not available Glass 11 87 [34]

D 115 nm, L 20–50 μm PET/PEN 5 92 [83]

Table 6. Performance comparison in AgNW electrodes.
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ent scale wires [33, 103]. Figure 9(e) shows the procedure used to produce dual-scale nanowire 
networks [33]. Many investigations also focus on hybridizing AgNWs with other conductive 
materials. AgNWs were treated as bridges for high resistance grain boundaries of graphene by 
Teymouri et al. to obtain highly transparent electrodes, as shown in Figure 9(f) [104].

Besides the electrical properties, many efforts have been done by researchers to improve the optical 
transparency of AgNW electrodes. Firstly, the dimensions of AgNWs are optimized for high trans-
mittance. Nanowires networks with large aspect ratio show better optical property [105]. Secondly, 
different deposition process has been explored. Kim et al. [79] applied the electrostatic spray depo-
sition to obtain electrodes with the transmittance of 92.1%. Thirdly, changing substrates into more 
transparent materials. Jiang et al. [106] changing the commonly used polyethylene terephthalate 
(PET) substrate into the flexible resin film and improve the transmittance by nearly 10%. Kim et al. 
integrated CNT into AgNW electrodes to reduce the haze factor by absorbing the scattered light 
from AgNWs [107]. Table 6 illustrates the performance comparison in AgNW electrodes.

4.2. Environmental stability

Though environmental stability seems to be important for future application, few investi-
gations have been reported so far on it compared to the optoelectronic performance. The 

NW dimensions Substrate Rs (Ω/sq) T (%) Ref.

D 20–40 nm, L 20–40 μm Glass/PET 91.3 97.9 [108]

D 35 nm, L 25 μm PET ~50 94.5 [1]

D 25 nm, L 35 μm PET ~20 86 [5]

D 20–90 nm, L 20–150 μm PDMS 179 89.4 [63]

D 100 nm, L 100 μm and D 40 nm, L 10 μm Resin 50 90 [33]

D 50–90 nm, L 15–25 μm PEN 12 83 [32]

D 70 nm, L 8 μm glass 6–21 70–85 [21]

D 70 nm, L 10–20 μm and D 85 nm, L 30–60 μm PU 6 68 [98]

D 70 nm, L 200 μm No data <30 95 [104]

Not available Glass 11 87 [34]

D 115 nm, L 20–50 μm PET/PEN 5 92 [83]

Table 6. Performance comparison in AgNW electrodes.
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Figure 9. Different methods to improve the optoelectronic properties of flexible transparent AgNW electrodes: (a) SEM 
observation of AgNW networks with GO surrounding AgNW junctions [29], (b-c) SEM images of AgNW networks 
before and after hot-pressing [32], (d) a schematic diagram of electrowelding treatment [101], (e) illustration of the 
procedure used for the preparation of dual-scale nanowire networks [33], and (f) SEM image of AgNWs bridging 
graphene grains [104].
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thermal conductivity of AgNWs and their degradation mechanism is lack of investigations. 
Mayousse et al. spend over 2 years to study the relationship between the stability of AgNW 
networks and the temperature, humidity, light, hydrogen sulfide and electrical stress [11]. 
Khaligh et al. [109] once modeled the random AgNW networks in MATLAB and analyzed 
the overall circuit with HSPICE. In their work, graphene can slow the degradation of AgNWs 
and uniform the surface temperature. In this case, the failure mechanism is not the nanowire 
degradation any more. It is changed into the melting of the substrate. Thus the most com-
monly used method is to use hybrid materials to improve both thermal and chemical stabil-
ity. Also, the aging of flexible transparent electrodes under different working conditions is 
now lack of research. Song et al. compared the environmental stability of nanowires with 
nanoparticle coating and sol–gel TiO2 coating [110]. As shown in Figure 10(a), AgNWs can 
easily react with sulfur ions to form Ag2S (dark gray). Nanoparticles can reduce the expo-
sure area but are unable to diminish the whole area. AgNWs with nanoparticles coating can 
still react with sulfur ions. The sol–gel TiO2 avoid AgNWs being exposed to sulfur ions and 
improve the chemical durability of AgNWs.

4.3. Mechanical properties

The sheet resistance of transparent AgNW electrodes shows negligible increase under bend-
ing test, quite different from that of ITO electrodes. AgNWs are able to conform to non-planar 
surface. They can easily fit to the surface, even the highly roughened surface. Though the 
flexibility makes AgNW a promising alternative to ITO, the high roughness of the network 
remains a serious problem which hinders the development of AgNW electrodes. The high 
roughness would lead to interlayer shorting, high leakage currents, and low quantum effi-
ciency in OLEDs [33]. The buffer layer and the conductive material coating are investigated 
by many researchers to reduce the roughness of the networks [111–114]. Nevertheless, they 
would degrade the performance by increasing the driving voltage and the electron–hole 
imbalance [30]. Burying AgNW into polymer substrate is also a way to reduce the rough-
ness, but the effective electrode areas decreased [33]. In order to overcome this problem, the 
plasma treatment was applied on AgNW-cPI composite electrodes to enlarge the conductive 

Figure 10. Schematic of the mechanism for treatments used to improve environmental stability and mechanical properties: 
(a) the protection mechanism for the nanoparticle coating and sol–gel TiO2 coating [110], and (b) the conductive pathway 
enlarging mechanism for the plasma treatment on AgNW-cPI composite electrodes [27].
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pathways, as shown in Figure 10(b) [27]. Intense-pulsed-light irradiation and the UV-Ozone 
treatment are also ways to smooth the film without any severe deterioration in the optical 
performance [22, 115].

The poor adhesion to substrates, together with the roughness and reduced effective electri-
cal area, hinders the widely application of AgNW electrodes. Strong bonding is essential to 
avoid detachment of AgNW networks and maintain electrical conductivity at high strain 
deformation. Modifying substrate surface [74, 116], applying strong conformal pressure, 
in situ polymerization [24, 25, 94] and surface encapsulation [71] can effectively improve 
the adhesion. These methods are complex and time consuming, together with changing the 
properties of the substrates. In recent papers, some new methods have also been put forward. 
It is a fast and simple method compared with conventional approaches embedding nanow-
ires into polymers [98]. Khan et al. [117] proposed a facile method to make the nanowires 
a nail-like structure which can be fully embedded in plastic films, greatly enhancing the 
wire-substrate adhesion.

5. Conclusion

The aim of this chapter is to demonstrate the fabrication techniques of flexible transparent 
AgNW electrodes and the efforts made to enhance the performance. Though AgNW elec-
trodes reported exhibit similar performances to ITO electrodes, there is still a long way to go 
for future commercialization. Firstly, new synthesis methods for fine-tuning the dimensions 
of AgNWs are needed. The performances of AgNW electrodes have a close relationship with 
the dimensions of AgNWs. Secondly, metals other than silver need investigations to reduce 
the cost of electrodes with similar performances, such as copper. Thirdly, the hybrid materi-
als, such as core-shell Cu-Ni nanowires and sandwich structure, are also of interest. Fourthly, 
the stability optimization in real environments is lacking now. The evaluation of the intrinsic 
stability is an important value to prove the possibility of integrating nanowires into future 
devices. Finally, the toxicity of nanowires needs attention before being integrated into com-
mercial devices.
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pathways, as shown in Figure 10(b) [27]. Intense-pulsed-light irradiation and the UV-Ozone 
treatment are also ways to smooth the film without any severe deterioration in the optical 
performance [22, 115].

The poor adhesion to substrates, together with the roughness and reduced effective electri-
cal area, hinders the widely application of AgNW electrodes. Strong bonding is essential to 
avoid detachment of AgNW networks and maintain electrical conductivity at high strain 
deformation. Modifying substrate surface [74, 116], applying strong conformal pressure, 
in situ polymerization [24, 25, 94] and surface encapsulation [71] can effectively improve 
the adhesion. These methods are complex and time consuming, together with changing the 
properties of the substrates. In recent papers, some new methods have also been put forward. 
It is a fast and simple method compared with conventional approaches embedding nanow-
ires into polymers [98]. Khan et al. [117] proposed a facile method to make the nanowires 
a nail-like structure which can be fully embedded in plastic films, greatly enhancing the 
wire-substrate adhesion.
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by many researchers to reduce the roughness of the networks [111–114]. Nevertheless, they 
would degrade the performance by increasing the driving voltage and the electron–hole 
imbalance [30]. Burying AgNW into polymer substrate is also a way to reduce the rough-
ness, but the effective electrode areas decreased [33]. In order to overcome this problem, the 
plasma treatment was applied on AgNW-cPI composite electrodes to enlarge the conductive 
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pathways, as shown in Figure 10(b) [27]. Intense-pulsed-light irradiation and the UV-Ozone 
treatment are also ways to smooth the film without any severe deterioration in the optical 
performance [22, 115].

The poor adhesion to substrates, together with the roughness and reduced effective electri-
cal area, hinders the widely application of AgNW electrodes. Strong bonding is essential to 
avoid detachment of AgNW networks and maintain electrical conductivity at high strain 
deformation. Modifying substrate surface [74, 116], applying strong conformal pressure, 
in situ polymerization [24, 25, 94] and surface encapsulation [71] can effectively improve 
the adhesion. These methods are complex and time consuming, together with changing the 
properties of the substrates. In recent papers, some new methods have also been put forward. 
It is a fast and simple method compared with conventional approaches embedding nanow-
ires into polymers [98]. Khan et al. [117] proposed a facile method to make the nanowires 
a nail-like structure which can be fully embedded in plastic films, greatly enhancing the 
wire-substrate adhesion.

5. Conclusion

The aim of this chapter is to demonstrate the fabrication techniques of flexible transparent 
AgNW electrodes and the efforts made to enhance the performance. Though AgNW elec-
trodes reported exhibit similar performances to ITO electrodes, there is still a long way to go 
for future commercialization. Firstly, new synthesis methods for fine-tuning the dimensions 
of AgNWs are needed. The performances of AgNW electrodes have a close relationship with 
the dimensions of AgNWs. Secondly, metals other than silver need investigations to reduce 
the cost of electrodes with similar performances, such as copper. Thirdly, the hybrid materi-
als, such as core-shell Cu-Ni nanowires and sandwich structure, are also of interest. Fourthly, 
the stability optimization in real environments is lacking now. The evaluation of the intrinsic 
stability is an important value to prove the possibility of integrating nanowires into future 
devices. Finally, the toxicity of nanowires needs attention before being integrated into com-
mercial devices.
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Abstract

Printing technologies have been demonstrated to be highly efficient and compatible with 
polymeric materials (both inks and substrates) enabling a new generation of flexible elec-
tronics applications. Conductive flexible polymers are a new class of materials that are 
prepared for a wide range of applications, such as photovoltaic solar cells, transistors 
molecular devices, and sensors and actuators. There are many possible printing tech-
niques. This chapter provides an opportunity to review the most common printing tech-
niques used at the industrial level, the most commonly used substrates and electronic 
materials, giving an overall vision for a better understanding and evaluation of their dif-
ferent features. Several technological solutions (contact/noncontact) and its critical chal-
lenges are also presented. Inkjet Printing Technology (IPT) has been receiving a great 
attention and therefore higher focus is given to this technology. An overview of IPT is 
presented to evidence its importance and potential as a key-technology on the research 
field for printed electronics development, as well as on large scale industrial manufactur-
ing. A background and a review on prior work are presented along with used materials, 
developed applications and potential of IPT technology. The main features of the differ-
ent printing technologies, advantages and main challenges are also compared.

Keywords: printing techniques, flexible polymers, conductive inks

1. Introduction

When an electrical device is created through a printing process, it is designated Printed 
Electronics (PE). Over 20 years, the manufacturing industry has been using various print-
ing techniques to produce, e.g., antennas, sensors, membrane switches, etc. [1]. This list is 
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 continuously increasing. Today users’ demands (for lower cost, flexible and smarter products) 
are a decisive factor for the selection of PE fabrication technologies, therefore, contributing to 
novel and better products. The interest on flexible electronic systems to be used, for example, 
on non-planar surfaces grew tremendously in recent years, [2] in areas such as aerospace and 
automotive, [3] biomedical, [4] robotics, [5] and health applications [6]. This is possible thanks 
to the combination of different polymeric materials (compared to traditional silicon substrates) 
with new coating and printing techniques able to work at temperatures compatible with the 
polymeric substrate, or even the manufacturing of non-planar surfaces otherwise impossible 
with old-fashioned fabrication techniques. The use of flexible polymers has many advantages 
compared to traditional hard substrates including: higher contact area, capability to fold/roll, 
lightweight, etc., therefore, they have a key role in the development of new conductive circuits.

Thanks to better and flexible materials combined with PE, commercial applications diversity 
will continue to emerge. According to Markets and Markets latest report, the progress of flex-
ible applications based on PE market will worth $12.1B by 2022. According to Electronics.ca 
Publications, Printed organic & flexible electronics market will be worth over $73B by 2027.

Each technology is selected according to the type of electronic components or devices (e.g., 
small, thin, lightweight, flexible, inexpensive and disposable, etc.), the production cost and 
volume. The essential aspects for the success of any type of PE device is the processabil-
ity, performance and long-term reliability [1] of the materials used [7]. The pastes, inks or 
coatings can be based both on organic and inorganic materials [7]. Inorganic inks normally 
contain metallic (e.g., copper, gold, silver, aluminum) nanoparticles dispersed in a retaining 
matrix and they are used, for example, in the fabrication of passive components and transis-
tor electrodes [7]. Organic inks are based on organic materials, such as polymers (conductors, 
semiconductors and dielectrics). The inks based on high conductive polymers are employed 
in batteries, electromagnetic shields, capacitors, resistors and inductors, sensors, etc., while 
inks based on organic semiconductors are employed as active layers of active devices such 
as, Organic PhotoDiodes (OPDs), Organic Light Emitting Diodes (OLEDs), Organic Field-
Effect Transistors (OFETs), organic solar cells (OSC), sensors, etc. [7]. Due to the wide range 
of printing technologies, the materials must meet certain requirements depending on the type 
of printing being performed and on the application.

PE technologies can be divided in contact and non-contact techniques as shown on Figure 1:

• contact techniques (e.g., screen printing, flexography, gravure printing and soft lithogra-
phy), in which the printing plate is in direct contact with the substrate;

• non-contact techniques (e.g., laser direct writing, aerosol printing, inkjet printing), where 
only the deposition material get in contact with the substrate.

Figure 1. Printing technologies classification.
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This chapter reviews simultaneously the most used techniques at the research and industrial 
level, substrates and electronic materials for an overall vision and a better understanding and 
evaluation of its different features. Their main features and examples of PE applications are 
discussed with greater focus on Inkjet Printing Technology.
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 continuously increasing. Today users’ demands (for lower cost, flexible and smarter products) 
are a decisive factor for the selection of PE fabrication technologies, therefore, contributing to 
novel and better products. The interest on flexible electronic systems to be used, for example, 
on non-planar surfaces grew tremendously in recent years, [2] in areas such as aerospace and 
automotive, [3] biomedical, [4] robotics, [5] and health applications [6]. This is possible thanks 
to the combination of different polymeric materials (compared to traditional silicon substrates) 
with new coating and printing techniques able to work at temperatures compatible with the 
polymeric substrate, or even the manufacturing of non-planar surfaces otherwise impossible 
with old-fashioned fabrication techniques. The use of flexible polymers has many advantages 
compared to traditional hard substrates including: higher contact area, capability to fold/roll, 
lightweight, etc., therefore, they have a key role in the development of new conductive circuits.

Thanks to better and flexible materials combined with PE, commercial applications diversity 
will continue to emerge. According to Markets and Markets latest report, the progress of flex-
ible applications based on PE market will worth $12.1B by 2022. According to Electronics.ca 
Publications, Printed organic & flexible electronics market will be worth over $73B by 2027.

Each technology is selected according to the type of electronic components or devices (e.g., 
small, thin, lightweight, flexible, inexpensive and disposable, etc.), the production cost and 
volume. The essential aspects for the success of any type of PE device is the processabil-
ity, performance and long-term reliability [1] of the materials used [7]. The pastes, inks or 
coatings can be based both on organic and inorganic materials [7]. Inorganic inks normally 
contain metallic (e.g., copper, gold, silver, aluminum) nanoparticles dispersed in a retaining 
matrix and they are used, for example, in the fabrication of passive components and transis-
tor electrodes [7]. Organic inks are based on organic materials, such as polymers (conductors, 
semiconductors and dielectrics). The inks based on high conductive polymers are employed 
in batteries, electromagnetic shields, capacitors, resistors and inductors, sensors, etc., while 
inks based on organic semiconductors are employed as active layers of active devices such 
as, Organic PhotoDiodes (OPDs), Organic Light Emitting Diodes (OLEDs), Organic Field-
Effect Transistors (OFETs), organic solar cells (OSC), sensors, etc. [7]. Due to the wide range 
of printing technologies, the materials must meet certain requirements depending on the type 
of printing being performed and on the application.

PE technologies can be divided in contact and non-contact techniques as shown on Figure 1:

• contact techniques (e.g., screen printing, flexography, gravure printing and soft lithogra-
phy), in which the printing plate is in direct contact with the substrate;

• non-contact techniques (e.g., laser direct writing, aerosol printing, inkjet printing), where 
only the deposition material get in contact with the substrate.
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2.1.2. Flexography

The flexography is a R2R direct printing technology, where the final pattern stands out from 
the ink transfer. A ceramic anilox roller, covered with micro-cavities on its surface, allows the  
collection of ink, and then is transferred to the printing plate cylinder (Figure 2). A closed 
chamber supplies the ink to the anilox roller [13]. A doctor blade removes excess ink from the 
cylinder and prevents the output from the ink supply chamber. The printing plate continu-
ously rotates in contact with the substrate ensuring a continuous high speed printing process.

However, situations such as the Halo effect (patterns with excess of ink) occur due to the com-
pression between the printing plate and the substrate, despite the low pressure applied. This 
leads to limitations on image size stability and resolution [13]. This technology is commonly 
used for the fabrication of on-label battery testers, drug delivery patches, printed batteries 
and other e-label applications [1]. Julin used flexography to produce flexible piezoelectric 
pressure sensors [14]. They investigated the suitability of flexography printing and new elec-
trode materials in their manufacture, developing a flexo-printed piezoelectric PolyVinyliDene 
Fluoride (PVDF) pressure sensor. Although the sheet resistance of the fabricated samples pre-
sented high values and a lot of variability, the devices showed a non-uniform structure and 
some difficulties were reported on achieving a uniform pressure sensor.

2.1.3. Gravure printing

The gravure printing technology is the reverse process of flexography, where the image to 
be printed is negative (Figure 2). The ink is received directly by the ink supplier container 
or by an additional roller to the gravure plate, where the pattern image is located. A flexible 
metal blade removes the excess ink. The ink is transferred through capillary action from the 
small engraved cavities on the cylinder surface to the substrate. This technology is capable of 
producing high quality patterns in a cost-effective manner and is suitable for printing with 
inks of low viscosity, and high manufacturing speeds (up to 0.1 m/s [15]) can be achieved. A 
careful optimization of the process and of the materials is important because the final print 
quality is highly dependent upon:

• inks properties, i.e., its rheological behavior (viscosity), solvent evaporation rate and curing;

• proper cell spacing (1.06–1.4 μm) for print quality [16, 17];

• feature dimensions on gravure cylinder for proper cell emptying capability [16] are very 
important;

• shear force in the printing mechanism [17].

Widely used in magazine production, gravure printing is also highly employed for certain 
electronics products such as medical Electrocardiography (ECG or EKG) pads and high-
volume Radio-Frequency Identification devices (RFID) [1], Thin-Film-Transistors (TFT) [16], 
solar cells [18] and sensors [19]. However, this process presents two main limitations: the 
printing image is built from separate cells, and when printing a straight line, a jagged line 
is observed [13], which represents a major obstacle when high resolution is need, e.g., less 
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than 20 μm size is required for electronic structures [15], and the parasitic capacitances are 
to be avoid; the proper layer deposition alignment, e.g., in electronic applications, repeating 
conductive film deposition is sometimes required in order to reduce sheet resistance. When 
it comes to R2R techniques (e.g., screen-printing, flexography and gravure printing) another 
level of complexity is added to these technologies. Also, frequent replacements of the gravure 
cylinders are needed, which adds a maintenance cost.

2.1.4. Soft lithography

Soft lithography technology encompasses several printing techniques (Figure 3), such as micro-
contact printing (μCP) [20], replica molding (REM), micro transference molding (μTM), micro-
molding in capillaries (MIMIC), and solvent assisted micromolding (SAMIM) [21]. It provides a 
convenient, effective method for the manufacturing of high quality micro- and nanostructured 
systems [22]. In this set of technologies, an elastomeric (commonly of poly (dimethylsiloxane) 
(PDMS)) stamp or mold with patterned relief structures on its surface is used to transfer patterns 
and structures with feature sizes ranging from 30 nm to 100 μm [21]. Usually the master is pre-
pared using either e-beam or photolithography. From this master, several stamps can be molded. 
The material of interest is deposited on the stamp and transferred on the substrate. However, 
soft lithography does not offer better economic advantages when compared to R2R printing 
techniques due to the rapid throughput [7]. The fabrication includes several manufacture steps 
with the involvement of photolithographic technology [5, 23]. Other challenges rely on a proper 
adjustment of the surface energies of substrates and inks for efficient transfer to the substrate to 
be printed, on common swelling of transferring materials, resulting on increased features size.

2.1.5. Comparing contact printing technologies

Tables 1 and 2 summarize qualitatively the mechanisms, the process requirements, material 
and critical limitations of the contact printing technologies, highlighting their main features. 
These tables also provide the possibility of merging the different techniques in order to com-
bine technologies to overcome one technology limitation with another technology.

Figure 3. Major steps in soft lithography technologies.
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be printed, on common swelling of transferring materials, resulting on increased features size.

2.1.5. Comparing contact printing technologies

Tables 1 and 2 summarize qualitatively the mechanisms, the process requirements, material 
and critical limitations of the contact printing technologies, highlighting their main features. 
These tables also provide the possibility of merging the different techniques in order to com-
bine technologies to overcome one technology limitation with another technology.

Figure 3. Major steps in soft lithography technologies.
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2.1.2. Flexography
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Flexible Electronics50
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pared using either e-beam or photolithography. From this master, several stamps can be molded. 
The material of interest is deposited on the stamp and transferred on the substrate. However, 
soft lithography does not offer better economic advantages when compared to R2R printing 
techniques due to the rapid throughput [7]. The fabrication includes several manufacture steps 
with the involvement of photolithographic technology [5, 23]. Other challenges rely on a proper 
adjustment of the surface energies of substrates and inks for efficient transfer to the substrate to 
be printed, on common swelling of transferring materials, resulting on increased features size.

2.1.5. Comparing contact printing technologies

Tables 1 and 2 summarize qualitatively the mechanisms, the process requirements, material 
and critical limitations of the contact printing technologies, highlighting their main features. 
These tables also provide the possibility of merging the different techniques in order to com-
bine technologies to overcome one technology limitation with another technology.
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2.2. Non-contact printing technologies

Compared to the contact printing technologies, the non-contact has the advantage of the sub-
strate only getting in contact with the deposition material. This lowers the risks of contamina-
tion, of damaging the substrate and the patterns alignment is more accurate. This last issue 
is an indispensable functionality to pattern multilayered devices. For non-contact printing 
techniques there is no need for physical mask of the to-be-printed image, only requiring a 
digital image, simplifying the switching process without no additional cost. However, the 
non-contact technologies also stumble upon some difficulties when completing multilayered 
devices [23] are needed. They work with all kinds of substrates, such as, wood, glass, metals 
and most interesting, rubbers, polymers, which require low processing temperatures, and 
risk to be damaged and deformed when subjected to thermal stresses and high temperature 
processes. Main non-contact printing techniques are described in the following.

2.2.1. Laser direct writing

Laser direct-writing (LDW) techniques enable the realization of 1D to 3D structures by laser-
induced deposition of metals, semiconductors, polymers and ceramics, without using masks 
and without physical contact between a tool or nozzle and the substrate material. Operated by 
a computer, the laser pulses are manipulated to control the composition, structure, and prop-
erties of individual three-dimensional volumes of materials, across length-scales spanning 
six orders of magnitude from nanometers to millimeters [25]. The ability to process complex 

Print technique Mechanisms and features Challenges

Screen printing 
[13–15]

Most used and mature printing technique; 
planar or R2R system; speed and versatile.

Hard to clean; solvents deteriorate mask patterns; 
high resolution of uniform line patterns are not 
possible under 30 μm; Unfeasible use of low 
viscosity inks to prevent spreading and bleed out; 
material wastage.

Flexography [13] High speed printing process; low-cost 
patterns plate; high flexibility and low 
pressure printing; better vertical and 
horizontal pattern quality compared to 
gravure.

Halo effect (patterns with excess of ink) due 
to printing plate compression to the substrate, 
despite the low pressure applied; marbling effect; 
complex multi layers alignment.

Gravure printing 
[13, 15, 17, 24]

High quality patterns in a cost-effective 
manner; high speed; low viscosity inks.

Cylinder life and high cost; demanding and 
careful optimization of the process (several 
variables) influence final print quality 
representing a major obstacle where high 
resolution is required (e.g., PE).

Soft lithography 
[20–22]

Encompasses several printing techniques 
(μCP, REM, μTM, MIMIC, SAMIM); 
fabrication of micro-and nanostructures of 
high quality; convenient, effective method; 
mostly used by the biological science area.

Proper adjustment of the surface energies for 
efficient transfer to the substrate to be printed; 
common swelling of transferring materials, 
resulting an increased features size; pattern 
reproduction and resolution is a challenge due to 
used forces on stamp; costly solution.

Table 1. Summary of contact printing techniques: mechanisms, features and main challenges.
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or delicate material systems and the achieved resolutions enable LDW to fabricate structures 
that are not possible to generate using other techniques. Within LDW, there are three writing 
techniques:

i. LDW addition (LDW+) technique, where the material can be deposited from gaseous, liq-
uid and solid precursors (e.g., Laser Chemical Vapor Deposition (LCVD)) or by transfer, 
by laser beam, from an optically transparent support onto a parallel substrate (e.g., Laser-
induced forward transfer (LIFT) [7], Figure 4). These techniques entail high cost due to 
the sophisticated equipment (e.g., reaction chamber associated with vacuum equipment); 
it does not allow to deposit organic substrates; and it can only print on flat substrates, 
parallel to the support material.

ii. LDW subtraction (LDW-) technique, where the material is removed by ablation (e.g., pho-
tochemical, photothermal, or photophysical ablation [26], laser scribing, cutting, drilling, 
or etching [27]). An industrial application example is the high-resolution manufacturing 
and texturing of stents or other implantable biomaterials.

iii. LDW Modification (LDWM) technique, where the material is modified thermally or 
chemically [25] (e.g., Laser-Enhanced Electroless Plating, LEEP). The substrate is sub-
merged in a chemical solution that contains the metallic ions required for the deposition. 
A laser beam is responsible for local temperature rise, decomposing the liquid and lead-
ing to the deposition of a metallic layer on the substrate surface. The main disadvantage 
relies in its disability to create 3D structures.

2.2.2. Aerosol jet printing

Aerosol jet printing (Figure 4), also known as Maskless Mesoscale Materials Deposition (M3D) 
is another material deposition technology for printed electronics [28] developed by Optomec 
[29]. The ink (solutions and nanoparticle suspensions based on metals, alloys, ceramics, poly-
mers, adhesives or biomaterials) is placed into an atomizer where it aerosolizes in liquid 

Technique Solution types Solution 
viscosity

(Pa.s)

Print 
thickness 
(μm)

Resolution 
(μm)

Surface tension 
(mN/m)

Screen printing Water based, solvent based, 
UV or electron beam curable

0.1–10 0.02–100

[12, 13]

30–100 38–47

Flexography Water based, solvent based, 
UV curable

0.01–0.1 0.17–8 30–80 13.9–23

Gravure printing Water based, solvent based, 
UV curable

0.01–1.1 [14] 0.02–12

[13, 24]

50–200 41–44

Soft lithography Water based, solvent based, 
UV curable

~0.10 0.18–0.7 0.03–100 22–80
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2.2. Non-contact printing technologies

Compared to the contact printing technologies, the non-contact has the advantage of the sub-
strate only getting in contact with the deposition material. This lowers the risks of contamina-
tion, of damaging the substrate and the patterns alignment is more accurate. This last issue 
is an indispensable functionality to pattern multilayered devices. For non-contact printing 
techniques there is no need for physical mask of the to-be-printed image, only requiring a 
digital image, simplifying the switching process without no additional cost. However, the 
non-contact technologies also stumble upon some difficulties when completing multilayered 
devices [23] are needed. They work with all kinds of substrates, such as, wood, glass, metals 
and most interesting, rubbers, polymers, which require low processing temperatures, and 
risk to be damaged and deformed when subjected to thermal stresses and high temperature 
processes. Main non-contact printing techniques are described in the following.

2.2.1. Laser direct writing

Laser direct-writing (LDW) techniques enable the realization of 1D to 3D structures by laser-
induced deposition of metals, semiconductors, polymers and ceramics, without using masks 
and without physical contact between a tool or nozzle and the substrate material. Operated by 
a computer, the laser pulses are manipulated to control the composition, structure, and prop-
erties of individual three-dimensional volumes of materials, across length-scales spanning 
six orders of magnitude from nanometers to millimeters [25]. The ability to process complex 
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[13–15]

Most used and mature printing technique; 
planar or R2R system; speed and versatile.

Hard to clean; solvents deteriorate mask patterns; 
high resolution of uniform line patterns are not 
possible under 30 μm; Unfeasible use of low 
viscosity inks to prevent spreading and bleed out; 
material wastage.

Flexography [13] High speed printing process; low-cost 
patterns plate; high flexibility and low 
pressure printing; better vertical and 
horizontal pattern quality compared to 
gravure.

Halo effect (patterns with excess of ink) due 
to printing plate compression to the substrate, 
despite the low pressure applied; marbling effect; 
complex multi layers alignment.

Gravure printing 
[13, 15, 17, 24]

High quality patterns in a cost-effective 
manner; high speed; low viscosity inks.

Cylinder life and high cost; demanding and 
careful optimization of the process (several 
variables) influence final print quality 
representing a major obstacle where high 
resolution is required (e.g., PE).

Soft lithography 
[20–22]

Encompasses several printing techniques 
(μCP, REM, μTM, MIMIC, SAMIM); 
fabrication of micro-and nanostructures of 
high quality; convenient, effective method; 
mostly used by the biological science area.

Proper adjustment of the surface energies for 
efficient transfer to the substrate to be printed; 
common swelling of transferring materials, 
resulting an increased features size; pattern 
reproduction and resolution is a challenge due to 
used forces on stamp; costly solution.

Table 1. Summary of contact printing techniques: mechanisms, features and main challenges.
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or delicate material systems and the achieved resolutions enable LDW to fabricate structures 
that are not possible to generate using other techniques. Within LDW, there are three writing 
techniques:

i. LDW addition (LDW+) technique, where the material can be deposited from gaseous, liq-
uid and solid precursors (e.g., Laser Chemical Vapor Deposition (LCVD)) or by transfer, 
by laser beam, from an optically transparent support onto a parallel substrate (e.g., Laser-
induced forward transfer (LIFT) [7], Figure 4). These techniques entail high cost due to 
the sophisticated equipment (e.g., reaction chamber associated with vacuum equipment); 
it does not allow to deposit organic substrates; and it can only print on flat substrates, 
parallel to the support material.

ii. LDW subtraction (LDW-) technique, where the material is removed by ablation (e.g., pho-
tochemical, photothermal, or photophysical ablation [26], laser scribing, cutting, drilling, 
or etching [27]). An industrial application example is the high-resolution manufacturing 
and texturing of stents or other implantable biomaterials.

iii. LDW Modification (LDWM) technique, where the material is modified thermally or 
chemically [25] (e.g., Laser-Enhanced Electroless Plating, LEEP). The substrate is sub-
merged in a chemical solution that contains the metallic ions required for the deposition. 
A laser beam is responsible for local temperature rise, decomposing the liquid and lead-
ing to the deposition of a metallic layer on the substrate surface. The main disadvantage 
relies in its disability to create 3D structures.

2.2.2. Aerosol jet printing

Aerosol jet printing (Figure 4), also known as Maskless Mesoscale Materials Deposition (M3D) 
is another material deposition technology for printed electronics [28] developed by Optomec 
[29]. The ink (solutions and nanoparticle suspensions based on metals, alloys, ceramics, poly-
mers, adhesives or biomaterials) is placed into an atomizer where it aerosolizes in liquid 
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2.2. Non-contact printing technologies

Compared to the contact printing technologies, the non-contact has the advantage of the sub-
strate only getting in contact with the deposition material. This lowers the risks of contamina-
tion, of damaging the substrate and the patterns alignment is more accurate. This last issue 
is an indispensable functionality to pattern multilayered devices. For non-contact printing 
techniques there is no need for physical mask of the to-be-printed image, only requiring a 
digital image, simplifying the switching process without no additional cost. However, the 
non-contact technologies also stumble upon some difficulties when completing multilayered 
devices [23] are needed. They work with all kinds of substrates, such as, wood, glass, metals 
and most interesting, rubbers, polymers, which require low processing temperatures, and 
risk to be damaged and deformed when subjected to thermal stresses and high temperature 
processes. Main non-contact printing techniques are described in the following.

2.2.1. Laser direct writing

Laser direct-writing (LDW) techniques enable the realization of 1D to 3D structures by laser-
induced deposition of metals, semiconductors, polymers and ceramics, without using masks 
and without physical contact between a tool or nozzle and the substrate material. Operated by 
a computer, the laser pulses are manipulated to control the composition, structure, and prop-
erties of individual three-dimensional volumes of materials, across length-scales spanning 
six orders of magnitude from nanometers to millimeters [25]. The ability to process complex 

Print technique Mechanisms and features Challenges
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[13–15]

Most used and mature printing technique; 
planar or R2R system; speed and versatile.

Hard to clean; solvents deteriorate mask patterns; 
high resolution of uniform line patterns are not 
possible under 30 μm; Unfeasible use of low 
viscosity inks to prevent spreading and bleed out; 
material wastage.

Flexography [13] High speed printing process; low-cost 
patterns plate; high flexibility and low 
pressure printing; better vertical and 
horizontal pattern quality compared to 
gravure.

Halo effect (patterns with excess of ink) due 
to printing plate compression to the substrate, 
despite the low pressure applied; marbling effect; 
complex multi layers alignment.

Gravure printing 
[13, 15, 17, 24]

High quality patterns in a cost-effective 
manner; high speed; low viscosity inks.

Cylinder life and high cost; demanding and 
careful optimization of the process (several 
variables) influence final print quality 
representing a major obstacle where high 
resolution is required (e.g., PE).

Soft lithography 
[20–22]

Encompasses several printing techniques 
(μCP, REM, μTM, MIMIC, SAMIM); 
fabrication of micro-and nanostructures of 
high quality; convenient, effective method; 
mostly used by the biological science area.

Proper adjustment of the surface energies for 
efficient transfer to the substrate to be printed; 
common swelling of transferring materials, 
resulting an increased features size; pattern 
reproduction and resolution is a challenge due to 
used forces on stamp; costly solution.
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or delicate material systems and the achieved resolutions enable LDW to fabricate structures 
that are not possible to generate using other techniques. Within LDW, there are three writing 
techniques:

i. LDW addition (LDW+) technique, where the material can be deposited from gaseous, liq-
uid and solid precursors (e.g., Laser Chemical Vapor Deposition (LCVD)) or by transfer, 
by laser beam, from an optically transparent support onto a parallel substrate (e.g., Laser-
induced forward transfer (LIFT) [7], Figure 4). These techniques entail high cost due to 
the sophisticated equipment (e.g., reaction chamber associated with vacuum equipment); 
it does not allow to deposit organic substrates; and it can only print on flat substrates, 
parallel to the support material.

ii. LDW subtraction (LDW-) technique, where the material is removed by ablation (e.g., pho-
tochemical, photothermal, or photophysical ablation [26], laser scribing, cutting, drilling, 
or etching [27]). An industrial application example is the high-resolution manufacturing 
and texturing of stents or other implantable biomaterials.

iii. LDW Modification (LDWM) technique, where the material is modified thermally or 
chemically [25] (e.g., Laser-Enhanced Electroless Plating, LEEP). The substrate is sub-
merged in a chemical solution that contains the metallic ions required for the deposition. 
A laser beam is responsible for local temperature rise, decomposing the liquid and lead-
ing to the deposition of a metallic layer on the substrate surface. The main disadvantage 
relies in its disability to create 3D structures.

2.2.2. Aerosol jet printing

Aerosol jet printing (Figure 4), also known as Maskless Mesoscale Materials Deposition (M3D) 
is another material deposition technology for printed electronics [28] developed by Optomec 
[29]. The ink (solutions and nanoparticle suspensions based on metals, alloys, ceramics, poly-
mers, adhesives or biomaterials) is placed into an atomizer where it aerosolizes in liquid 
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2.2. Non-contact printing technologies

Compared to the contact printing technologies, the non-contact has the advantage of the sub-
strate only getting in contact with the deposition material. This lowers the risks of contamina-
tion, of damaging the substrate and the patterns alignment is more accurate. This last issue 
is an indispensable functionality to pattern multilayered devices. For non-contact printing 
techniques there is no need for physical mask of the to-be-printed image, only requiring a 
digital image, simplifying the switching process without no additional cost. However, the 
non-contact technologies also stumble upon some difficulties when completing multilayered 
devices [23] are needed. They work with all kinds of substrates, such as, wood, glass, metals 
and most interesting, rubbers, polymers, which require low processing temperatures, and 
risk to be damaged and deformed when subjected to thermal stresses and high temperature 
processes. Main non-contact printing techniques are described in the following.

2.2.1. Laser direct writing

Laser direct-writing (LDW) techniques enable the realization of 1D to 3D structures by laser-
induced deposition of metals, semiconductors, polymers and ceramics, without using masks 
and without physical contact between a tool or nozzle and the substrate material. Operated by 
a computer, the laser pulses are manipulated to control the composition, structure, and prop-
erties of individual three-dimensional volumes of materials, across length-scales spanning 
six orders of magnitude from nanometers to millimeters [25]. The ability to process complex 
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despite the low pressure applied; marbling effect; 
complex multi layers alignment.

Gravure printing 
[13, 15, 17, 24]

High quality patterns in a cost-effective 
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or delicate material systems and the achieved resolutions enable LDW to fabricate structures 
that are not possible to generate using other techniques. Within LDW, there are three writing 
techniques:

i. LDW addition (LDW+) technique, where the material can be deposited from gaseous, liq-
uid and solid precursors (e.g., Laser Chemical Vapor Deposition (LCVD)) or by transfer, 
by laser beam, from an optically transparent support onto a parallel substrate (e.g., Laser-
induced forward transfer (LIFT) [7], Figure 4). These techniques entail high cost due to 
the sophisticated equipment (e.g., reaction chamber associated with vacuum equipment); 
it does not allow to deposit organic substrates; and it can only print on flat substrates, 
parallel to the support material.

ii. LDW subtraction (LDW-) technique, where the material is removed by ablation (e.g., pho-
tochemical, photothermal, or photophysical ablation [26], laser scribing, cutting, drilling, 
or etching [27]). An industrial application example is the high-resolution manufacturing 
and texturing of stents or other implantable biomaterials.

iii. LDW Modification (LDWM) technique, where the material is modified thermally or 
chemically [25] (e.g., Laser-Enhanced Electroless Plating, LEEP). The substrate is sub-
merged in a chemical solution that contains the metallic ions required for the deposition. 
A laser beam is responsible for local temperature rise, decomposing the liquid and lead-
ing to the deposition of a metallic layer on the substrate surface. The main disadvantage 
relies in its disability to create 3D structures.

2.2.2. Aerosol jet printing

Aerosol jet printing (Figure 4), also known as Maskless Mesoscale Materials Deposition (M3D) 
is another material deposition technology for printed electronics [28] developed by Optomec 
[29]. The ink (solutions and nanoparticle suspensions based on metals, alloys, ceramics, poly-
mers, adhesives or biomaterials) is placed into an atomizer where it aerosolizes in liquid 
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particles of diameter between 20 nm and 5 μm, depending on the ink viscosity. Then, the 
ink is transported into the deposition head by a nitrogen flow, the aerosol being focused by 
jet stream onto the substrate. As being a low-temperature process, many materials and sub-
strates can be handled by Aerosol Jet printing. The technique is also scalable to support high 
volume production needs. It is suitable for non-planar capability and complex designs could 
be printed (e.g., displays, thin film transistors, TFT, and solar cells) [29]. Complex conformal 
surfaces (3D printed electronics) are also possible, thanks to the ability to control the position 
in z-direction of the writing head over the substrate. This technique also stumbles upon some 
difficulties. The droplet carrier creates a cloud of powder in the surroundings of the print 
area. The sheath gas creates a localized crystallization/solidification phase at the trace pattern, 
reducing the localized bonding layer quality.

2.2.3. Inkjet printing

Inkjet printing is new technology with a grown interest from the scientific community and is 
considered to be in an early stage of development [2]. In Inkjet printing technology (IPT), a 
content stored in a digital format is transferred by a direct deposition (from small openings 
in print-heads, without the use of masks and without contact between the print-head and the 
substrate) of droplet fluid or powder, proteins or minerals [30, 31], conductive polymers [32], 
nanoparticles [33, 34] and a wide range of materials (e.g., bioactive fluids, which cannot toler-
ate exposure to photolithography and etching chemicals present in conventional techniques 
[32]). Under the print-head ejection, the gravity force, and air resistance, the ink is project into 
a specified position of the substrate creating the printing patterns (Figure 4).

In the case of fluids, it dries through the evaporation of the solvent, by chemical changes 
(e.g., cross-linking of polymers) or crystallization. Eventually, a post-processing treatment is 
required, as thermal annealing or sintering [35]. When compared to other deposition methods, 
IPT is adaptable for patterning on a high variety (rigid or flexible, smooth or rough surfaces 
[2, 36]) of substrates (glass, plastic [36], paper [37], textile [38], etc.), with low consumption of 
raw materials [36] and low levels of waste production harmful to the environment [2]. IPT is 
intended for a wide range of applications: transducers [32], transistors [39], structural poly-
mers and ceramics [30], biomimetic and biomedical materials [31], printed scaffolds for growth 
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of living tissues [30], as well as for building 3D electric circuits [40], MEMS [34], and sensors 
[37]. No special processing conditions are needed. IPT stands out for being a one-step process, 
with a simple operating principle, reduced number of manufacturing steps, with the possibil-
ity of using low cost raw materials [41]. Thickness around nanometer range is easily achieved 
by increasing the electric field value along with the distance between the print head and sub-
strate. The used inks have a particular set of physical specifications in particular its viscosity, 
the superficial tension [36], and the amount of humectant (10–20%) [42]. Sometimes, modifica-
tions on the ink viscosity, concentration and solvent system are necessary for proper droplet 
injection without blocking the nozzle. Although the low process velocity and possible clog-
ging of the nozzles, presenting a challenge to the industrial production, IPT becomes ideal for 
laboratory research providing innovative fabrication, high quality and low cost productions.

2.2.4. Comparing non-contact printing techniques

Tables 3 and 4 summarize the mechanisms, the process requirements, material and critical 
limitations of the non-contact printing technologies, highlighting their main features.

2.3. IPT mode technology systems

The IPT can operate in two different modes: Continuous InkJet (CIJ) and Drop-On-Demand 
(DoD) [36]. The method for controlling the droplet movement is quite different between the 
two systems.

2.3.1. Continuous inkjet (CIJ) mode

In the CIJ system, the ejection of the droplet is continuous in all nozzles of the printer. In the 
traditional CIJ, a piezoelectric transducer is coupled to the print head to provide a periodic 
excitation [38]. After leaving the nozzle, an electric field determines and controls the trajectory 
of the droplet to the desired position on the substrate (Figure 5).

Printing 
technique

Mechanisms and features Challenges

LDW [7, 
25–27]

1D to 3D structures; nm to mm 
magnitude; no mask; three writing 
techniques (LDW+, LDW−, LDWM)

High cost equipment; not possible to deposit organic 
substrates, printing only on flat substrates, parallel to the 
substrate

Aerosol 
[28–43]

Complex design could be printed; 
complex conformal surfaces; many 
materials and substrates; non-planar; 
low-temperature processing, local 
sintering

Droplet carrier creates a cloud of powder in surrounding 
printed area; sheath gas creates a localized crystallization/
solidification phase at the trace pattern reducing the quality 
of the localized bonding layer

IPT [30–42] Low viscosity; deposition of many types 
of droplets; droplets ejection through 
different actuation phenomena; all type 
of substrates; low material wastage; 
environmentally friendly

Slow printing speed compared to other techniques; nozzle 
clogging
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particles of diameter between 20 nm and 5 μm, depending on the ink viscosity. Then, the 
ink is transported into the deposition head by a nitrogen flow, the aerosol being focused by 
jet stream onto the substrate. As being a low-temperature process, many materials and sub-
strates can be handled by Aerosol Jet printing. The technique is also scalable to support high 
volume production needs. It is suitable for non-planar capability and complex designs could 
be printed (e.g., displays, thin film transistors, TFT, and solar cells) [29]. Complex conformal 
surfaces (3D printed electronics) are also possible, thanks to the ability to control the position 
in z-direction of the writing head over the substrate. This technique also stumbles upon some 
difficulties. The droplet carrier creates a cloud of powder in the surroundings of the print 
area. The sheath gas creates a localized crystallization/solidification phase at the trace pattern, 
reducing the localized bonding layer quality.

2.2.3. Inkjet printing

Inkjet printing is new technology with a grown interest from the scientific community and is 
considered to be in an early stage of development [2]. In Inkjet printing technology (IPT), a 
content stored in a digital format is transferred by a direct deposition (from small openings 
in print-heads, without the use of masks and without contact between the print-head and the 
substrate) of droplet fluid or powder, proteins or minerals [30, 31], conductive polymers [32], 
nanoparticles [33, 34] and a wide range of materials (e.g., bioactive fluids, which cannot toler-
ate exposure to photolithography and etching chemicals present in conventional techniques 
[32]). Under the print-head ejection, the gravity force, and air resistance, the ink is project into 
a specified position of the substrate creating the printing patterns (Figure 4).

In the case of fluids, it dries through the evaporation of the solvent, by chemical changes 
(e.g., cross-linking of polymers) or crystallization. Eventually, a post-processing treatment is 
required, as thermal annealing or sintering [35]. When compared to other deposition methods, 
IPT is adaptable for patterning on a high variety (rigid or flexible, smooth or rough surfaces 
[2, 36]) of substrates (glass, plastic [36], paper [37], textile [38], etc.), with low consumption of 
raw materials [36] and low levels of waste production harmful to the environment [2]. IPT is 
intended for a wide range of applications: transducers [32], transistors [39], structural poly-
mers and ceramics [30], biomimetic and biomedical materials [31], printed scaffolds for growth 
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of living tissues [30], as well as for building 3D electric circuits [40], MEMS [34], and sensors 
[37]. No special processing conditions are needed. IPT stands out for being a one-step process, 
with a simple operating principle, reduced number of manufacturing steps, with the possibil-
ity of using low cost raw materials [41]. Thickness around nanometer range is easily achieved 
by increasing the electric field value along with the distance between the print head and sub-
strate. The used inks have a particular set of physical specifications in particular its viscosity, 
the superficial tension [36], and the amount of humectant (10–20%) [42]. Sometimes, modifica-
tions on the ink viscosity, concentration and solvent system are necessary for proper droplet 
injection without blocking the nozzle. Although the low process velocity and possible clog-
ging of the nozzles, presenting a challenge to the industrial production, IPT becomes ideal for 
laboratory research providing innovative fabrication, high quality and low cost productions.

2.2.4. Comparing non-contact printing techniques

Tables 3 and 4 summarize the mechanisms, the process requirements, material and critical 
limitations of the non-contact printing technologies, highlighting their main features.

2.3. IPT mode technology systems

The IPT can operate in two different modes: Continuous InkJet (CIJ) and Drop-On-Demand 
(DoD) [36]. The method for controlling the droplet movement is quite different between the 
two systems.

2.3.1. Continuous inkjet (CIJ) mode

In the CIJ system, the ejection of the droplet is continuous in all nozzles of the printer. In the 
traditional CIJ, a piezoelectric transducer is coupled to the print head to provide a periodic 
excitation [38]. After leaving the nozzle, an electric field determines and controls the trajectory 
of the droplet to the desired position on the substrate (Figure 5).
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1D to 3D structures; nm to mm 
magnitude; no mask; three writing 
techniques (LDW+, LDW−, LDWM)

High cost equipment; not possible to deposit organic 
substrates, printing only on flat substrates, parallel to the 
substrate

Aerosol 
[28–43]

Complex design could be printed; 
complex conformal surfaces; many 
materials and substrates; non-planar; 
low-temperature processing, local 
sintering

Droplet carrier creates a cloud of powder in surrounding 
printed area; sheath gas creates a localized crystallization/
solidification phase at the trace pattern reducing the quality 
of the localized bonding layer

IPT [30–42] Low viscosity; deposition of many types 
of droplets; droplets ejection through 
different actuation phenomena; all type 
of substrates; low material wastage; 
environmentally friendly

Slow printing speed compared to other techniques; nozzle 
clogging
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particles of diameter between 20 nm and 5 μm, depending on the ink viscosity. Then, the 
ink is transported into the deposition head by a nitrogen flow, the aerosol being focused by 
jet stream onto the substrate. As being a low-temperature process, many materials and sub-
strates can be handled by Aerosol Jet printing. The technique is also scalable to support high 
volume production needs. It is suitable for non-planar capability and complex designs could 
be printed (e.g., displays, thin film transistors, TFT, and solar cells) [29]. Complex conformal 
surfaces (3D printed electronics) are also possible, thanks to the ability to control the position 
in z-direction of the writing head over the substrate. This technique also stumbles upon some 
difficulties. The droplet carrier creates a cloud of powder in the surroundings of the print 
area. The sheath gas creates a localized crystallization/solidification phase at the trace pattern, 
reducing the localized bonding layer quality.

2.2.3. Inkjet printing

Inkjet printing is new technology with a grown interest from the scientific community and is 
considered to be in an early stage of development [2]. In Inkjet printing technology (IPT), a 
content stored in a digital format is transferred by a direct deposition (from small openings 
in print-heads, without the use of masks and without contact between the print-head and the 
substrate) of droplet fluid or powder, proteins or minerals [30, 31], conductive polymers [32], 
nanoparticles [33, 34] and a wide range of materials (e.g., bioactive fluids, which cannot toler-
ate exposure to photolithography and etching chemicals present in conventional techniques 
[32]). Under the print-head ejection, the gravity force, and air resistance, the ink is project into 
a specified position of the substrate creating the printing patterns (Figure 4).

In the case of fluids, it dries through the evaporation of the solvent, by chemical changes 
(e.g., cross-linking of polymers) or crystallization. Eventually, a post-processing treatment is 
required, as thermal annealing or sintering [35]. When compared to other deposition methods, 
IPT is adaptable for patterning on a high variety (rigid or flexible, smooth or rough surfaces 
[2, 36]) of substrates (glass, plastic [36], paper [37], textile [38], etc.), with low consumption of 
raw materials [36] and low levels of waste production harmful to the environment [2]. IPT is 
intended for a wide range of applications: transducers [32], transistors [39], structural poly-
mers and ceramics [30], biomimetic and biomedical materials [31], printed scaffolds for growth 
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of living tissues [30], as well as for building 3D electric circuits [40], MEMS [34], and sensors 
[37]. No special processing conditions are needed. IPT stands out for being a one-step process, 
with a simple operating principle, reduced number of manufacturing steps, with the possibil-
ity of using low cost raw materials [41]. Thickness around nanometer range is easily achieved 
by increasing the electric field value along with the distance between the print head and sub-
strate. The used inks have a particular set of physical specifications in particular its viscosity, 
the superficial tension [36], and the amount of humectant (10–20%) [42]. Sometimes, modifica-
tions on the ink viscosity, concentration and solvent system are necessary for proper droplet 
injection without blocking the nozzle. Although the low process velocity and possible clog-
ging of the nozzles, presenting a challenge to the industrial production, IPT becomes ideal for 
laboratory research providing innovative fabrication, high quality and low cost productions.

2.2.4. Comparing non-contact printing techniques

Tables 3 and 4 summarize the mechanisms, the process requirements, material and critical 
limitations of the non-contact printing technologies, highlighting their main features.

2.3. IPT mode technology systems

The IPT can operate in two different modes: Continuous InkJet (CIJ) and Drop-On-Demand 
(DoD) [36]. The method for controlling the droplet movement is quite different between the 
two systems.

2.3.1. Continuous inkjet (CIJ) mode

In the CIJ system, the ejection of the droplet is continuous in all nozzles of the printer. In the 
traditional CIJ, a piezoelectric transducer is coupled to the print head to provide a periodic 
excitation [38]. After leaving the nozzle, an electric field determines and controls the trajectory 
of the droplet to the desired position on the substrate (Figure 5).
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1D to 3D structures; nm to mm 
magnitude; no mask; three writing 
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Aerosol 
[28–43]

Complex design could be printed; 
complex conformal surfaces; many 
materials and substrates; non-planar; 
low-temperature processing, local 
sintering

Droplet carrier creates a cloud of powder in surrounding 
printed area; sheath gas creates a localized crystallization/
solidification phase at the trace pattern reducing the quality 
of the localized bonding layer

IPT [30–42] Low viscosity; deposition of many types 
of droplets; droplets ejection through 
different actuation phenomena; all type 
of substrates; low material wastage; 
environmentally friendly

Slow printing speed compared to other techniques; nozzle 
clogging
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particles of diameter between 20 nm and 5 μm, depending on the ink viscosity. Then, the 
ink is transported into the deposition head by a nitrogen flow, the aerosol being focused by 
jet stream onto the substrate. As being a low-temperature process, many materials and sub-
strates can be handled by Aerosol Jet printing. The technique is also scalable to support high 
volume production needs. It is suitable for non-planar capability and complex designs could 
be printed (e.g., displays, thin film transistors, TFT, and solar cells) [29]. Complex conformal 
surfaces (3D printed electronics) are also possible, thanks to the ability to control the position 
in z-direction of the writing head over the substrate. This technique also stumbles upon some 
difficulties. The droplet carrier creates a cloud of powder in the surroundings of the print 
area. The sheath gas creates a localized crystallization/solidification phase at the trace pattern, 
reducing the localized bonding layer quality.

2.2.3. Inkjet printing

Inkjet printing is new technology with a grown interest from the scientific community and is 
considered to be in an early stage of development [2]. In Inkjet printing technology (IPT), a 
content stored in a digital format is transferred by a direct deposition (from small openings 
in print-heads, without the use of masks and without contact between the print-head and the 
substrate) of droplet fluid or powder, proteins or minerals [30, 31], conductive polymers [32], 
nanoparticles [33, 34] and a wide range of materials (e.g., bioactive fluids, which cannot toler-
ate exposure to photolithography and etching chemicals present in conventional techniques 
[32]). Under the print-head ejection, the gravity force, and air resistance, the ink is project into 
a specified position of the substrate creating the printing patterns (Figure 4).

In the case of fluids, it dries through the evaporation of the solvent, by chemical changes 
(e.g., cross-linking of polymers) or crystallization. Eventually, a post-processing treatment is 
required, as thermal annealing or sintering [35]. When compared to other deposition methods, 
IPT is adaptable for patterning on a high variety (rigid or flexible, smooth or rough surfaces 
[2, 36]) of substrates (glass, plastic [36], paper [37], textile [38], etc.), with low consumption of 
raw materials [36] and low levels of waste production harmful to the environment [2]. IPT is 
intended for a wide range of applications: transducers [32], transistors [39], structural poly-
mers and ceramics [30], biomimetic and biomedical materials [31], printed scaffolds for growth 
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of living tissues [30], as well as for building 3D electric circuits [40], MEMS [34], and sensors 
[37]. No special processing conditions are needed. IPT stands out for being a one-step process, 
with a simple operating principle, reduced number of manufacturing steps, with the possibil-
ity of using low cost raw materials [41]. Thickness around nanometer range is easily achieved 
by increasing the electric field value along with the distance between the print head and sub-
strate. The used inks have a particular set of physical specifications in particular its viscosity, 
the superficial tension [36], and the amount of humectant (10–20%) [42]. Sometimes, modifica-
tions on the ink viscosity, concentration and solvent system are necessary for proper droplet 
injection without blocking the nozzle. Although the low process velocity and possible clog-
ging of the nozzles, presenting a challenge to the industrial production, IPT becomes ideal for 
laboratory research providing innovative fabrication, high quality and low cost productions.

2.2.4. Comparing non-contact printing techniques

Tables 3 and 4 summarize the mechanisms, the process requirements, material and critical 
limitations of the non-contact printing technologies, highlighting their main features.

2.3. IPT mode technology systems

The IPT can operate in two different modes: Continuous InkJet (CIJ) and Drop-On-Demand 
(DoD) [36]. The method for controlling the droplet movement is quite different between the 
two systems.

2.3.1. Continuous inkjet (CIJ) mode

In the CIJ system, the ejection of the droplet is continuous in all nozzles of the printer. In the 
traditional CIJ, a piezoelectric transducer is coupled to the print head to provide a periodic 
excitation [38]. After leaving the nozzle, an electric field determines and controls the trajectory 
of the droplet to the desired position on the substrate (Figure 5).
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1D to 3D structures; nm to mm 
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Aerosol 
[28–43]

Complex design could be printed; 
complex conformal surfaces; many 
materials and substrates; non-planar; 
low-temperature processing, local 
sintering

Droplet carrier creates a cloud of powder in surrounding 
printed area; sheath gas creates a localized crystallization/
solidification phase at the trace pattern reducing the quality 
of the localized bonding layer

IPT [30–42] Low viscosity; deposition of many types 
of droplets; droplets ejection through 
different actuation phenomena; all type 
of substrates; low material wastage; 
environmentally friendly

Slow printing speed compared to other techniques; nozzle 
clogging
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Within this technology, the droplets can be diverted by binary or multiple deflection systems. 
On the binary systems, the droplets are directed to a single pixel location on the substrate or 
to the gutter, for later recycling of the ink. In the multiple deflection system, the droplets are 
charged and deflected to the substrate at different levels, this way creating multiple pixels. 
Hertz et al. [43] used the binary CIJ and developed a method consisting in the formation of a 
layer of irregularly droplets of ink size. In the Hertz method, the droplets are dispersed in a 
straight line to a gutter so as to converge into the recirculation system. This method also intro-
duced a new procedure and methodology relatively to the use of volatile solvents that allows 
a quick drying of the ink and the adhesion to the substrate materials. The CIJ system benefits 
from the ability to combine the printing speed (on the order of 25 m/s) with the possibility of 
achieving extended distances and the ability to divert droplets independent of gravity [44].

CIJ technology is typically used for large industrial productions of bar codes and labels of 
food products or medicines. This process can be comparatively fast, with the advantage of 
circumscribing large printing areas with a single pass and its printing heads have a long dura-
tion. The droplet size can reach values such as 20 μm, with a standard size of 150 μm [45]. 
However, in the manufacture of electronic products, the CIJ produces droplets of inadequate 
resolution due to the long distance between the print-head and the substrate [13]. Other less 
positive factors are the high cost of initial investment in such equipment, the lower resolution 
compared to some DoD systems, the need to use low viscosity electrolyte inks (in the range of 
3–6 mPa.s), resulting in some final ink waste [46].

2.3.2. Drop-on-demand (DoD) mode

In the DoD system, the print-head ejects a single droplet only when activated (Figure 5). The 
printer is based on several injector nozzles in the print-head and, at each pulse, the droplets 
are ejected in parallel to each other. The image is constructed from successive pulses, which 
largely differentiates from CIJ. The DoD is a high speed method, of high scalability that uses 
high frequency multiple nozzles. The method that is used to generate these pulses defines 
the subcategories of the primary DoD, namely: the acoustic, the electrostatic, the thermal, the 
piezoelectric, and an additional method, sometimes controversial, the MEMS [47] method. 
This last method is more related to the fabrication process, since the drop generation is based 
on thermal or piezo print-heads.

Technique Solution types Solution 
viscosity 
(Pa.s)

Thickness 
(μm)

Resolution 
(μm)

Surf. tension 
(mN/m)

LDW Solid film (donor substrate) – >10 ca. 0.7 –

Aerosol Solutions and nanoparticle 
suspensions based on metals, alloys, 
ceramics, polymers, adhesives or 
biomaterials

0.001–1 >0.1 10–250 –

IPT Water based, solvent based, UV 
curable

0.002–0.1 0.01–0.5 15–100 15–35

Table 4. Comparison between main non-contact printing techniques.
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2.3.3. Main influencing factors

The control of ink drop, the print-head temperature, the sintering or cure of the ink, and 
the printing control of each layer are key parameters to ensure the quality of a multilayer 
printed structure. Also important is to evaluate the properties of the substrate, such as, the 
service temperature, its barrier properties against humidity, electrical, optical, mechanical 
and chemical properties. Equally important is consider the receptivity of the ink by the sub-
strate or with previously printed layers, in the case where a different ink has been used. The 
droplet size can vary depending on the interactions between the ink and the substrate. The 
droplet size sets the width of the printed line, establishing the pattern space and the electric 
design limits, and defines the final specifications of the printed pattern and application sys-
tem (e.g., resolution, bandwidth in the case of a PE). Thereby, during the manufacturing step, 
the printed pattern characteristics are dependent on the materials and their interaction (i.e., 
the properties of the ink must be chosen in advance to understand its behavior during and 
after the printing process over a given substrate). Sintering and cure of conductive materials 
are essential because it defines its chemical, electrical and physical performance and the reli-
ability of the printed layers over the long term.

3. Printable materials for PE

The printable materials are selected depending on the type of substrate, the type of ink, the 
type of printing technology and final PE application.

The conductive inks are gathering increasingly attention over the past two decades, and are 
revolutionizing the industry. Elected due to their attributes, such as, conductivity, suitability 
for printing substrates, its processing simplicity and mechanical flexibility, but also due to 
its ability to assign new properties, capabilities and complex functionalities. These emerging 
inks are penetrating the market with an opportunity to reach $400 m by 2027, according to 
IDTechEX report “Condutive Ink Market 2017-2027”. A large variety of materials, organic and 
inorganic, conductors and semiconductors, have been explored for electronics applications. 
The most common types of inks are water, oil or solvents based. The general form of the ink 
consist of a mixture of compounds (pigments or dyes, resins, solvents, fillers, humectant and 

Figure 5. IPT mode technology systems.
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Within this technology, the droplets can be diverted by binary or multiple deflection systems. 
On the binary systems, the droplets are directed to a single pixel location on the substrate or 
to the gutter, for later recycling of the ink. In the multiple deflection system, the droplets are 
charged and deflected to the substrate at different levels, this way creating multiple pixels. 
Hertz et al. [43] used the binary CIJ and developed a method consisting in the formation of a 
layer of irregularly droplets of ink size. In the Hertz method, the droplets are dispersed in a 
straight line to a gutter so as to converge into the recirculation system. This method also intro-
duced a new procedure and methodology relatively to the use of volatile solvents that allows 
a quick drying of the ink and the adhesion to the substrate materials. The CIJ system benefits 
from the ability to combine the printing speed (on the order of 25 m/s) with the possibility of 
achieving extended distances and the ability to divert droplets independent of gravity [44].

CIJ technology is typically used for large industrial productions of bar codes and labels of 
food products or medicines. This process can be comparatively fast, with the advantage of 
circumscribing large printing areas with a single pass and its printing heads have a long dura-
tion. The droplet size can reach values such as 20 μm, with a standard size of 150 μm [45]. 
However, in the manufacture of electronic products, the CIJ produces droplets of inadequate 
resolution due to the long distance between the print-head and the substrate [13]. Other less 
positive factors are the high cost of initial investment in such equipment, the lower resolution 
compared to some DoD systems, the need to use low viscosity electrolyte inks (in the range of 
3–6 mPa.s), resulting in some final ink waste [46].

2.3.2. Drop-on-demand (DoD) mode

In the DoD system, the print-head ejects a single droplet only when activated (Figure 5). The 
printer is based on several injector nozzles in the print-head and, at each pulse, the droplets 
are ejected in parallel to each other. The image is constructed from successive pulses, which 
largely differentiates from CIJ. The DoD is a high speed method, of high scalability that uses 
high frequency multiple nozzles. The method that is used to generate these pulses defines 
the subcategories of the primary DoD, namely: the acoustic, the electrostatic, the thermal, the 
piezoelectric, and an additional method, sometimes controversial, the MEMS [47] method. 
This last method is more related to the fabrication process, since the drop generation is based 
on thermal or piezo print-heads.

Technique Solution types Solution 
viscosity 
(Pa.s)

Thickness 
(μm)

Resolution 
(μm)

Surf. tension 
(mN/m)

LDW Solid film (donor substrate) – >10 ca. 0.7 –

Aerosol Solutions and nanoparticle 
suspensions based on metals, alloys, 
ceramics, polymers, adhesives or 
biomaterials

0.001–1 >0.1 10–250 –

IPT Water based, solvent based, UV 
curable

0.002–0.1 0.01–0.5 15–100 15–35
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2.3.3. Main influencing factors

The control of ink drop, the print-head temperature, the sintering or cure of the ink, and 
the printing control of each layer are key parameters to ensure the quality of a multilayer 
printed structure. Also important is to evaluate the properties of the substrate, such as, the 
service temperature, its barrier properties against humidity, electrical, optical, mechanical 
and chemical properties. Equally important is consider the receptivity of the ink by the sub-
strate or with previously printed layers, in the case where a different ink has been used. The 
droplet size can vary depending on the interactions between the ink and the substrate. The 
droplet size sets the width of the printed line, establishing the pattern space and the electric 
design limits, and defines the final specifications of the printed pattern and application sys-
tem (e.g., resolution, bandwidth in the case of a PE). Thereby, during the manufacturing step, 
the printed pattern characteristics are dependent on the materials and their interaction (i.e., 
the properties of the ink must be chosen in advance to understand its behavior during and 
after the printing process over a given substrate). Sintering and cure of conductive materials 
are essential because it defines its chemical, electrical and physical performance and the reli-
ability of the printed layers over the long term.

3. Printable materials for PE

The printable materials are selected depending on the type of substrate, the type of ink, the 
type of printing technology and final PE application.

The conductive inks are gathering increasingly attention over the past two decades, and are 
revolutionizing the industry. Elected due to their attributes, such as, conductivity, suitability 
for printing substrates, its processing simplicity and mechanical flexibility, but also due to 
its ability to assign new properties, capabilities and complex functionalities. These emerging 
inks are penetrating the market with an opportunity to reach $400 m by 2027, according to 
IDTechEX report “Condutive Ink Market 2017-2027”. A large variety of materials, organic and 
inorganic, conductors and semiconductors, have been explored for electronics applications. 
The most common types of inks are water, oil or solvents based. The general form of the ink 
consist of a mixture of compounds (pigments or dyes, resins, solvents, fillers, humectant and 
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Within this technology, the droplets can be diverted by binary or multiple deflection systems. 
On the binary systems, the droplets are directed to a single pixel location on the substrate or 
to the gutter, for later recycling of the ink. In the multiple deflection system, the droplets are 
charged and deflected to the substrate at different levels, this way creating multiple pixels. 
Hertz et al. [43] used the binary CIJ and developed a method consisting in the formation of a 
layer of irregularly droplets of ink size. In the Hertz method, the droplets are dispersed in a 
straight line to a gutter so as to converge into the recirculation system. This method also intro-
duced a new procedure and methodology relatively to the use of volatile solvents that allows 
a quick drying of the ink and the adhesion to the substrate materials. The CIJ system benefits 
from the ability to combine the printing speed (on the order of 25 m/s) with the possibility of 
achieving extended distances and the ability to divert droplets independent of gravity [44].

CIJ technology is typically used for large industrial productions of bar codes and labels of 
food products or medicines. This process can be comparatively fast, with the advantage of 
circumscribing large printing areas with a single pass and its printing heads have a long dura-
tion. The droplet size can reach values such as 20 μm, with a standard size of 150 μm [45]. 
However, in the manufacture of electronic products, the CIJ produces droplets of inadequate 
resolution due to the long distance between the print-head and the substrate [13]. Other less 
positive factors are the high cost of initial investment in such equipment, the lower resolution 
compared to some DoD systems, the need to use low viscosity electrolyte inks (in the range of 
3–6 mPa.s), resulting in some final ink waste [46].

2.3.2. Drop-on-demand (DoD) mode

In the DoD system, the print-head ejects a single droplet only when activated (Figure 5). The 
printer is based on several injector nozzles in the print-head and, at each pulse, the droplets 
are ejected in parallel to each other. The image is constructed from successive pulses, which 
largely differentiates from CIJ. The DoD is a high speed method, of high scalability that uses 
high frequency multiple nozzles. The method that is used to generate these pulses defines 
the subcategories of the primary DoD, namely: the acoustic, the electrostatic, the thermal, the 
piezoelectric, and an additional method, sometimes controversial, the MEMS [47] method. 
This last method is more related to the fabrication process, since the drop generation is based 
on thermal or piezo print-heads.

Technique Solution types Solution 
viscosity 
(Pa.s)

Thickness 
(μm)

Resolution 
(μm)

Surf. tension 
(mN/m)

LDW Solid film (donor substrate) – >10 ca. 0.7 –

Aerosol Solutions and nanoparticle 
suspensions based on metals, alloys, 
ceramics, polymers, adhesives or 
biomaterials

0.001–1 >0.1 10–250 –

IPT Water based, solvent based, UV 
curable

0.002–0.1 0.01–0.5 15–100 15–35

Table 4. Comparison between main non-contact printing techniques.
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2.3.3. Main influencing factors

The control of ink drop, the print-head temperature, the sintering or cure of the ink, and 
the printing control of each layer are key parameters to ensure the quality of a multilayer 
printed structure. Also important is to evaluate the properties of the substrate, such as, the 
service temperature, its barrier properties against humidity, electrical, optical, mechanical 
and chemical properties. Equally important is consider the receptivity of the ink by the sub-
strate or with previously printed layers, in the case where a different ink has been used. The 
droplet size can vary depending on the interactions between the ink and the substrate. The 
droplet size sets the width of the printed line, establishing the pattern space and the electric 
design limits, and defines the final specifications of the printed pattern and application sys-
tem (e.g., resolution, bandwidth in the case of a PE). Thereby, during the manufacturing step, 
the printed pattern characteristics are dependent on the materials and their interaction (i.e., 
the properties of the ink must be chosen in advance to understand its behavior during and 
after the printing process over a given substrate). Sintering and cure of conductive materials 
are essential because it defines its chemical, electrical and physical performance and the reli-
ability of the printed layers over the long term.

3. Printable materials for PE

The printable materials are selected depending on the type of substrate, the type of ink, the 
type of printing technology and final PE application.

The conductive inks are gathering increasingly attention over the past two decades, and are 
revolutionizing the industry. Elected due to their attributes, such as, conductivity, suitability 
for printing substrates, its processing simplicity and mechanical flexibility, but also due to 
its ability to assign new properties, capabilities and complex functionalities. These emerging 
inks are penetrating the market with an opportunity to reach $400 m by 2027, according to 
IDTechEX report “Condutive Ink Market 2017-2027”. A large variety of materials, organic and 
inorganic, conductors and semiconductors, have been explored for electronics applications. 
The most common types of inks are water, oil or solvents based. The general form of the ink 
consist of a mixture of compounds (pigments or dyes, resins, solvents, fillers, humectant and 

Figure 5. IPT mode technology systems.

Printing Technologies on Flexible Substrates for Printed Electronics
http://dx.doi.org/10.5772/intechopen.76161

57

Within this technology, the droplets can be diverted by binary or multiple deflection systems. 
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to the gutter, for later recycling of the ink. In the multiple deflection system, the droplets are 
charged and deflected to the substrate at different levels, this way creating multiple pixels. 
Hertz et al. [43] used the binary CIJ and developed a method consisting in the formation of a 
layer of irregularly droplets of ink size. In the Hertz method, the droplets are dispersed in a 
straight line to a gutter so as to converge into the recirculation system. This method also intro-
duced a new procedure and methodology relatively to the use of volatile solvents that allows 
a quick drying of the ink and the adhesion to the substrate materials. The CIJ system benefits 
from the ability to combine the printing speed (on the order of 25 m/s) with the possibility of 
achieving extended distances and the ability to divert droplets independent of gravity [44].

CIJ technology is typically used for large industrial productions of bar codes and labels of 
food products or medicines. This process can be comparatively fast, with the advantage of 
circumscribing large printing areas with a single pass and its printing heads have a long dura-
tion. The droplet size can reach values such as 20 μm, with a standard size of 150 μm [45]. 
However, in the manufacture of electronic products, the CIJ produces droplets of inadequate 
resolution due to the long distance between the print-head and the substrate [13]. Other less 
positive factors are the high cost of initial investment in such equipment, the lower resolution 
compared to some DoD systems, the need to use low viscosity electrolyte inks (in the range of 
3–6 mPa.s), resulting in some final ink waste [46].

2.3.2. Drop-on-demand (DoD) mode

In the DoD system, the print-head ejects a single droplet only when activated (Figure 5). The 
printer is based on several injector nozzles in the print-head and, at each pulse, the droplets 
are ejected in parallel to each other. The image is constructed from successive pulses, which 
largely differentiates from CIJ. The DoD is a high speed method, of high scalability that uses 
high frequency multiple nozzles. The method that is used to generate these pulses defines 
the subcategories of the primary DoD, namely: the acoustic, the electrostatic, the thermal, the 
piezoelectric, and an additional method, sometimes controversial, the MEMS [47] method. 
This last method is more related to the fabrication process, since the drop generation is based 
on thermal or piezo print-heads.
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The control of ink drop, the print-head temperature, the sintering or cure of the ink, and 
the printing control of each layer are key parameters to ensure the quality of a multilayer 
printed structure. Also important is to evaluate the properties of the substrate, such as, the 
service temperature, its barrier properties against humidity, electrical, optical, mechanical 
and chemical properties. Equally important is consider the receptivity of the ink by the sub-
strate or with previously printed layers, in the case where a different ink has been used. The 
droplet size can vary depending on the interactions between the ink and the substrate. The 
droplet size sets the width of the printed line, establishing the pattern space and the electric 
design limits, and defines the final specifications of the printed pattern and application sys-
tem (e.g., resolution, bandwidth in the case of a PE). Thereby, during the manufacturing step, 
the printed pattern characteristics are dependent on the materials and their interaction (i.e., 
the properties of the ink must be chosen in advance to understand its behavior during and 
after the printing process over a given substrate). Sintering and cure of conductive materials 
are essential because it defines its chemical, electrical and physical performance and the reli-
ability of the printed layers over the long term.

3. Printable materials for PE

The printable materials are selected depending on the type of substrate, the type of ink, the 
type of printing technology and final PE application.

The conductive inks are gathering increasingly attention over the past two decades, and are 
revolutionizing the industry. Elected due to their attributes, such as, conductivity, suitability 
for printing substrates, its processing simplicity and mechanical flexibility, but also due to 
its ability to assign new properties, capabilities and complex functionalities. These emerging 
inks are penetrating the market with an opportunity to reach $400 m by 2027, according to 
IDTechEX report “Condutive Ink Market 2017-2027”. A large variety of materials, organic and 
inorganic, conductors and semiconductors, have been explored for electronics applications. 
The most common types of inks are water, oil or solvents based. The general form of the ink 
consist of a mixture of compounds (pigments or dyes, resins, solvents, fillers, humectant and 
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additives), in liquid or solid state, with specific proprieties adapted to the printing technology 
characteristic, such as viscosity, surface tension, etc., to be easily printed in a large variety of 
substrates. What makes conductive inks electrically conductive is the fact that it contains in 
the composition conductive nanoscale particles. The incorporation of conductive polymers 
[48], carbon (C) [49] or metallic particles (e.g., silver (Ag) [8, 36], copper (Cu) [50], and gold 
(Au) [51]) are the most common selections. Table 5 shows the resistivity of the bulk metal par-
ticles and the sintered metal ink form. Commonly, the metallic nanoparticles are stabilized in 
ink solutions by organic ligand shells, i.e., the nanoparticles are encapsulated with an organic 
material, called a capping agent, to form a uniform and stable dispersion, preventing particles 
agglomeration. This capping agent can be removed after printing through curing or sinter-
ing to allow physical contact between nanoparticles, forming continuous connectivity, i.e., a 
percolation path for electrical conductivity. Thus, sintering consist on welding the particles 
to each other below their melting point [2], and this particle welding could be achieved by 
exposure of the printed pattern to laser sintering [52], to microwave radiation [53], by apply-
ing an electrical voltage [54], by a chemical agent at room temperature (RT sintering) [55], or, 
the most conventional approach, by heating (thermal sintering) [33, 56]. In the case of thermal 
sintering, the temperature (typically between 100 to 400°C) must be below the softening tem-
perature of the substrate. The presence of a few nanometers organic layer between the con-
ductive particles is enough to block the movement of electrons from one particle to the other 
[33], thus reducing electrical conductivity. If this happens, the removal of this organic layer is 
required at high temperatures. For this reason, the sintering temperature of the nanoparticle 
based inks has extreme importance in plastic electronic applications, where materials, such 
as polyethylene terephthalate [56] and polycarbonate [56], are widely used as substrates, but 
have low Tg (98 and 148°C, respectively). The electrical conductivity of a printed nanoparticles 
based ink layer also depends on the shape and size of the nanoparticles. The amount of sinter-
ing temperature and time required depend upon how easy the organic encapsulation breaks, 
the particle dimensions and upon the thickness of the ink film. The smaller the particle size 
(2–10 nm) the lower the temperature required to sinter the particles, the short is the process 
and a higher electrical conductivity is achieved. Typically, the nanoparticle loading inks is 
higher than 20 wt%. Metal nanoparticles hold the highest electrical conductivity, although, 
the use of the above categorized precious metals hardly fits in the so called low cost PE.

Conductive polymers are classified into two different categories: extrinsically or intrinsically 
conductive polymers. The extrinsically conductive polymers normally involve a blend of con-
ductive or nonconductive polymers, and a highly conductive additive (e.g., metallic particles) 
suspended in the polymer matrix [57], meaning that they are extrinsically enhanced to be con-
ductive. Relatively to the intrinsically conductive polymer, they consist simply in a network 

Metal Ag Cu Au

Pure state (Ω.m) 1.59 × 10−8 1.68 × 10−8 2.44 × 10−8

Printed ink (μΩ.cm)* 10–50 5–7 8

*Dependent on sintering temperature and time-higher temperature.

Table 5. Metal resistivity [33].
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of alternating single and double carbon bonds. It’s this alternation of bonds that produces 
conjugated π-bonds, resulting in an intrinsically conductive material [58]. Polyacetylene 
(PAc), Polyaniline (PAni), polypyrrole (PPy), polyphenylene vinylene (PPV), polythiophene 
(PTh) are intrinsically conductive polymers (Figure 6).

Within the intrinsically conductive materials, the regioregular PTh has a tremendous poten-
tial for applications in flexible organics electronics because of its low cost and specific prop-
erties, such us, solubility (thanks to the three-substituents alkyl-chain in the PTh core [59]), 
spectroscopic and electronic properties, low-temperature process [60], highly ordered struc-
ture and semi-crystallinity state in its solid states [61], regioregular compatibility to large-area 
fabrications and industrial mass production technologies. In the chemical structure of the 
regioregular PThs, the backbone of the polymer is formed by thiophene rings and a chemical 
side-chain group can be attached on each thiophene ring along the polymer (Figure 7). An 
end-group or a secondary copolymer chain can be added to each end of the PTh.

Within the PTh and its derivatives, the poly(3-hexylthiophne) (P3HT) and poly (3,4-ethylene-
dioxythiophene) (PEDOT) [62] are the most well-known. The P3HT is a reference material 
in organic electronic, physics and chemistry to which any new p-type or donor conjugate 
molecule should be compared and evaluated. The PEDOT is the most widely used [63] intrin-
sically conductive polymer. PEDOT stands out for its high transparency [64] when deposited 
in thin oxidized films, high electrical conductivity [64], very high chemical stability in the 
oxidized state, processability and simplicity of production [65]. All these features make them 
suitable for several printing technologies, such as, spin coating [66], screen printing [67] and 
inkjet printing [68]. These unique properties make intrinsically conductive polymers excel-
lent for various applications, such as, electrochromic devices [69], sensors [60], biosensors 
[68], actuators [70], capacitors [70], and photovoltaic cells [70], thin film diode [71]; organic 
thin film transistors (OTFTs) [72], photodiodes, Organic Field-Effect Transistor (OFETs) [52], 
organic light-emitting diodes (OLEDs) [73], etc., with a growing interest in PE due to its rela-
tively low cost [74].

Figure 6. Chemical structure of conductive polymers.

Figure 7. Schematic diagram of a regioregular polythiophene based polymers.
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additives), in liquid or solid state, with specific proprieties adapted to the printing technology 
characteristic, such as viscosity, surface tension, etc., to be easily printed in a large variety of 
substrates. What makes conductive inks electrically conductive is the fact that it contains in 
the composition conductive nanoscale particles. The incorporation of conductive polymers 
[48], carbon (C) [49] or metallic particles (e.g., silver (Ag) [8, 36], copper (Cu) [50], and gold 
(Au) [51]) are the most common selections. Table 5 shows the resistivity of the bulk metal par-
ticles and the sintered metal ink form. Commonly, the metallic nanoparticles are stabilized in 
ink solutions by organic ligand shells, i.e., the nanoparticles are encapsulated with an organic 
material, called a capping agent, to form a uniform and stable dispersion, preventing particles 
agglomeration. This capping agent can be removed after printing through curing or sinter-
ing to allow physical contact between nanoparticles, forming continuous connectivity, i.e., a 
percolation path for electrical conductivity. Thus, sintering consist on welding the particles 
to each other below their melting point [2], and this particle welding could be achieved by 
exposure of the printed pattern to laser sintering [52], to microwave radiation [53], by apply-
ing an electrical voltage [54], by a chemical agent at room temperature (RT sintering) [55], or, 
the most conventional approach, by heating (thermal sintering) [33, 56]. In the case of thermal 
sintering, the temperature (typically between 100 to 400°C) must be below the softening tem-
perature of the substrate. The presence of a few nanometers organic layer between the con-
ductive particles is enough to block the movement of electrons from one particle to the other 
[33], thus reducing electrical conductivity. If this happens, the removal of this organic layer is 
required at high temperatures. For this reason, the sintering temperature of the nanoparticle 
based inks has extreme importance in plastic electronic applications, where materials, such 
as polyethylene terephthalate [56] and polycarbonate [56], are widely used as substrates, but 
have low Tg (98 and 148°C, respectively). The electrical conductivity of a printed nanoparticles 
based ink layer also depends on the shape and size of the nanoparticles. The amount of sinter-
ing temperature and time required depend upon how easy the organic encapsulation breaks, 
the particle dimensions and upon the thickness of the ink film. The smaller the particle size 
(2–10 nm) the lower the temperature required to sinter the particles, the short is the process 
and a higher electrical conductivity is achieved. Typically, the nanoparticle loading inks is 
higher than 20 wt%. Metal nanoparticles hold the highest electrical conductivity, although, 
the use of the above categorized precious metals hardly fits in the so called low cost PE.

Conductive polymers are classified into two different categories: extrinsically or intrinsically 
conductive polymers. The extrinsically conductive polymers normally involve a blend of con-
ductive or nonconductive polymers, and a highly conductive additive (e.g., metallic particles) 
suspended in the polymer matrix [57], meaning that they are extrinsically enhanced to be con-
ductive. Relatively to the intrinsically conductive polymer, they consist simply in a network 
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of alternating single and double carbon bonds. It’s this alternation of bonds that produces 
conjugated π-bonds, resulting in an intrinsically conductive material [58]. Polyacetylene 
(PAc), Polyaniline (PAni), polypyrrole (PPy), polyphenylene vinylene (PPV), polythiophene 
(PTh) are intrinsically conductive polymers (Figure 6).

Within the intrinsically conductive materials, the regioregular PTh has a tremendous poten-
tial for applications in flexible organics electronics because of its low cost and specific prop-
erties, such us, solubility (thanks to the three-substituents alkyl-chain in the PTh core [59]), 
spectroscopic and electronic properties, low-temperature process [60], highly ordered struc-
ture and semi-crystallinity state in its solid states [61], regioregular compatibility to large-area 
fabrications and industrial mass production technologies. In the chemical structure of the 
regioregular PThs, the backbone of the polymer is formed by thiophene rings and a chemical 
side-chain group can be attached on each thiophene ring along the polymer (Figure 7). An 
end-group or a secondary copolymer chain can be added to each end of the PTh.

Within the PTh and its derivatives, the poly(3-hexylthiophne) (P3HT) and poly (3,4-ethylene-
dioxythiophene) (PEDOT) [62] are the most well-known. The P3HT is a reference material 
in organic electronic, physics and chemistry to which any new p-type or donor conjugate 
molecule should be compared and evaluated. The PEDOT is the most widely used [63] intrin-
sically conductive polymer. PEDOT stands out for its high transparency [64] when deposited 
in thin oxidized films, high electrical conductivity [64], very high chemical stability in the 
oxidized state, processability and simplicity of production [65]. All these features make them 
suitable for several printing technologies, such as, spin coating [66], screen printing [67] and 
inkjet printing [68]. These unique properties make intrinsically conductive polymers excel-
lent for various applications, such as, electrochromic devices [69], sensors [60], biosensors 
[68], actuators [70], capacitors [70], and photovoltaic cells [70], thin film diode [71]; organic 
thin film transistors (OTFTs) [72], photodiodes, Organic Field-Effect Transistor (OFETs) [52], 
organic light-emitting diodes (OLEDs) [73], etc., with a growing interest in PE due to its rela-
tively low cost [74].
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additives), in liquid or solid state, with specific proprieties adapted to the printing technology 
characteristic, such as viscosity, surface tension, etc., to be easily printed in a large variety of 
substrates. What makes conductive inks electrically conductive is the fact that it contains in 
the composition conductive nanoscale particles. The incorporation of conductive polymers 
[48], carbon (C) [49] or metallic particles (e.g., silver (Ag) [8, 36], copper (Cu) [50], and gold 
(Au) [51]) are the most common selections. Table 5 shows the resistivity of the bulk metal par-
ticles and the sintered metal ink form. Commonly, the metallic nanoparticles are stabilized in 
ink solutions by organic ligand shells, i.e., the nanoparticles are encapsulated with an organic 
material, called a capping agent, to form a uniform and stable dispersion, preventing particles 
agglomeration. This capping agent can be removed after printing through curing or sinter-
ing to allow physical contact between nanoparticles, forming continuous connectivity, i.e., a 
percolation path for electrical conductivity. Thus, sintering consist on welding the particles 
to each other below their melting point [2], and this particle welding could be achieved by 
exposure of the printed pattern to laser sintering [52], to microwave radiation [53], by apply-
ing an electrical voltage [54], by a chemical agent at room temperature (RT sintering) [55], or, 
the most conventional approach, by heating (thermal sintering) [33, 56]. In the case of thermal 
sintering, the temperature (typically between 100 to 400°C) must be below the softening tem-
perature of the substrate. The presence of a few nanometers organic layer between the con-
ductive particles is enough to block the movement of electrons from one particle to the other 
[33], thus reducing electrical conductivity. If this happens, the removal of this organic layer is 
required at high temperatures. For this reason, the sintering temperature of the nanoparticle 
based inks has extreme importance in plastic electronic applications, where materials, such 
as polyethylene terephthalate [56] and polycarbonate [56], are widely used as substrates, but 
have low Tg (98 and 148°C, respectively). The electrical conductivity of a printed nanoparticles 
based ink layer also depends on the shape and size of the nanoparticles. The amount of sinter-
ing temperature and time required depend upon how easy the organic encapsulation breaks, 
the particle dimensions and upon the thickness of the ink film. The smaller the particle size 
(2–10 nm) the lower the temperature required to sinter the particles, the short is the process 
and a higher electrical conductivity is achieved. Typically, the nanoparticle loading inks is 
higher than 20 wt%. Metal nanoparticles hold the highest electrical conductivity, although, 
the use of the above categorized precious metals hardly fits in the so called low cost PE.

Conductive polymers are classified into two different categories: extrinsically or intrinsically 
conductive polymers. The extrinsically conductive polymers normally involve a blend of con-
ductive or nonconductive polymers, and a highly conductive additive (e.g., metallic particles) 
suspended in the polymer matrix [57], meaning that they are extrinsically enhanced to be con-
ductive. Relatively to the intrinsically conductive polymer, they consist simply in a network 
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of alternating single and double carbon bonds. It’s this alternation of bonds that produces 
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(PAc), Polyaniline (PAni), polypyrrole (PPy), polyphenylene vinylene (PPV), polythiophene 
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spectroscopic and electronic properties, low-temperature process [60], highly ordered struc-
ture and semi-crystallinity state in its solid states [61], regioregular compatibility to large-area 
fabrications and industrial mass production technologies. In the chemical structure of the 
regioregular PThs, the backbone of the polymer is formed by thiophene rings and a chemical 
side-chain group can be attached on each thiophene ring along the polymer (Figure 7). An 
end-group or a secondary copolymer chain can be added to each end of the PTh.

Within the PTh and its derivatives, the poly(3-hexylthiophne) (P3HT) and poly (3,4-ethylene-
dioxythiophene) (PEDOT) [62] are the most well-known. The P3HT is a reference material 
in organic electronic, physics and chemistry to which any new p-type or donor conjugate 
molecule should be compared and evaluated. The PEDOT is the most widely used [63] intrin-
sically conductive polymer. PEDOT stands out for its high transparency [64] when deposited 
in thin oxidized films, high electrical conductivity [64], very high chemical stability in the 
oxidized state, processability and simplicity of production [65]. All these features make them 
suitable for several printing technologies, such as, spin coating [66], screen printing [67] and 
inkjet printing [68]. These unique properties make intrinsically conductive polymers excel-
lent for various applications, such as, electrochromic devices [69], sensors [60], biosensors 
[68], actuators [70], capacitors [70], and photovoltaic cells [70], thin film diode [71]; organic 
thin film transistors (OTFTs) [72], photodiodes, Organic Field-Effect Transistor (OFETs) [52], 
organic light-emitting diodes (OLEDs) [73], etc., with a growing interest in PE due to its rela-
tively low cost [74].
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additives), in liquid or solid state, with specific proprieties adapted to the printing technology 
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substrates. What makes conductive inks electrically conductive is the fact that it contains in 
the composition conductive nanoscale particles. The incorporation of conductive polymers 
[48], carbon (C) [49] or metallic particles (e.g., silver (Ag) [8, 36], copper (Cu) [50], and gold 
(Au) [51]) are the most common selections. Table 5 shows the resistivity of the bulk metal par-
ticles and the sintered metal ink form. Commonly, the metallic nanoparticles are stabilized in 
ink solutions by organic ligand shells, i.e., the nanoparticles are encapsulated with an organic 
material, called a capping agent, to form a uniform and stable dispersion, preventing particles 
agglomeration. This capping agent can be removed after printing through curing or sinter-
ing to allow physical contact between nanoparticles, forming continuous connectivity, i.e., a 
percolation path for electrical conductivity. Thus, sintering consist on welding the particles 
to each other below their melting point [2], and this particle welding could be achieved by 
exposure of the printed pattern to laser sintering [52], to microwave radiation [53], by apply-
ing an electrical voltage [54], by a chemical agent at room temperature (RT sintering) [55], or, 
the most conventional approach, by heating (thermal sintering) [33, 56]. In the case of thermal 
sintering, the temperature (typically between 100 to 400°C) must be below the softening tem-
perature of the substrate. The presence of a few nanometers organic layer between the con-
ductive particles is enough to block the movement of electrons from one particle to the other 
[33], thus reducing electrical conductivity. If this happens, the removal of this organic layer is 
required at high temperatures. For this reason, the sintering temperature of the nanoparticle 
based inks has extreme importance in plastic electronic applications, where materials, such 
as polyethylene terephthalate [56] and polycarbonate [56], are widely used as substrates, but 
have low Tg (98 and 148°C, respectively). The electrical conductivity of a printed nanoparticles 
based ink layer also depends on the shape and size of the nanoparticles. The amount of sinter-
ing temperature and time required depend upon how easy the organic encapsulation breaks, 
the particle dimensions and upon the thickness of the ink film. The smaller the particle size 
(2–10 nm) the lower the temperature required to sinter the particles, the short is the process 
and a higher electrical conductivity is achieved. Typically, the nanoparticle loading inks is 
higher than 20 wt%. Metal nanoparticles hold the highest electrical conductivity, although, 
the use of the above categorized precious metals hardly fits in the so called low cost PE.
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Metal Ag Cu Au

Pure state (Ω.m) 1.59 × 10−8 1.68 × 10−8 2.44 × 10−8

Printed ink (μΩ.cm)* 10–50 5–7 8

*Dependent on sintering temperature and time-higher temperature.

Table 5. Metal resistivity [33].
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of alternating single and double carbon bonds. It’s this alternation of bonds that produces 
conjugated π-bonds, resulting in an intrinsically conductive material [58]. Polyacetylene 
(PAc), Polyaniline (PAni), polypyrrole (PPy), polyphenylene vinylene (PPV), polythiophene 
(PTh) are intrinsically conductive polymers (Figure 6).
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tial for applications in flexible organics electronics because of its low cost and specific prop-
erties, such us, solubility (thanks to the three-substituents alkyl-chain in the PTh core [59]), 
spectroscopic and electronic properties, low-temperature process [60], highly ordered struc-
ture and semi-crystallinity state in its solid states [61], regioregular compatibility to large-area 
fabrications and industrial mass production technologies. In the chemical structure of the 
regioregular PThs, the backbone of the polymer is formed by thiophene rings and a chemical 
side-chain group can be attached on each thiophene ring along the polymer (Figure 7). An 
end-group or a secondary copolymer chain can be added to each end of the PTh.

Within the PTh and its derivatives, the poly(3-hexylthiophne) (P3HT) and poly (3,4-ethylene-
dioxythiophene) (PEDOT) [62] are the most well-known. The P3HT is a reference material 
in organic electronic, physics and chemistry to which any new p-type or donor conjugate 
molecule should be compared and evaluated. The PEDOT is the most widely used [63] intrin-
sically conductive polymer. PEDOT stands out for its high transparency [64] when deposited 
in thin oxidized films, high electrical conductivity [64], very high chemical stability in the 
oxidized state, processability and simplicity of production [65]. All these features make them 
suitable for several printing technologies, such as, spin coating [66], screen printing [67] and 
inkjet printing [68]. These unique properties make intrinsically conductive polymers excel-
lent for various applications, such as, electrochromic devices [69], sensors [60], biosensors 
[68], actuators [70], capacitors [70], and photovoltaic cells [70], thin film diode [71]; organic 
thin film transistors (OTFTs) [72], photodiodes, Organic Field-Effect Transistor (OFETs) [52], 
organic light-emitting diodes (OLEDs) [73], etc., with a growing interest in PE due to its rela-
tively low cost [74].

Figure 6. Chemical structure of conductive polymers.

Figure 7. Schematic diagram of a regioregular polythiophene based polymers.
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4. Flexible and extensible substrate for PE

There are three types of substrates that may be used on electronic devices: glass; metal and 
polymers. The first two are rigid material. The glass is non flexible. The metal foil is flexible 
and sustain high temperature, although, is limited on the freedom of design and is high cost. 
Polymers composites, such as, glass-reinforced epoxy laminates with flame retardant (FR-4) 
have been largely used in rigid printed circuit boards (PCB). Non-reinforced polymers are 
flexible materials, are more economically processed, and gives greater freedom of design, 
providing studies with increasingly intelligent PE applications, able to be integrated in com-
plex systems and environments [34]. Their major drawback lies on the low surface energy, 
which, normally requires a prior surface treatment before printing and low processing tem-
peratures. Their selection must meet a series of physical, mechanical, chemical, thermal and 
optical requirements, and also important, the compatibility with the conductive inks.

Various types of polymers (semi-crystalline and amorphous) have been proposed as flexible 
substrates (e.g., polyimide [5, 12, 74], polyethylene terephthalate [11], polyethylene naphthal-
ate [75], PVDF [14], polycarbonate [14]), and both flexible and extensible substrates (e.g., poly 
(PDMS) [4, 5, 75, 76], polyurethane [76], thermoplastic polyurethanes (TPU) [77, 78]), etc. 
Table 6 shows the main properties of flexible polymeric substrates.

5. Printing technologies challenges

Understanding the printing process and relationships between process parameters and print-
ing quality (e.g., print resolution, uniformity and electrical conductivity of printed layer) is 
necessary for process optimization, as well as the suitability of the selected material in terms 
of adhesion and final applications; the appropriateness of the printed technology and ink 

Substrate PI PET PC PEN PDMS TPU

Tg (°C) 155–270 70–110 145 120–155 −125 80

Tm (°C) 250–452 115–258 115–160 269 – 180

Density (g/cm3) 1.36–1.43 1.39 1.20–1.22 1.36 1.03 1.18

Vol.Res.(Ω.cm) 1.5 × 1017 1.0 × 1019 1012–1014 105 1.2 × 1014 3.0 × 1014

Modulus (MPa) 2.5 × 103 2–4.1 × 103 2.0–2.6 × 103 0.1–0.5 × 103 1 7

WorkTemp. (°C) Up to 400 −50 to 150 −40 to 130 – −45 to 200 130

CTE (ppm/°C) 8–20 15–33 75 20 310 153

Water absorption (%) 1.3–3.0 0.4–0.6 0.16–0.35 0.3–0.4 >0.1 0.2

Solvent resistance Good Good Poor Good Poor Good

Dimensional stability Fair Good Fair Good Good Good-

Tg – glass transition temperature, Tm – melting temperature, CTE – coefficient of thermal expansion.

Table 6. Comparison between flexible polymeric substrates.
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properties, the process deposition rate, etc. It will be a commitment between several criteria 
that will allow achieve the desired PE performance, functionalities and requirements. The 
main challenges are summarized in Table 7.

5.1. Compatibility between printable material and substrate

Most polymers have low surface energy (SE). The transfer and distribution of the ink on a 
substrate depends on the wettability and adhesion capabilities. The adhesion between two 
materials is the sum of a number of mechanical, physical, and chemical forces between them, 
at the interface, and depend on the mechanism of adhesion involved, that include mainly:

• Substrate properties (chemical composition, surface topography and porosity, etc.).

• Conductive ink properties (chemical composition, rheological behavior, the rate of solvent 
evaporation, etc.).

• The superficial tension (ST) of the ink and the SE of the substrate that will receive the ink, 
i.e., the difference between them.

• Functional groups and their intermolecular forces present in the ink/polymer system.

Surface wettability, spreadability and adhesion are the most important requirements in the 
printing process, and both are directly dependent on the fluid contact angle (Figure 8). When 
a fluid spreads evenly over the surface without the formation of droplets, the surface is said 
to be wettable. When a droplet is formed, the surface is said to be non-wettable, implying that 
cohesive forces associated with the fluid are greater than the forces associated with the inter-
action of the fluid with the surface. ST refers to the amount of cohesive forces between liquid 
molecules. The SE describes the degree of energy with which the molecules of the surface 
of a solid draw and allow adherence of a fluid. Often, ST and SE are interrelated, since both 
measure the ability of molecules to attract and to adhere to each other. In IPT, the spheroidal 
shape of the liquid emerging from the nozzle is defined by the ST of the liquid. The adhe-
sion between two surfaces (ink, substrate) occurs when these droplets come into contact and 
develop strength in order to maintain a stable interface solid–liquid. Adhesion between a 
solid and a liquid exists when the solid SE exceeds the liquid ST.

The polymer low SE represents a great challenge in PE. In this situation, surface treatments 
are required to increasing the SE of the polymer, although implies an extra step in the  

Flexible substrates Printable inks Equipment

• Flexible substrates encapsulation

• Cost effective barrier encapsulation 
material

• Scalability to large area (e.g., 
OLEDs)

• Adhesion

• Long time reliability

• Development of new inks 
formulation

• Adhesion

• Scalability to large area

• Lifetime and stability

• Appropriate, affordable

• High volumes

• Resolution

Table 7. Main challenges.
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manufacturing process, increases the time and cost of production. Adhesion-enhancing tech-
niques such as: chemical [79] or mechanical induced roughening of the surface [77], or resort-
ing to a primer (e.g., silane coupling agents [80]), corona discharge [81], plasma treatment 
[82], and flame treatment [81] are some examples. The most common techniques are plasma, 
flame and chemical treatment. With plasma and flame treatment, the substrate SE is changed 
by creating functional groups on the surface and eliminating surface contaminants. Although, 
the surface treatment is temporary, i.e., the treatment enhances the compatibility of the sur-
face with the ink, but the exposure to air induces hydrophobic recovery [83]. Therefore, it is 
recommended to print after surface treatment. Chemical treatment is another option. The 
chemical treatment changes the surface characteristics (physical and chemical) by increasing 
the total area of interface between both layers leading to structural changes (by increasing the 
interface roughness) and interactions between the fluid molecules and the substrate.

5.2. Printable materials compatibility

Another aspect that can pose a problem during printing is the incompatibility between differ-
ent inks used in multilayered structures or between layers of the same ink, which can cause 
dissolution or resuspension of the previously deposited layer of ink, depriving uniform and 
uncontaminated layers [42]. The morphology and uniformity of the printed pattern depends 
on the contained deposited drop in the determined spatial printing area.

The optimization of the ink and interaction between ink and the substrate strongly affects the 
final resolution and constitutes a main research challenge in order to achieve repeatability 
of printed patterns and devices. An optimized ink formulation, according to equipment and 
target application, as well as the substrate treatment processes constitute the main successful 
factors to achieve high resolution and repeatability of the printed patterns and devices.

Equally relevant are the different post-processing treatments, such as, sintering, annealing or 
simply drying in air required for each ink, which defines the final morphology and unifor-
mity of the printed pattern and the manufacturing time [32].

6. Applications of IPT to flexible PE

The increase of the printing resolution leads to an increased number of applications. Lee 
et al. [84] developed a flexible capacitive pressure sensor for plantar pressure measurement, 
using a flexible printed circuit film as a sensor substrate and PDMS as dielectric layer. Cheng 
et al. [5] developed a tactile sensor with PDMS using a highly reliable capacitive mechanism. 
However, the required manufacturing process involved multiple factoring steps and the use 

Figure 8. Ink behavior on a substrate.
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of several material layers, which consequently leads to time consumption, large material 
waste and high manufacturing costs, preventing the process automation to an industrial level. 
When the goal is large area sensing platforms, manufacture premium prices constitute a prob-
lem. In recent years, the interest for IPT to sensor fabrication has attracted attention [39, 85]. 
First IPT prototypes start to appear and has already been selected to step in the production of 
several devices, such as, integrated circuits [30, 33], transistors [32, 86], conducting polymer 
devices [30], structural polymers and ceramics [85], biomaterials, and printed scaffolds for 
growth of living tissues [30, 31]. In the field of flexible sensors, IPT it is just taking the first 
steps. IPT of an intrinsically conducting polymer [87] onto a flexible substrate for humidity 
and gas sensing applications [88] are two of many of the rapidly emerging IPT examples. 
Only a few examples of IPT sensors combining IPT polymer conductive ink (PEDOT:PSS 
and P3HT) [79, 89] or silver ink [90], printed on polymer substrate have been reported so far. 
Someya et al. [91] has developed flexible pressure sensors with a complex designed structure 
using OFET active matrices manufactured by IPT and screen printing technology. Basiricó 
et al. [92] have proposed a totally IPT flexible OFET assembled on plastic films as sensors for 
mechanical variables using a PEDOT:PSS as electrodes and a P3HT as a semiconductor. The 
results obtained were promising despite the lower charge carrier mobility measured. Cruz 
et al. [89] have developed a inkjet printed pressure sensing platform capable of measuring the 
central plantar pressure (CPP). The use of PEDOT:PSS for definition of the electrodes over a 
TPU substrate resulted in pressure sensors with higher sensitivities and better linearity. Good 
performance results (comparable with existing solutions) were achieved, with the particular-
ity of offering a low-cost alternative. The printed substrate presented high flexibility, was 
able to follow and deform along with the substrate, without breaking or losing adhesion and 
its conductivity properties. The ink piezo-resistive effect and high gauge factors (>300) were 
demonstrated (higher than the typical value of flexible metallic strain gauges) showing the 
potential of the material to be used in several sensing applications [79].

7. Final remarks

The PE technology is not a replacement for conventional electronics, however, allows free 
design and unlimited applications areas. The PE benefits from new printing technologies, new 
material solutions, and by the combination of other manufacturing processes. The increase of 
research and development is reflecting a growing interest in the new generation of flexible 
and PE applications for, space and weight reduction. The PE had an undeniable impact on the 
electronic industry, economics and on the human life, revolutionizing the electronic applica-
tions, otherwise impossible to achieve with the conventional techniques and materials.

This chapter made an overview of the most important printing techniques and material solu-
tions for the PE, with particular attention to the IPT. For the different printing technology, the 
process requirements, the materials and their critical limitations, highlighting their main fea-
tures, were summarized. The possibility of combining technologies to overcome one technology 
limitation with another technology was also presented. Moreover, IPT is a promising technol-
ogy which main advantages lies on its simplicity and low cost operating principle, overcoming 
the flaws of traditional technologies. Also, the main printing challenges are addressed, in terms 
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manufacturing process, increases the time and cost of production. Adhesion-enhancing tech-
niques such as: chemical [79] or mechanical induced roughening of the surface [77], or resort-
ing to a primer (e.g., silane coupling agents [80]), corona discharge [81], plasma treatment 
[82], and flame treatment [81] are some examples. The most common techniques are plasma, 
flame and chemical treatment. With plasma and flame treatment, the substrate SE is changed 
by creating functional groups on the surface and eliminating surface contaminants. Although, 
the surface treatment is temporary, i.e., the treatment enhances the compatibility of the sur-
face with the ink, but the exposure to air induces hydrophobic recovery [83]. Therefore, it is 
recommended to print after surface treatment. Chemical treatment is another option. The 
chemical treatment changes the surface characteristics (physical and chemical) by increasing 
the total area of interface between both layers leading to structural changes (by increasing the 
interface roughness) and interactions between the fluid molecules and the substrate.

5.2. Printable materials compatibility

Another aspect that can pose a problem during printing is the incompatibility between differ-
ent inks used in multilayered structures or between layers of the same ink, which can cause 
dissolution or resuspension of the previously deposited layer of ink, depriving uniform and 
uncontaminated layers [42]. The morphology and uniformity of the printed pattern depends 
on the contained deposited drop in the determined spatial printing area.

The optimization of the ink and interaction between ink and the substrate strongly affects the 
final resolution and constitutes a main research challenge in order to achieve repeatability 
of printed patterns and devices. An optimized ink formulation, according to equipment and 
target application, as well as the substrate treatment processes constitute the main successful 
factors to achieve high resolution and repeatability of the printed patterns and devices.

Equally relevant are the different post-processing treatments, such as, sintering, annealing or 
simply drying in air required for each ink, which defines the final morphology and unifor-
mity of the printed pattern and the manufacturing time [32].

6. Applications of IPT to flexible PE

The increase of the printing resolution leads to an increased number of applications. Lee 
et al. [84] developed a flexible capacitive pressure sensor for plantar pressure measurement, 
using a flexible printed circuit film as a sensor substrate and PDMS as dielectric layer. Cheng 
et al. [5] developed a tactile sensor with PDMS using a highly reliable capacitive mechanism. 
However, the required manufacturing process involved multiple factoring steps and the use 
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of several material layers, which consequently leads to time consumption, large material 
waste and high manufacturing costs, preventing the process automation to an industrial level. 
When the goal is large area sensing platforms, manufacture premium prices constitute a prob-
lem. In recent years, the interest for IPT to sensor fabrication has attracted attention [39, 85]. 
First IPT prototypes start to appear and has already been selected to step in the production of 
several devices, such as, integrated circuits [30, 33], transistors [32, 86], conducting polymer 
devices [30], structural polymers and ceramics [85], biomaterials, and printed scaffolds for 
growth of living tissues [30, 31]. In the field of flexible sensors, IPT it is just taking the first 
steps. IPT of an intrinsically conducting polymer [87] onto a flexible substrate for humidity 
and gas sensing applications [88] are two of many of the rapidly emerging IPT examples. 
Only a few examples of IPT sensors combining IPT polymer conductive ink (PEDOT:PSS 
and P3HT) [79, 89] or silver ink [90], printed on polymer substrate have been reported so far. 
Someya et al. [91] has developed flexible pressure sensors with a complex designed structure 
using OFET active matrices manufactured by IPT and screen printing technology. Basiricó 
et al. [92] have proposed a totally IPT flexible OFET assembled on plastic films as sensors for 
mechanical variables using a PEDOT:PSS as electrodes and a P3HT as a semiconductor. The 
results obtained were promising despite the lower charge carrier mobility measured. Cruz 
et al. [89] have developed a inkjet printed pressure sensing platform capable of measuring the 
central plantar pressure (CPP). The use of PEDOT:PSS for definition of the electrodes over a 
TPU substrate resulted in pressure sensors with higher sensitivities and better linearity. Good 
performance results (comparable with existing solutions) were achieved, with the particular-
ity of offering a low-cost alternative. The printed substrate presented high flexibility, was 
able to follow and deform along with the substrate, without breaking or losing adhesion and 
its conductivity properties. The ink piezo-resistive effect and high gauge factors (>300) were 
demonstrated (higher than the typical value of flexible metallic strain gauges) showing the 
potential of the material to be used in several sensing applications [79].

7. Final remarks

The PE technology is not a replacement for conventional electronics, however, allows free 
design and unlimited applications areas. The PE benefits from new printing technologies, new 
material solutions, and by the combination of other manufacturing processes. The increase of 
research and development is reflecting a growing interest in the new generation of flexible 
and PE applications for, space and weight reduction. The PE had an undeniable impact on the 
electronic industry, economics and on the human life, revolutionizing the electronic applica-
tions, otherwise impossible to achieve with the conventional techniques and materials.

This chapter made an overview of the most important printing techniques and material solu-
tions for the PE, with particular attention to the IPT. For the different printing technology, the 
process requirements, the materials and their critical limitations, highlighting their main fea-
tures, were summarized. The possibility of combining technologies to overcome one technology 
limitation with another technology was also presented. Moreover, IPT is a promising technol-
ogy which main advantages lies on its simplicity and low cost operating principle, overcoming 
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tions, otherwise impossible to achieve with the conventional techniques and materials.
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of several material layers, which consequently leads to time consumption, large material 
waste and high manufacturing costs, preventing the process automation to an industrial level. 
When the goal is large area sensing platforms, manufacture premium prices constitute a prob-
lem. In recent years, the interest for IPT to sensor fabrication has attracted attention [39, 85]. 
First IPT prototypes start to appear and has already been selected to step in the production of 
several devices, such as, integrated circuits [30, 33], transistors [32, 86], conducting polymer 
devices [30], structural polymers and ceramics [85], biomaterials, and printed scaffolds for 
growth of living tissues [30, 31]. In the field of flexible sensors, IPT it is just taking the first 
steps. IPT of an intrinsically conducting polymer [87] onto a flexible substrate for humidity 
and gas sensing applications [88] are two of many of the rapidly emerging IPT examples. 
Only a few examples of IPT sensors combining IPT polymer conductive ink (PEDOT:PSS 
and P3HT) [79, 89] or silver ink [90], printed on polymer substrate have been reported so far. 
Someya et al. [91] has developed flexible pressure sensors with a complex designed structure 
using OFET active matrices manufactured by IPT and screen printing technology. Basiricó 
et al. [92] have proposed a totally IPT flexible OFET assembled on plastic films as sensors for 
mechanical variables using a PEDOT:PSS as electrodes and a P3HT as a semiconductor. The 
results obtained were promising despite the lower charge carrier mobility measured. Cruz 
et al. [89] have developed a inkjet printed pressure sensing platform capable of measuring the 
central plantar pressure (CPP). The use of PEDOT:PSS for definition of the electrodes over a 
TPU substrate resulted in pressure sensors with higher sensitivities and better linearity. Good 
performance results (comparable with existing solutions) were achieved, with the particular-
ity of offering a low-cost alternative. The printed substrate presented high flexibility, was 
able to follow and deform along with the substrate, without breaking or losing adhesion and 
its conductivity properties. The ink piezo-resistive effect and high gauge factors (>300) were 
demonstrated (higher than the typical value of flexible metallic strain gauges) showing the 
potential of the material to be used in several sensing applications [79].

7. Final remarks

The PE technology is not a replacement for conventional electronics, however, allows free 
design and unlimited applications areas. The PE benefits from new printing technologies, new 
material solutions, and by the combination of other manufacturing processes. The increase of 
research and development is reflecting a growing interest in the new generation of flexible 
and PE applications for, space and weight reduction. The PE had an undeniable impact on the 
electronic industry, economics and on the human life, revolutionizing the electronic applica-
tions, otherwise impossible to achieve with the conventional techniques and materials.

This chapter made an overview of the most important printing techniques and material solu-
tions for the PE, with particular attention to the IPT. For the different printing technology, the 
process requirements, the materials and their critical limitations, highlighting their main fea-
tures, were summarized. The possibility of combining technologies to overcome one technology 
limitation with another technology was also presented. Moreover, IPT is a promising technol-
ogy which main advantages lies on its simplicity and low cost operating principle, overcoming 
the flaws of traditional technologies. Also, the main printing challenges are addressed, in terms 
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of compatibility between printable material and substrate. At the end, examples of IPT flexible 
PE are presented. A breakthrough is expected in the next years which potentially will reduce 
cost with mass production applications. So far, there are other issues that need to be discussed 
and practical questions start to arise once the industry gets more involved and focused in devel-
oping commercial products, such us, market trend, recycling, and return of the investment.
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of compatibility between printable material and substrate. At the end, examples of IPT flexible 
PE are presented. A breakthrough is expected in the next years which potentially will reduce 
cost with mass production applications. So far, there are other issues that need to be discussed 
and practical questions start to arise once the industry gets more involved and focused in devel-
oping commercial products, such us, market trend, recycling, and return of the investment.
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Graphene has recently been attracting considerable interest because of its exceptional 
conductivity, mechanical strength, thermal stability, etc. Graphene-based devices exhibit 
high potential for applications in flexible electronics, optoelectronics, and energy harvest-
ing. In this paper, we review various growth strategies including metal-catalyzed trans-
fer-free growth and direct-growth of graphene on flexible insulating substrates which are 
“major issues” for avoiding the complicated transfer process that cause graphene defects, 
residues, tears and performance degradation of its functional devices. Recent advances 
in practical applications based on “direct-grown graphene” are discussed. Finally, sev-
eral important directions, challenges and perspectives in the commercialization of ‘direct 
growth of graphene’ are also discussed and addressed.
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1. Introduction

Single-layer graphene (SLG) and few-layer graphene (FLG) films have been regarded as ideal 
materials for electronics and optoelectronics due to their excellent electrical properties and their 
ability to integrate with current top-down device fabrication technology [1–20]. Since the begin-
ning of the twenty-first century, the interest in graphene materials has drastically increased, 
which is apparent in the number of annual publications on graphene (Figure 1). Until now, 
various strategies, including chemical vapor deposition (CVD) [21], liquid and mechanical exfo-
liation from graphite [16, 22, 23], epitaxial growth on crystal substrate [24–27], or solution-based 
processes on graphene oxides [28–34]. have been investigated for obtaining graphene layers. 
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Abstract

Graphene has recently been attracting considerable interest because of its exceptional 
conductivity, mechanical strength, thermal stability, etc. Graphene-based devices exhibit 
high potential for applications in flexible electronics, optoelectronics, and energy harvest-
ing. In this paper, we review various growth strategies including metal-catalyzed trans-
fer-free growth and direct-growth of graphene on flexible insulating substrates which are 
“major issues” for avoiding the complicated transfer process that cause graphene defects, 
residues, tears and performance degradation of its functional devices. Recent advances 
in practical applications based on “direct-grown graphene” are discussed. Finally, sev-
eral important directions, challenges and perspectives in the commercialization of ‘direct 
growth of graphene’ are also discussed and addressed.

Keywords: graphene, direct-growth, flexible substrate, flexible electronic, chemical 
vapor deposition (CVD)

1. Introduction

Single-layer graphene (SLG) and few-layer graphene (FLG) films have been regarded as ideal 
materials for electronics and optoelectronics due to their excellent electrical properties and their 
ability to integrate with current top-down device fabrication technology [1–20]. Since the begin-
ning of the twenty-first century, the interest in graphene materials has drastically increased, 
which is apparent in the number of annual publications on graphene (Figure 1). Until now, 
various strategies, including chemical vapor deposition (CVD) [21], liquid and mechanical exfo-
liation from graphite [16, 22, 23], epitaxial growth on crystal substrate [24–27], or solution-based 
processes on graphene oxides [28–34]. have been investigated for obtaining graphene layers. 
In particular, recent advances in CVD growth have successfully led to large-scale graphene 
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production on metal substrates [1, 21, 35–41], driven by the high demand for utilizing graphene 
in possible applications of current complementary metal-oxide-semiconductor (CMOS) tech-
nology such as radio-frequency transistors, optical devices, and deposition processes [2].

In these days, high-quality large-area graphene has been well synthesized on conducting metal 
substrates by using the catalytic CVD growth approach, which promoted a wide range of gra-
phene-based device applications [1, 21, 35–42]. However, graphene grown on a metal sub-
strate needs to be transferred onto dielectric substrates for electronic applications. Although 
various approaches, such as wet etching/transfer [38], mechanical exfoliation/transfer [16, 22, 
23], bubbling transfer [43], electrochemical delamination [44–46], for transferring from the 
catalytic metal growth substrates to dielectric device substrates have been developed, none of 
these approaches is free from degradation of the transferred graphene. For example, ‘wet etch-
ing and transfer’, the most widely used transfer approach, is a serial process, which includes 
encapsulation the graphene surface with polymer supporting layer, subsequent chemical etch-
ing of the underlying metal substrate, transferring of the polymer/graphene film onto a dielec-
tric substrate and removal of the polymer supporting layer [42]. Unfortunately, the transfer 
process is not just inconvenient but also causes various chemical and mechanical defects in 
the transferred graphene layer. CVD graphene grown on arbitrary substrates contains various 
defects, such as point defects, dislocation-like defects, cracks, wrinkles, and grain boundaries 
[47]. Because carbon atoms at such defect sites are chemically less stable than the carbon in 
defect-free graphene [47], the defect sites exposed to unavoidable surface/interface contami-
nants during the graphene transfer process are chemically damaged by bonding to oxygen, 
hydrogen, etc. Similarly, CVD graphene can be contaminated by metallic impurities from the 
growth substrate, which influences the electrochemical and electronic properties of graphene 
[48, 49]. CVD graphene never has 100% coverage and there are defects and holes which can 

Figure 1. Publications on Graphene from 2000 to 2017. Source: ISI web of science (search: Topic = Graphene).
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be determined electrochemically [50]. In addition, transfer of ultrathin graphene layer on to 
target substrates leave unavoidable mechanical defects in the transferred graphene, such as 
cracks, tears and wrinkles. Thus, it leads to high deterioration in the performance of the result-
ing graphene-based devices, such as inducing a gradual reduction in the electrical conductivity 
of the devices or reducing the stability or increasing the leakage current of the devices.

Recently, significant efforts have been made to obtain graphene on semiconductor and dielec-
tric substrates to avoid the problematic wet-transfer process. For example, a graphene was 
directly grown on a quartz substrate using a thin-layer Cu (100–450 nm thick) on the substrate 
as catalytic layer [51]. After growth on the Cu layer and the graphene layer could be trans-
ferred directly on the underlying dielectric surface through de-wetting and evaporating of Cu 
layer. Furthermore, the graphene on Cu was patterned for facile transfer to the underlying 
dielectric substrate after etching of the metal layer underneath the graphene [52]. However, 
the above transfer methods may only be suitable for small-size lateral graphene. Recently, 
Byun et al. have obtained FLG directly on SiO2 using organic-polymer-coated insulators and 
thermal encapsulation of the Ni layer [53]. Lee et al. have observed the formation of FLG at 
the interfaces of Ni and SiO2 using plasma-enhanced CVD (PECVD); however, the interface 
FLG was defective and thick [54]. The graphene formation on Ni is due to the dissociation and 
precipitation processes of the carbon species in Ni [54]. Consequently, the carbon precipita-
tion is a non-equilibrium process and might be a major challenge for obtaining homogeneous 
graphene based on an Ni catalyst [36, 55]. The drawback of the metal catalyzed-CVD process 
is defects and tears unavoidably during the transfer process [56]. To avoid these drawbacks, 
two growth approaches have been suggested for the direct formation of graphene on flexible 
and rigid insulating substrates: (1) metal-catalyzed direct growth without transfer to external 
substrates [51], and (2) direct growth of graphene on a dielectric substrate without metal 
catalyst [57–59]. A recent report demonstrated graphene synthesized by metal-free CVD pro-
cess on sapphire for forming large-scale highly crystalline SLG; however, it still has high 
wrinkles or ripples [60], similar to the situation in case of graphene pads/exfoliated h-BN [61]. 
Consequently, the metal-free CVD growth is not yet applicable to amorphous flexible and 
rigid substrates. A promising approach for increasing the graphene quality and minimizing 
the amount of metal catalyst is by evaporation and reaction with carbon-based gas precursors 
on the substrate surface. The formation of SLG and FLG on amorphous oxide substrates has 
been described in a previous report [62]. However, there are still many drawbacks that need 
to be addressed, particularly the amount of defects and non-uniform graphene due to imper-
fect nucleation and catalytic reactions. To the best of our understanding, there is no uniform 
high-quality SLG directly grown on dielectric substrates.

Considering that the mechanical transfer of graphene to the device substrates inevitably 
causes serious degradation in the performance of the resulting graphene devices, direct 
growth of graphene in a simple way on the flexible organic (e.g. polyimide (PI), PDMS, 
and Willow glass, mica) or rigid inorganic (e.g. glass, AlN, GaN, sapphire, quartz, Si, tex-
tured Si, SiO2, SiC, fused silica, MgO, h-BN, MnO2, TiO2, and HfO2) insulating substrates is 
highly desirable. The direct growth approach for device applications enables avoiding com-
plex transfer process and transfer-induced defects. Moreover, it enables conformal growth 
of  graphene on three-dimensional (3D) surfaces, which is necessary for various functional 
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phene-based device applications [1, 21, 35–42]. However, graphene grown on a metal sub-
strate needs to be transferred onto dielectric substrates for electronic applications. Although 
various approaches, such as wet etching/transfer [38], mechanical exfoliation/transfer [16, 22, 
23], bubbling transfer [43], electrochemical delamination [44–46], for transferring from the 
catalytic metal growth substrates to dielectric device substrates have been developed, none of 
these approaches is free from degradation of the transferred graphene. For example, ‘wet etch-
ing and transfer’, the most widely used transfer approach, is a serial process, which includes 
encapsulation the graphene surface with polymer supporting layer, subsequent chemical etch-
ing of the underlying metal substrate, transferring of the polymer/graphene film onto a dielec-
tric substrate and removal of the polymer supporting layer [42]. Unfortunately, the transfer 
process is not just inconvenient but also causes various chemical and mechanical defects in 
the transferred graphene layer. CVD graphene grown on arbitrary substrates contains various 
defects, such as point defects, dislocation-like defects, cracks, wrinkles, and grain boundaries 
[47]. Because carbon atoms at such defect sites are chemically less stable than the carbon in 
defect-free graphene [47], the defect sites exposed to unavoidable surface/interface contami-
nants during the graphene transfer process are chemically damaged by bonding to oxygen, 
hydrogen, etc. Similarly, CVD graphene can be contaminated by metallic impurities from the 
growth substrate, which influences the electrochemical and electronic properties of graphene 
[48, 49]. CVD graphene never has 100% coverage and there are defects and holes which can 
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be determined electrochemically [50]. In addition, transfer of ultrathin graphene layer on to 
target substrates leave unavoidable mechanical defects in the transferred graphene, such as 
cracks, tears and wrinkles. Thus, it leads to high deterioration in the performance of the result-
ing graphene-based devices, such as inducing a gradual reduction in the electrical conductivity 
of the devices or reducing the stability or increasing the leakage current of the devices.

Recently, significant efforts have been made to obtain graphene on semiconductor and dielec-
tric substrates to avoid the problematic wet-transfer process. For example, a graphene was 
directly grown on a quartz substrate using a thin-layer Cu (100–450 nm thick) on the substrate 
as catalytic layer [51]. After growth on the Cu layer and the graphene layer could be trans-
ferred directly on the underlying dielectric surface through de-wetting and evaporating of Cu 
layer. Furthermore, the graphene on Cu was patterned for facile transfer to the underlying 
dielectric substrate after etching of the metal layer underneath the graphene [52]. However, 
the above transfer methods may only be suitable for small-size lateral graphene. Recently, 
Byun et al. have obtained FLG directly on SiO2 using organic-polymer-coated insulators and 
thermal encapsulation of the Ni layer [53]. Lee et al. have observed the formation of FLG at 
the interfaces of Ni and SiO2 using plasma-enhanced CVD (PECVD); however, the interface 
FLG was defective and thick [54]. The graphene formation on Ni is due to the dissociation and 
precipitation processes of the carbon species in Ni [54]. Consequently, the carbon precipita-
tion is a non-equilibrium process and might be a major challenge for obtaining homogeneous 
graphene based on an Ni catalyst [36, 55]. The drawback of the metal catalyzed-CVD process 
is defects and tears unavoidably during the transfer process [56]. To avoid these drawbacks, 
two growth approaches have been suggested for the direct formation of graphene on flexible 
and rigid insulating substrates: (1) metal-catalyzed direct growth without transfer to external 
substrates [51], and (2) direct growth of graphene on a dielectric substrate without metal 
catalyst [57–59]. A recent report demonstrated graphene synthesized by metal-free CVD pro-
cess on sapphire for forming large-scale highly crystalline SLG; however, it still has high 
wrinkles or ripples [60], similar to the situation in case of graphene pads/exfoliated h-BN [61]. 
Consequently, the metal-free CVD growth is not yet applicable to amorphous flexible and 
rigid substrates. A promising approach for increasing the graphene quality and minimizing 
the amount of metal catalyst is by evaporation and reaction with carbon-based gas precursors 
on the substrate surface. The formation of SLG and FLG on amorphous oxide substrates has 
been described in a previous report [62]. However, there are still many drawbacks that need 
to be addressed, particularly the amount of defects and non-uniform graphene due to imper-
fect nucleation and catalytic reactions. To the best of our understanding, there is no uniform 
high-quality SLG directly grown on dielectric substrates.

Considering that the mechanical transfer of graphene to the device substrates inevitably 
causes serious degradation in the performance of the resulting graphene devices, direct 
growth of graphene in a simple way on the flexible organic (e.g. polyimide (PI), PDMS, 
and Willow glass, mica) or rigid inorganic (e.g. glass, AlN, GaN, sapphire, quartz, Si, tex-
tured Si, SiO2, SiC, fused silica, MgO, h-BN, MnO2, TiO2, and HfO2) insulating substrates is 
highly desirable. The direct growth approach for device applications enables avoiding com-
plex transfer process and transfer-induced defects. Moreover, it enables conformal growth 
of  graphene on three-dimensional (3D) surfaces, which is necessary for various functional 
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ing and transfer’, the most widely used transfer approach, is a serial process, which includes 
encapsulation the graphene surface with polymer supporting layer, subsequent chemical etch-
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defect-free graphene [47], the defect sites exposed to unavoidable surface/interface contami-
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be determined electrochemically [50]. In addition, transfer of ultrathin graphene layer on to 
target substrates leave unavoidable mechanical defects in the transferred graphene, such as 
cracks, tears and wrinkles. Thus, it leads to high deterioration in the performance of the result-
ing graphene-based devices, such as inducing a gradual reduction in the electrical conductivity 
of the devices or reducing the stability or increasing the leakage current of the devices.

Recently, significant efforts have been made to obtain graphene on semiconductor and dielec-
tric substrates to avoid the problematic wet-transfer process. For example, a graphene was 
directly grown on a quartz substrate using a thin-layer Cu (100–450 nm thick) on the substrate 
as catalytic layer [51]. After growth on the Cu layer and the graphene layer could be trans-
ferred directly on the underlying dielectric surface through de-wetting and evaporating of Cu 
layer. Furthermore, the graphene on Cu was patterned for facile transfer to the underlying 
dielectric substrate after etching of the metal layer underneath the graphene [52]. However, 
the above transfer methods may only be suitable for small-size lateral graphene. Recently, 
Byun et al. have obtained FLG directly on SiO2 using organic-polymer-coated insulators and 
thermal encapsulation of the Ni layer [53]. Lee et al. have observed the formation of FLG at 
the interfaces of Ni and SiO2 using plasma-enhanced CVD (PECVD); however, the interface 
FLG was defective and thick [54]. The graphene formation on Ni is due to the dissociation and 
precipitation processes of the carbon species in Ni [54]. Consequently, the carbon precipita-
tion is a non-equilibrium process and might be a major challenge for obtaining homogeneous 
graphene based on an Ni catalyst [36, 55]. The drawback of the metal catalyzed-CVD process 
is defects and tears unavoidably during the transfer process [56]. To avoid these drawbacks, 
two growth approaches have been suggested for the direct formation of graphene on flexible 
and rigid insulating substrates: (1) metal-catalyzed direct growth without transfer to external 
substrates [51], and (2) direct growth of graphene on a dielectric substrate without metal 
catalyst [57–59]. A recent report demonstrated graphene synthesized by metal-free CVD pro-
cess on sapphire for forming large-scale highly crystalline SLG; however, it still has high 
wrinkles or ripples [60], similar to the situation in case of graphene pads/exfoliated h-BN [61]. 
Consequently, the metal-free CVD growth is not yet applicable to amorphous flexible and 
rigid substrates. A promising approach for increasing the graphene quality and minimizing 
the amount of metal catalyst is by evaporation and reaction with carbon-based gas precursors 
on the substrate surface. The formation of SLG and FLG on amorphous oxide substrates has 
been described in a previous report [62]. However, there are still many drawbacks that need 
to be addressed, particularly the amount of defects and non-uniform graphene due to imper-
fect nucleation and catalytic reactions. To the best of our understanding, there is no uniform 
high-quality SLG directly grown on dielectric substrates.

Considering that the mechanical transfer of graphene to the device substrates inevitably 
causes serious degradation in the performance of the resulting graphene devices, direct 
growth of graphene in a simple way on the flexible organic (e.g. polyimide (PI), PDMS, 
and Willow glass, mica) or rigid inorganic (e.g. glass, AlN, GaN, sapphire, quartz, Si, tex-
tured Si, SiO2, SiC, fused silica, MgO, h-BN, MnO2, TiO2, and HfO2) insulating substrates is 
highly desirable. The direct growth approach for device applications enables avoiding com-
plex transfer process and transfer-induced defects. Moreover, it enables conformal growth 
of  graphene on three-dimensional (3D) surfaces, which is necessary for various functional 
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be determined electrochemically [50]. In addition, transfer of ultrathin graphene layer on to 
target substrates leave unavoidable mechanical defects in the transferred graphene, such as 
cracks, tears and wrinkles. Thus, it leads to high deterioration in the performance of the result-
ing graphene-based devices, such as inducing a gradual reduction in the electrical conductivity 
of the devices or reducing the stability or increasing the leakage current of the devices.

Recently, significant efforts have been made to obtain graphene on semiconductor and dielec-
tric substrates to avoid the problematic wet-transfer process. For example, a graphene was 
directly grown on a quartz substrate using a thin-layer Cu (100–450 nm thick) on the substrate 
as catalytic layer [51]. After growth on the Cu layer and the graphene layer could be trans-
ferred directly on the underlying dielectric surface through de-wetting and evaporating of Cu 
layer. Furthermore, the graphene on Cu was patterned for facile transfer to the underlying 
dielectric substrate after etching of the metal layer underneath the graphene [52]. However, 
the above transfer methods may only be suitable for small-size lateral graphene. Recently, 
Byun et al. have obtained FLG directly on SiO2 using organic-polymer-coated insulators and 
thermal encapsulation of the Ni layer [53]. Lee et al. have observed the formation of FLG at 
the interfaces of Ni and SiO2 using plasma-enhanced CVD (PECVD); however, the interface 
FLG was defective and thick [54]. The graphene formation on Ni is due to the dissociation and 
precipitation processes of the carbon species in Ni [54]. Consequently, the carbon precipita-
tion is a non-equilibrium process and might be a major challenge for obtaining homogeneous 
graphene based on an Ni catalyst [36, 55]. The drawback of the metal catalyzed-CVD process 
is defects and tears unavoidably during the transfer process [56]. To avoid these drawbacks, 
two growth approaches have been suggested for the direct formation of graphene on flexible 
and rigid insulating substrates: (1) metal-catalyzed direct growth without transfer to external 
substrates [51], and (2) direct growth of graphene on a dielectric substrate without metal 
catalyst [57–59]. A recent report demonstrated graphene synthesized by metal-free CVD pro-
cess on sapphire for forming large-scale highly crystalline SLG; however, it still has high 
wrinkles or ripples [60], similar to the situation in case of graphene pads/exfoliated h-BN [61]. 
Consequently, the metal-free CVD growth is not yet applicable to amorphous flexible and 
rigid substrates. A promising approach for increasing the graphene quality and minimizing 
the amount of metal catalyst is by evaporation and reaction with carbon-based gas precursors 
on the substrate surface. The formation of SLG and FLG on amorphous oxide substrates has 
been described in a previous report [62]. However, there are still many drawbacks that need 
to be addressed, particularly the amount of defects and non-uniform graphene due to imper-
fect nucleation and catalytic reactions. To the best of our understanding, there is no uniform 
high-quality SLG directly grown on dielectric substrates.

Considering that the mechanical transfer of graphene to the device substrates inevitably 
causes serious degradation in the performance of the resulting graphene devices, direct 
growth of graphene in a simple way on the flexible organic (e.g. polyimide (PI), PDMS, 
and Willow glass, mica) or rigid inorganic (e.g. glass, AlN, GaN, sapphire, quartz, Si, tex-
tured Si, SiO2, SiC, fused silica, MgO, h-BN, MnO2, TiO2, and HfO2) insulating substrates is 
highly desirable. The direct growth approach for device applications enables avoiding com-
plex transfer process and transfer-induced defects. Moreover, it enables conformal growth 
of  graphene on three-dimensional (3D) surfaces, which is necessary for various functional 
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devices, such as sensors [63–65], black silicon solar cells [66], cambered micro-optics [67], 
3D microelectromechanical system (MEMS) [68], or CMOS technology-based applications 
[2]. Here, we present an overview of various recently reported strategies for direct graphene 
growth on flexible substrates. In addition, a wide-range of applications as well as the per-
spectives and challenges are also addressed.

2. Generally growth mechanism of CVD-based graphene

CVD growth of graphene is a chemical process for the formation of SLG or FLG on an arbitrary 
substrate by exposing the substrate to the gas-phase precursors at controlled reaction condi-
tions [69]. Owing to the versatile nature of CVD, intricately mixed homogeneous gas-phase 
and heterogeneous surface reactions are involved [70]. In general, as the partial pressure and/
or temperature in the reaction substances are increased, homogeneous gas-phase reactions 
and the resulting homogeneous nucleation become significant [80]. To grow a high-quality 
graphene layer, this homogeneous nucleation needs be minimized [70]. A general mechanism 
for CVD-based graphene growth on catalytic metal substrates, for the growth of uniform 
and highly crystalline graphene layer on the surface, includes eight steps as follow: (1) mass 
transport of the reactant, (2) reaction of the film precursor, (3) diffusion of gas molecules, (4) 
adsorption of the precursor, (5) diffusion of the precursor into substrate, (6) surface reaction, 
(7) desorption of the product, and (8) removal of the by-product (Figure 2) [71].

Typically, CVD growth of 2D materials (e.g. graphene) involves catalytic activation of chemi-
cal reactions of precursors at the growth substrate surface/interface in a properly designed 

Figure 2. Diagram of generally growth mechanism of CVD-based graphene: Transport and reaction processes. Repro-
duced with permission from [71]. Copyright 2011, Freund Publishing.
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environment. Generally speaking, the roles of precursors, conditions (e.g. fast growth rates, 
large domain size, or very high crystalline quality), atmosphere, substrates and catalysts are 
the key factors affecting the final quality of the grown 2D materials. So far, significant efforts 
have been made to prepare highly crystalline 2D materials (e.g. graphene), but many chal-
lenges are still ahead. For example, due to the rough feature of catalytic metal surface, growth 
of uniform and high quality graphene is considerably difficult. The 2D material research com-
munity is also interested in new precursors (e.g. solid precursor only, gas precursor or solid 
precursor mixed with certain solvents) that could induce the formation of high-quality uni-
form graphene with minimal defect density. Another question is the effect of growth rate on 
the catalytic metal surface on the quality of graphene. Currently, it is difficult to give an exact 
answer, as investigations are progressing at an exponential rate.

However, non-catalytic direct-growth of graphene on semiconducting and dielectric rigid 
and flexible substrates follows different mechanisms according to our best insights. To date, 
the understanding of the concept of the general mechanism of the direct growth of graphene 
is still not yet adequate, neither experimentally nor theoretically, with many proposed pos-
sible growth mechanisms, e.g. vapor-solid-solid [72], or vapor-solid [73], or solid-liquid-
solid [74]. There has been arguments on the direct-growth mechanism of graphene domains 
on dielectric rigid and flexible substrates or non-catalytic substrates in previous reports [59, 
60, 75], but the mechanism for the entire process of the carbon precursor transformation to 
the crystalline graphene structures has not yet been fully understood. Thus, understanding 
the graphene growth mechanism and the effect of various growth conditions will be of sig-
nificant interest to the 2D material research community to obtain large-scale, high-quality 
graphene.

3. Direct growth of graphene on flexible organic substrates at low 
temperature

To avoid the problems arising in the graphene transferring process, two growth approaches 
have been suggested for the direct formation of graphene on flexible insulating substrates 
without additional transfer processes: (i) catalytic growth with the help of an external metal 
catalyst [51], and (ii) non-catalytic direct growth of graphene on a dielectric substrate without 
a metal catalyst [57–59].

The direct growth of graphene is a process on flexible substrates (PI, PDMS and Willow glass, 
mica) and rigid substrates (glass, AlN, GaN, sapphire, quartz, Si, textured Si, SiO2, SiC, fused 
silica, MgO, h-BN, MnO2, TiO2, and HfO2) without transfer processes [6, 52–63, 74, 76–100], com-
pared with conventional indirect growth processes on metal substrates (Cu, Ni, Ge, etc.) which 
need additional transfer processes onto arbitrary substrates [1–5, 8–51]. Using this method, we 
can avoid the complicated transfer process, which induces the defects, residues, and tears that 
degrade the performance of graphene-based devices. Various approaches for direct growth of 
graphene were classified into three major types: (i) catalyst-free and polymer-free, (ii) based on 
both catalyst and polymer, and (iii) based on metal catalyst (Figure 3).
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tions [69]. Owing to the versatile nature of CVD, intricately mixed homogeneous gas-phase 
and heterogeneous surface reactions are involved [70]. In general, as the partial pressure and/
or temperature in the reaction substances are increased, homogeneous gas-phase reactions 
and the resulting homogeneous nucleation become significant [80]. To grow a high-quality 
graphene layer, this homogeneous nucleation needs be minimized [70]. A general mechanism 
for CVD-based graphene growth on catalytic metal substrates, for the growth of uniform 
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transport of the reactant, (2) reaction of the film precursor, (3) diffusion of gas molecules, (4) 
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environment. Generally speaking, the roles of precursors, conditions (e.g. fast growth rates, 
large domain size, or very high crystalline quality), atmosphere, substrates and catalysts are 
the key factors affecting the final quality of the grown 2D materials. So far, significant efforts 
have been made to prepare highly crystalline 2D materials (e.g. graphene), but many chal-
lenges are still ahead. For example, due to the rough feature of catalytic metal surface, growth 
of uniform and high quality graphene is considerably difficult. The 2D material research com-
munity is also interested in new precursors (e.g. solid precursor only, gas precursor or solid 
precursor mixed with certain solvents) that could induce the formation of high-quality uni-
form graphene with minimal defect density. Another question is the effect of growth rate on 
the catalytic metal surface on the quality of graphene. Currently, it is difficult to give an exact 
answer, as investigations are progressing at an exponential rate.

However, non-catalytic direct-growth of graphene on semiconducting and dielectric rigid 
and flexible substrates follows different mechanisms according to our best insights. To date, 
the understanding of the concept of the general mechanism of the direct growth of graphene 
is still not yet adequate, neither experimentally nor theoretically, with many proposed pos-
sible growth mechanisms, e.g. vapor-solid-solid [72], or vapor-solid [73], or solid-liquid-
solid [74]. There has been arguments on the direct-growth mechanism of graphene domains 
on dielectric rigid and flexible substrates or non-catalytic substrates in previous reports [59, 
60, 75], but the mechanism for the entire process of the carbon precursor transformation to 
the crystalline graphene structures has not yet been fully understood. Thus, understanding 
the graphene growth mechanism and the effect of various growth conditions will be of sig-
nificant interest to the 2D material research community to obtain large-scale, high-quality 
graphene.

3. Direct growth of graphene on flexible organic substrates at low 
temperature

To avoid the problems arising in the graphene transferring process, two growth approaches 
have been suggested for the direct formation of graphene on flexible insulating substrates 
without additional transfer processes: (i) catalytic growth with the help of an external metal 
catalyst [51], and (ii) non-catalytic direct growth of graphene on a dielectric substrate without 
a metal catalyst [57–59].

The direct growth of graphene is a process on flexible substrates (PI, PDMS and Willow glass, 
mica) and rigid substrates (glass, AlN, GaN, sapphire, quartz, Si, textured Si, SiO2, SiC, fused 
silica, MgO, h-BN, MnO2, TiO2, and HfO2) without transfer processes [6, 52–63, 74, 76–100], com-
pared with conventional indirect growth processes on metal substrates (Cu, Ni, Ge, etc.) which 
need additional transfer processes onto arbitrary substrates [1–5, 8–51]. Using this method, we 
can avoid the complicated transfer process, which induces the defects, residues, and tears that 
degrade the performance of graphene-based devices. Various approaches for direct growth of 
graphene were classified into three major types: (i) catalyst-free and polymer-free, (ii) based on 
both catalyst and polymer, and (iii) based on metal catalyst (Figure 3).
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Compared with the conventional catalytic growth approach, the direct growth of graphene 
on dielectric substrate without any external catalysts has various advantages, such as low 
process cost, and the shorter experimental processes. However, the drawback of this method 
is that without using catalysts, the chemical reactions for the excitation of the kinetic energy 
of the graphene growth process is not sufficient to obtain high quality direct-grown gra-
phene for commercialization, compared with the catalytic direct growth described in previ-
ous sections.

Direct growth of graphene on flexible organic substrates has a huge potential in applica-
tions related to flexible and stretchable electronics, such as e-skin and health monitoring 
on the human body [101–103]. However, the limited thermal stability of organic substrates, 
which can be easily melted, deformed or damaged at high temperatures (>300°C), leads 
to a serious limitation in direct growth of graphene on the flexible substrates, because the 
quality of graphene grown at low temperatures (<400°C) is much lower than that of the 
one at high temperatures (~1000°C). Owing to these constraints, graphene growth on flex-
ible substrates is only recently being studied [77, 78]. To reduce the process temperature, 
most of the studied growth methods involve the catalytic conversion of organic precur-
sors to graphitic layers on the flexible organic substrates with the help of catalytic metal 
layers.

In 2012, Kim et al. reported a low-temperature (300°C) growth of graphene-graphitic carbon 
(G-GC) films on Cu layer deposited on polyimide (PI) substrate using inductively coupled 
plasma-enhanced CVD (ICP-CVD), and a direct transfer of the G-GC films onto a underlying 
flexible PI substrate using wet etching of Cu layer (Figure 4a–f) [77]. The optical and electri-
cal characteristics of G-GC are affected by the varying growth temperature, plasma power 
and growth time. More recently, in 2016, Seo et al. revealed a simple, inexpensive, scalable 

Figure 3. Generally methods for direct-growth of graphene onto target insulating substrate.
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and patternable process to synthesize graphene-dielectric bi-layer (GDB) films on solution-
processed polydimethylsiloxane (PDMS) under a Ni capping layer (Figure 4g) [78]. Seo et al. 
deposited the Ni film as the catalyst and encapsulation layer on a PDMS layer that was a few 
micrometer thick; this layer enabled direct growth of GDB between the substrate and Ni layer. 
PDMS (4 μm)/Ni (400 nm) films on the substrate were thermally annealed under vacuum, 
forming a PDMS/MLG/Ni/MLG structure. At the interface of the PDMS layer and the Ni film, 
the carbon atoms in the PDMS surface diffused into the Ni layer under high temperature, and 
carbon atoms were released to form MLG on both sides of the Ni layer during cooling. With 
this method the GDB structure was fabricated simultaneously and directly on the substrate, 
by thermal conversion of the PDMS without using additional graphene transfer and pattern-
ing process or formation of an expensive dielectric layer, which makes the device fabrication 
process much easier.

In 2015, Sun et al. revealed a growth method of graphene-graphitic carbon (G-GC) at 
the growth conditions (low-temperature range 400–600°C, CH4 gas, pressure 100 W, and 
growth time in 1 h) using PECVD system as depicted in Figure 5 [108]. The advantage of 
direct PECVD process is that graphene films could be formed on flexible substrate, e.g. 

Figure 4. Diagram of direct-growth of graphene onto flexible substrates: (a–f) PI, and (g) PDMS. (a–f) Reproduced 
with permission from [77], copyright 2012, IOP publishing. (g) Diagram of direct-growth of bilayer graphene on PDMS 
substrate based on Ni catalyst (reproduced with permission from [78], copyright 2017, IOP Publishing).
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mica substrate. The uniform and high-quality graphene films directly integrated with low-
cost used flexible mica glass will unlock a promising perspective in fabrication of multi-
functional electrodes in solar cell, smart window, and transparent electronic.

4. Application of direct-grown graphene on flexible electronics

A wide range of functional devices (transistors, solar cells, sensors, resistors, diffusion barriers, 
heat-resistant devices, photocatalytic plates and energy-saving smart windows) of graphene 
directly grown on various dielectric substrates using different growth methods, catalysts and 
device performances to date have been introduced, as briefly classified in Table 1.

4.1. Transistors (FETs)

The transfer-free growth of graphene will provide a new way to fabricate the FET-based 
electronic applications of graphene simply and inexpensively, while avoiding the transfer 
process. In general, FETs based on transfer-free direct graphene growth on various substrates 
(PDMS, sapphire, quartz, SiO2 and h-BN), have been investigated thoroughly in previous 
studies [1, 6, 52, 59, 60, 62, 78, 82, 86, 88, 90, 92, 95, 97]. In particular, direct-grown graphene 

Figure 5. (a) Diagram of direct-growth of graphene onto flexible mica glass substrate: (b) PECVD system utilized in 
this graphene growth with a single-zone electrical chamber (left) and RF plasma source (right). (a, b) reproduced with 
permission from [100], copyright 2015, Springer and Tsinghua University Press.
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on flexible PDMS-based FET device (Figure 6) will be a promising potential in future flexible 
electronics [78].

4.2. Strain sensor

Graphene can be used as 3D structured electrodes in multifunctional devices, such as pres-
sure sensors [59], black silicon solar cells [66], cambered micro-optics [67], and MEMS sen-
sors [68]. In general, graphene grown on catalytic metal substrate is almost impossible to be 

Substrate Property Method Catalyst Applications of  
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Figure 6. (a) Schematic of flexible PDMS-based FET device. (b) I-V curves of this FET device (black: Forward bias, blue: 
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mica substrate. The uniform and high-quality graphene films directly integrated with low-
cost used flexible mica glass will unlock a promising perspective in fabrication of multi-
functional electrodes in solar cell, smart window, and transparent electronic.

4. Application of direct-grown graphene on flexible electronics

A wide range of functional devices (transistors, solar cells, sensors, resistors, diffusion barriers, 
heat-resistant devices, photocatalytic plates and energy-saving smart windows) of graphene 
directly grown on various dielectric substrates using different growth methods, catalysts and 
device performances to date have been introduced, as briefly classified in Table 1.

4.1. Transistors (FETs)

The transfer-free growth of graphene will provide a new way to fabricate the FET-based 
electronic applications of graphene simply and inexpensively, while avoiding the transfer 
process. In general, FETs based on transfer-free direct graphene growth on various substrates 
(PDMS, sapphire, quartz, SiO2 and h-BN), have been investigated thoroughly in previous 
studies [1, 6, 52, 59, 60, 62, 78, 82, 86, 88, 90, 92, 95, 97]. In particular, direct-grown graphene 

Figure 5. (a) Diagram of direct-growth of graphene onto flexible mica glass substrate: (b) PECVD system utilized in 
this graphene growth with a single-zone electrical chamber (left) and RF plasma source (right). (a, b) reproduced with 
permission from [100], copyright 2015, Springer and Tsinghua University Press.
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conformally transferred onto the 3D structural surface without mechanical damages [104]. 
Therefore, the direct growth of graphene on the 3D structured device surface can be a poten-
tial way to solve the limitations and problems above.

In 2012, by using CVD growth at low-temperature (300°C) for graphene films on a dielec-
tric PI flexible substrate, Kim et al. successfully fabricated a graphene-based strain sensor 
on a PI substrate, and demonstrated the resistance modulation at different strains [77]. The 
resistance of graphene films showed a gradually increasing tensile strain of ~0.8% for 340 s 
(Figure 7a). Particularly, it linearly increased in the range of 31.64–31.69 MΩ with the applied 
strains of 0.1–0.8% (Figure 7b).

4.3. Strain pattern

To demonstrate the potential for applications of Ni-catalyzed direct-grown graphene on 
Willow flexible glass, Marchena et al. successfully produced ribbons and a square pattern 
of graphene (Figure 8) [98]. In particular, growing graphene directly on an ultrathin flexible 
Willow glass has huge potential in future flexible electronics.

4.4. Transparent circuit for green LED device

The directly grown graphene/glass sample, for the use in a range of transparent conductive 
applications (like transparent circuit) in industry, requires uniformity, low-cost, flexibility 
and good quality graphene on transparent flexible substrates (Corning Willow glass, or mica). 
It is currently in high demand to explore the novel functions of circuits on flexible glass, 
which may have application potentials in optoelectronics, gas/moisture/bio sensors etc. For 
instance, the resistances of the pattern graphene within circuit devices, would show a notice-
able change without the harmful wet transfer graphene process applied directly on devices. 
In addition, regarding the potential for integration into flexible electronic devices, mechanical 
durability of the directly grown graphene is an important factor. To the best of our knowl-
edge, such properties have not been studied so far.

Figure 7. (a) Resistance changes of flexible strain sensor assisted direct-grown graphene on PI flexible substrate at 
various treatment time. The inset is strain-applied sensor. (b) Resistance changes of this device under applied strains. (a, 
b) reproduced with permission from [77], copyright 2012, IOP Publishing.
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Recently, Sun et al. fabricated and designed a transparent circuit based on PECVD direct-
grown graphene on flexible mica glass sheet (2 × 8 cm) by utilizing photolithography, as 
shown in Figure 9a [100]. The results showed the patterned graphene electrode on a flexible 
mica glass can lighten up a green light-emitting diode (LED) indicator (Figure 9b). They also 

Figure 8. Sequences of direct-grown graphene pattern fabrication on willow flexible glass using Ni catalyst by UV 
lithography. Reproduced with permission from [98], copyright 2016, OSA Publishing.

Figure 9. (a) Photograph of transparent circuit based on PECVD direct-grown graphene/flexible mica glass. The inset 
shows OM image of this device. (b) Photograph of patterned PECVD graphene on white glass showing the transparent 
conductivity to lighten up a green LED device. (c) Resistance with various bending values of direct-grown graphene film 
on mica glass. The inset shows the bending test. Reproduced with permission from [100], copyright 2015, Springer and 
Tsinghua University Press.
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synthesized graphene directly on flexible mica glass and measured the change of the resistance 
through bending tests, with a bending variation of ~45%, and the full recovery after bending 
indicates good mechanical stability and flexibility of the graphene electrode (Figure 9c).

5. Conclusions, perspectives, and challenges

Strategies for direct graphene growth on arbitrary dielectric flexible substrates using the CVD 
method without metal catalyst at low temperature have been briefly reviewed. In addition, a 
wide range of device applications of the direct-grown graphene has been also discussed. The 
prospects of direct-grown transfer-free graphene are bright and currently receiving consid-
erable attention from the 2D material research community. By discovering new methods for  
obtaining transfer-free graphene, the direct fabrication of a wide-range of various hetero-structured  
devices can be achieved. However, understanding the growth process and conditions that affect 
the quality of graphene is still very poor. So far, graphene grown directly on an insulating sub-
strate is generally of low quality (Table 1). Because the direct growth relies on the thermal 
decomposition of carbon resources, the growth rate is usually low and size of the graphene 
domain is small, resulting in growth of defective graphene layer. Until now, many challenges 
remain in this direction and large-area high-quality graphene production is still very difficult. 
In order to obtain more advanced results, an in-depth understanding of the mechanism of gra-
phene growth on insulating substrates is essential.

Direct graphene growth at low temperatures is an important research issue, because high growth 
temperatures are not allowed on many device substrates, such as flexible polymer and Si sub-
strates. Direct growth of graphene at low- or near-room temperature [57, 77, 86], has been car-
ried out. However, the results to date have not yet met the expectations. Given the practical 
application of graphene, several directions to pursue in direct graphene growth include low-
temperature growth, high-speed growth of highly crystalline graphene, and direct growth on 
other two-dimensional materials (e.g. h-BN) located on flexible substrate (e.g. polyethylene tere-
phthalate (PET), PDMS, PI, or mica). This issue also a very interesting issue toward future flexible 
electronic applications. The direct growth of large-scale graphene on h-BN is also an attractive 
topic [61, 83, 88–90, 105–107]. Graphene on h-BN can have excellent electrical properties, because 
h-BN is an ideal dielectric substrate for graphene devices, owing to its ultra-smooth, ultra-flat 
surface, insulation properties, chemical inertness and small lattice misfit compared to SiO2 [111]. 
In theory, graphene synthesized could synthesize at low temperature on as-grown h-BN/flexible 
substrate exhibits better properties than that grown on transferred h-BN because of the trans-
fer-induced contamination and defects on h-BN substrates. The transfer-free grown graphene 
on ultra-flat h-BN/flexible substrate, which could preserve the pristine properties of graphene, 
enables further promising flexible device applications based on vertically stacked 2D materials 
located on above flexible substrates.

Ultrafast direct growth of single-crystal graphene on flexible substrates is another fascinating 
and challenging topic, as ultrafast conventional indirect growth on copper has been investigated 
thoroughly and has progressed in recent years [108]. Further studies are required for obtaining 
faster direct growth and larger graphene single crystals on insulating flexible substrates. Several 
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possible strategies are proposed: (i) to explore a more efficient way to reduce the reaction barrier 
for graphene direct growth; (ii) to obtain epitaxial, direct-grown well-aligned graphene domains 
and seamlessly stitch them together into a complete single-crystal film. One potential way to real-
ize strategy (i) is probably to introduce a gas phase catalyst enhancing the catalytic conversion of 
carbon precursors to graphene layer. In fact, strategy (ii) has been implemented for conventional 
indirect-grown graphene on catalytic single-crystal substrates such as Ge (110) [5], or Cu (111) 
[109, 110]. However, the single-crystal graphene layer has limited size due to the limited single-
crystal substrate size, and often the quality is less satisfactory owing to the imperfect alignment 
of individual graphene islands. Thus, to achieve a large-area, high-quality direct-grown gra-
phene film, preparation of the large-area flexible substrate for releasing larger graphene nucle-
ation seeds and an improvement in graphene alignment are critical issues in future works.

In addition, direct-growth of graphene on flexible substrate assisted by metal powder precur-
sors (solid, diluted solution) contained inside a sub-chamber (as high temperature region) for 
a direct evaporation process into an innovative and re-designed-CVD main-chamber (con-
taining flexible substrate as low temperature region) in order to allow graphene formation on 
dielectric substrates is an attractive topic and currently under investigation.
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remain in this direction and large-area high-quality graphene production is still very difficult. 
In order to obtain more advanced results, an in-depth understanding of the mechanism of gra-
phene growth on insulating substrates is essential.

Direct graphene growth at low temperatures is an important research issue, because high growth 
temperatures are not allowed on many device substrates, such as flexible polymer and Si sub-
strates. Direct growth of graphene at low- or near-room temperature [57, 77, 86], has been car-
ried out. However, the results to date have not yet met the expectations. Given the practical 
application of graphene, several directions to pursue in direct graphene growth include low-
temperature growth, high-speed growth of highly crystalline graphene, and direct growth on 
other two-dimensional materials (e.g. h-BN) located on flexible substrate (e.g. polyethylene tere-
phthalate (PET), PDMS, PI, or mica). This issue also a very interesting issue toward future flexible 
electronic applications. The direct growth of large-scale graphene on h-BN is also an attractive 
topic [61, 83, 88–90, 105–107]. Graphene on h-BN can have excellent electrical properties, because 
h-BN is an ideal dielectric substrate for graphene devices, owing to its ultra-smooth, ultra-flat 
surface, insulation properties, chemical inertness and small lattice misfit compared to SiO2 [111]. 
In theory, graphene synthesized could synthesize at low temperature on as-grown h-BN/flexible 
substrate exhibits better properties than that grown on transferred h-BN because of the trans-
fer-induced contamination and defects on h-BN substrates. The transfer-free grown graphene 
on ultra-flat h-BN/flexible substrate, which could preserve the pristine properties of graphene, 
enables further promising flexible device applications based on vertically stacked 2D materials 
located on above flexible substrates.

Ultrafast direct growth of single-crystal graphene on flexible substrates is another fascinating 
and challenging topic, as ultrafast conventional indirect growth on copper has been investigated 
thoroughly and has progressed in recent years [108]. Further studies are required for obtaining 
faster direct growth and larger graphene single crystals on insulating flexible substrates. Several 
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possible strategies are proposed: (i) to explore a more efficient way to reduce the reaction barrier 
for graphene direct growth; (ii) to obtain epitaxial, direct-grown well-aligned graphene domains 
and seamlessly stitch them together into a complete single-crystal film. One potential way to real-
ize strategy (i) is probably to introduce a gas phase catalyst enhancing the catalytic conversion of 
carbon precursors to graphene layer. In fact, strategy (ii) has been implemented for conventional 
indirect-grown graphene on catalytic single-crystal substrates such as Ge (110) [5], or Cu (111) 
[109, 110]. However, the single-crystal graphene layer has limited size due to the limited single-
crystal substrate size, and often the quality is less satisfactory owing to the imperfect alignment 
of individual graphene islands. Thus, to achieve a large-area, high-quality direct-grown gra-
phene film, preparation of the large-area flexible substrate for releasing larger graphene nucle-
ation seeds and an improvement in graphene alignment are critical issues in future works.

In addition, direct-growth of graphene on flexible substrate assisted by metal powder precur-
sors (solid, diluted solution) contained inside a sub-chamber (as high temperature region) for 
a direct evaporation process into an innovative and re-designed-CVD main-chamber (con-
taining flexible substrate as low temperature region) in order to allow graphene formation on 
dielectric substrates is an attractive topic and currently under investigation.
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synthesized graphene directly on flexible mica glass and measured the change of the resistance 
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indicates good mechanical stability and flexibility of the graphene electrode (Figure 9c).
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remain in this direction and large-area high-quality graphene production is still very difficult. 
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substrate exhibits better properties than that grown on transferred h-BN because of the trans-
fer-induced contamination and defects on h-BN substrates. The transfer-free grown graphene 
on ultra-flat h-BN/flexible substrate, which could preserve the pristine properties of graphene, 
enables further promising flexible device applications based on vertically stacked 2D materials 
located on above flexible substrates.

Ultrafast direct growth of single-crystal graphene on flexible substrates is another fascinating 
and challenging topic, as ultrafast conventional indirect growth on copper has been investigated 
thoroughly and has progressed in recent years [108]. Further studies are required for obtaining 
faster direct growth and larger graphene single crystals on insulating flexible substrates. Several 

Flexible Electronics82
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crystal substrate size, and often the quality is less satisfactory owing to the imperfect alignment 
of individual graphene islands. Thus, to achieve a large-area, high-quality direct-grown gra-
phene film, preparation of the large-area flexible substrate for releasing larger graphene nucle-
ation seeds and an improvement in graphene alignment are critical issues in future works.
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Abstract

Conventional electronics requires the use of numerous deposition techniques (e.g. chemi-
cal vapor deposition, physical vapor deposition, and photolithography) with demanding 
conditions like ultra-high vacuum, elevated temperature and clean room facilities. In the 
last decades, printed electronics (PE) has proved the use of standard printing techniques 
to develop electronic devices with new features such as, large area fabrication, mechani-
cal flexibility, environmental friendliness and—potentially—cost effectiveness. This kind 
of devices is especially interesting for the popular concept of the Internet of Things (IoT), 
in which the number of employed electronic devices increases massively. Because of this 
trend, the cost and environmental impact are gradually becoming a substantial issue. 
One of the main technological barriers to overcome for PE to be a real competitor in this 
context, however, is the integration of these non-conventional techniques between each 
other and the embedding of these devices in standard electronics. This chapter summa-
rizes the advances made in this direction, focusing on the use of different techniques in 
one process flow and the integration of printed electronics with conventional systems.

Keywords: printing techniques, process flow, compatibility, final systems, interconnects

1. Overview of printing techniques

1.1. Introduction to printing

The beginning of printing techniques can be followed back to ancient history [1]. Here the 
use of stencils was used to define patterns as part of cave paintings. As time progressed, 
techniques that are more complex were developed, with the most common being seals used 
to pattern clay and wax [2]. The idea behind was to replicate patterns that were commonly 
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of devices is especially interesting for the popular concept of the Internet of Things (IoT), 
in which the number of employed electronic devices increases massively. Because of this 
trend, the cost and environmental impact are gradually becoming a substantial issue. 
One of the main technological barriers to overcome for PE to be a real competitor in this 
context, however, is the integration of these non-conventional techniques between each 
other and the embedding of these devices in standard electronics. This chapter summa-
rizes the advances made in this direction, focusing on the use of different techniques in 
one process flow and the integration of printed electronics with conventional systems.
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1. Overview of printing techniques

1.1. Introduction to printing

The beginning of printing techniques can be followed back to ancient history [1]. Here the 
use of stencils was used to define patterns as part of cave paintings. As time progressed, 
techniques that are more complex were developed, with the most common being seals used 
to pattern clay and wax [2]. The idea behind was to replicate patterns that were commonly 
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used. The seal is an inverted image that is pressed into a soft material to create the desired pat-
tern. Such a technique requires the material to be malleable as such with a similar idea, block 
printing was developed where a pre-defined carved block is inked and then brought into 
contact with the samples, in early times this being cloth and later following, paper. While this 
method allowed for the fast multiplication of the single block, it required a long time to alter 
the master block. Following this, it gave rise to the movable type where a big block would be 
composed of smaller blocks that could be permutated to create various designs. This along 
with the invention of the printing press gave rise to the printing revolution in Europe. With 
the tremendous technological advances of the twentieth century, fully automated printing 
technologies were developed leading to the digital household printers becoming the norm. 
Making use of these advances, throughput for printed media surged.

From an electronic point of view, inorganic electronics are predominantly used due to the 
inherent material properties of naturally found elements. Transition metals such as copper, 
gold or silver, display very good electrical conductance while silicon, germanium and III–V 
elements (among others) are employed as semiconductors in elements such as transistors 
and diodes. Although these materials offer ideal electrical characteristics, they have certain 
drawbacks when it comes to mechanical and or optical features. In terms of processing, these 
materials also tend to have limiting factors such as high processing temperatures, require 
high vacuum and/or involve chemical processes that are environmentally unfriendly. To 
overcome these shortcomings organic and nanomaterials have been developed, in the past 
decades, with the promise to enhance and cover the gaps in terms of possible devices. While 
extending the portfolio of material properties, the aforementioned materials can in most cases 
be brought into solution usually in form of a dispersion lending themselves to processing 
techniques widely used in printed technology. Such techniques have inherent advantages in 
comparison to commonly used CMOS technologies, both in terms of processing condition 
as well as throughput potential. In the following sub sections commonly used printed tech-
niques used in the printed electronics community will be explored accompanied by state of 
the art devices fabricated herewith.

1.2. Gravure and flexographic printing

Gravure printing is one of the most common printing techniques and shares similarities to 
flexographic printing. The main difference is in the application of the ink to the substrate. 
Flexographic printing is a relief printing technique that employs a soft plate similar to stamp-
ing. In gravure printing the image is etched or laser written into a metal plate essentially creat-
ing pockets into which the ink can be filled. Figure 1 displays the two processing techniques 
with their core components as well as the inking of the printing roll and transfer onto the sub-
strate. Both these processes excel when it comes to throughput in comparison to other print-
ing techniques. In terms of printed electronics gravure and flexographic printed have been 
employed to fabricate a plethora of devices spanning from organic photovoltaic (OPV) [3],  
transparent conductive films (TCFs) [4], thin-film transistors (TFTs) [5] and organic light emit-
ting diodes (OLEDs) [6]. In addition Kraus et al. [7] have used gravure printing to deposit 
nanoparticles in the sub 100 nm range. As such proving that gravure printing not only profits 
from high throughput but can also provide very good resolution. A general drawback of this 
printing technique are the required costs in setting up the production in comparison to, for 
example, ink jetting where the pattern can be altered digitally.

Flexible Electronics94

1.3. Screen printing

Screen printing is a contact printing method that makes use of a patterned mesh to define 
structures on a variety of substrates. Highly viscous ink is pushed through the mesh that sup-
ports an ink-blocking stencil, with the aid of a squeegee. A typical printing process consists 
of inking the screen followed by a pass over with the squeegee. Due to the force exerted on 
the screen, by the squeegee, the screen is brought into contact with the substrate and the ink 
passes through creating a pattern. Figure 2 displays the main components of the screen printer 
while in operation. Resolution is limited by ink formulation, thread thickness and density. 
Although commonly used in the printing of labels, signs as well clothing, screen printing has 
been widely used in flexible and printed electronics for a variety of devices including conduc-
tors [8], TFTs [9], RFID antennas [10]. An impressive work was done by Krebs et al. [11], who 
presented a fully screen printed, flexible solar cell based on a blend of organic acceptor and 
donor materials. The cells were integrated into household items to show the feasibility of such 
devices. Due to the possibility of integration into R2R framework, screen printing can be eas-
ily scaled to an industrial scale.

Figure 1. Schematic displaying the core principle of (left) gravure printing and (right) flexographic printing as well as the 
inking of the printing cylinders and transfer to the substrate (adapted from [3] with authorization).

Figure 2. Schematic drawing of screen printer during a printing process. Key components as well resulting pattern are 
depicted.
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1.4. Inkjet

Inkjet is a widespread technology in the printing world, commonly employed in personal 
small printers. Although limited in terms of throughput, in comparison to technologies such 
as gravure printing, inkjet printing provides an affordable technology that offers itself espe-
cially to quick prototyping and alterations in print design. The functioning principle of this 
technology is the ‘jetting’ of individual droplets from a print head. Although there are a mul-
titude of techniques to generate the individual droplets, the core principle is shared. Ink is 
brought into a chamber and through the addition of either thermal or mechanical energy, 
the fluid is perturbed. This creates a droplet that is released from the printing head. Figure 3 
displays the core components of an inkjet printer and its operation mode. In order to create 
closed layers droplets are overlapped and tessellated in order to form desired shapes. The 
processing speed can be dramatically increased with the use of a multitude of print heads 
simultaneously working. A difficulty arising from this is the sensitivity to clogging of indi-
vidual nozzles leading to missing droplets and openings in the film. A further differentiation 
can be made in processing between drop on demand and continuous-mode. The name is 
indicative of the processing where drop are released as is required by the source image while 
the other mode jets continuously.

Due to the flexibility in terms of processable ink, inkjet printing has been successfully 
employed in the printed electronics world with great success. Devices presented include 
interconnects [12], chemical sensors [13], capacitors [14], OPV [15] and TFTs [16].

Figure 3. Schematic of an inkjet printer displaying key components and displaying operational mode.
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1.5. Spray deposition

Although spray technology has a variety of applications ranging from humidification to com-
bustion, the more relevant for printed electronics is its use as surface coating. Although spray 
deposition inherently is a coating technique, it can easily be enhanced to fit the criteria of 
printing with the aid of a shadow mask. Spray deposition is the deposition of, usually a mate-
rial in liquid state, with the aid of a gas stream. The bulk liquid is separated into droplets; this 
process is known as atomization and subsequently carried to the substrate in a mix of gas and 
a stream of droplets. The atomization can be achieved by either mixing with an air stream 
(air-assisted atomization) or with kinetic energy (ultrasonic atomization). The two aforemen-
tioned will be briefly discussed below.

Air-assisted nozzles make use of a high velocity gas stream to produce atomization. The liquid 
is fed into the nozzle either under pressure or as a gravity fed alternative. At the orifice, the 
liquid is mixed with the gas stream, which disrupts the liquid causing atomization. Figure 4  
displays a standard air assisted nozzle with the inset displaying the point of atomization. The 
droplet size is dependent on many factors such as the velocity of the gas stream, the ratio of 
gas to fluid, fluid properties as well as nozzle dimensions.

Ultrasonic-assisted nozzles utilize a vibrating body based on a piezoelectric transducer that 
vibrates at ultrasonic frequencies. When this body is brought into contact with the body of 
fluid the liquid becomes unstable generating a mist of droplets. In most cases, this mist is 
mixed with a carrier gas that transports the droplets to the surface. Based on the applied fre-
quency the droplet size can be varied. As with air-assisted nozzles the droplet formation also 
depends on a multitude of factors, both nozzle as well as fluid related. For further detail on 
spray technology the reader is referred to the work of Lefebrve [17].

In terms of printed electronics, spray deposition has been used for a multitude of device. 
Both conducting as well as semiconducting devices being produced. Some of these devices 
include TFTs [18], TCFs [19], chemical/bio sensors [20, 21], OPVs [22] as well as OPDs [23] to 
name a few. Falco et al. [24] presented a fully spray deposited, TCO free, flexible OPD based 

Figure 4. Schematic displaying a typical air-assisted atomization nozzle including key elements in a spray deposition 
setup. The insert displays the point of atomization.
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small printers. Although limited in terms of throughput, in comparison to technologies such 
as gravure printing, inkjet printing provides an affordable technology that offers itself espe-
cially to quick prototyping and alterations in print design. The functioning principle of this 
technology is the ‘jetting’ of individual droplets from a print head. Although there are a mul-
titude of techniques to generate the individual droplets, the core principle is shared. Ink is 
brought into a chamber and through the addition of either thermal or mechanical energy, 
the fluid is perturbed. This creates a droplet that is released from the printing head. Figure 3 
displays the core components of an inkjet printer and its operation mode. In order to create 
closed layers droplets are overlapped and tessellated in order to form desired shapes. The 
processing speed can be dramatically increased with the use of a multitude of print heads 
simultaneously working. A difficulty arising from this is the sensitivity to clogging of indi-
vidual nozzles leading to missing droplets and openings in the film. A further differentiation 
can be made in processing between drop on demand and continuous-mode. The name is 
indicative of the processing where drop are released as is required by the source image while 
the other mode jets continuously.

Due to the flexibility in terms of processable ink, inkjet printing has been successfully 
employed in the printed electronics world with great success. Devices presented include 
interconnects [12], chemical sensors [13], capacitors [14], OPV [15] and TFTs [16].

Figure 3. Schematic of an inkjet printer displaying key components and displaying operational mode.
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1.5. Spray deposition

Although spray technology has a variety of applications ranging from humidification to com-
bustion, the more relevant for printed electronics is its use as surface coating. Although spray 
deposition inherently is a coating technique, it can easily be enhanced to fit the criteria of 
printing with the aid of a shadow mask. Spray deposition is the deposition of, usually a mate-
rial in liquid state, with the aid of a gas stream. The bulk liquid is separated into droplets; this 
process is known as atomization and subsequently carried to the substrate in a mix of gas and 
a stream of droplets. The atomization can be achieved by either mixing with an air stream 
(air-assisted atomization) or with kinetic energy (ultrasonic atomization). The two aforemen-
tioned will be briefly discussed below.

Air-assisted nozzles make use of a high velocity gas stream to produce atomization. The liquid 
is fed into the nozzle either under pressure or as a gravity fed alternative. At the orifice, the 
liquid is mixed with the gas stream, which disrupts the liquid causing atomization. Figure 4  
displays a standard air assisted nozzle with the inset displaying the point of atomization. The 
droplet size is dependent on many factors such as the velocity of the gas stream, the ratio of 
gas to fluid, fluid properties as well as nozzle dimensions.

Ultrasonic-assisted nozzles utilize a vibrating body based on a piezoelectric transducer that 
vibrates at ultrasonic frequencies. When this body is brought into contact with the body of 
fluid the liquid becomes unstable generating a mist of droplets. In most cases, this mist is 
mixed with a carrier gas that transports the droplets to the surface. Based on the applied fre-
quency the droplet size can be varied. As with air-assisted nozzles the droplet formation also 
depends on a multitude of factors, both nozzle as well as fluid related. For further detail on 
spray technology the reader is referred to the work of Lefebrve [17].

In terms of printed electronics, spray deposition has been used for a multitude of device. 
Both conducting as well as semiconducting devices being produced. Some of these devices 
include TFTs [18], TCFs [19], chemical/bio sensors [20, 21], OPVs [22] as well as OPDs [23] to 
name a few. Falco et al. [24] presented a fully spray deposited, TCO free, flexible OPD based 
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on a blend of regioregular poly (3-hexylthiophene-2,5-diyl) and [6,6]-phenyl C61 butyric acid 
methyl ester (PCBM). It demonstrated the feasibility of spray deposition as a method for 
printed organic electronics especially since all layers were successively deposited by the same 
technology. Figure 5 summarizes the work displaying the setup used, the final device as well 
as key electrical performance.

1.6. 3D printing

3D printing is a term used to encompass additive manufacturing techniques that aim at fabri-
cating solid objects through the deposition of material. Although only recently having gained 
broad awareness, due to the surge in available privately affordable devices, 3D printing patents 
date back to 1986 [25]. Used mostly for rapid prototyping and in research the main fabrication 
was limited to static objects with limited mechanical features. With the increase research of 
nano-based materials, 3D printing has moved beyond creating scaffolds for electrical devices 
with the integration of electrical characteristic being embedded into the 3D structure [26–28]. 

Figure 5. Summarizing figure displaying spray deposition setup used for the fabrication of fully-sprayed, flexible OPDs, 
the final device as well as key electrical characteristics (adapted from [24] with authorization).

Figure 6. Schematic depictions of common 3D processing techniques of (a) Selective Laser Sintering and (b) 
Stereolithography and Fused Deposition Modeling.
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Leigh et al. employed a carbon black filler embedded in a biodegradable polyester to produce 
an electrically conductive filament [26]. This led to the fabrication of flex sensors as well as 
embedding it into a 3D printed glove to monitor finger movement. Most commonly, there are 
three types of processing techniques. Stereolithography (SLA) and Selective Laser Sintering 
(SLS) use the principle of solidification of a base material while Fused Deposition Modeling 
(FDM) melts a solid material, which is extruded through a nozzle. Figure 6 depicts the afore-
mentioned 3D processes marking critical components.

In SLS, a pulsed laser source is employed to solidify a base powder that can originate from 
plastics, resins and metals. Material is fed from a powder reservoir while the sample stage 
is moved downwards to expose more material to the laser spot. This process is continued 
until the desired object is finalized. The remaining material is removed and can be reused as 
such there is very limited waste material. Due to the sensitive interaction at the powder laser 
interface, precise calibration is required as to not cause unwanted sintering. Conceptually 
SLA is similar to SLS, employing a laser to crosslink photosensitive resins. Energetically such 
an approach is significantly advantageous in comparison to SLS. The limiting factor being 
the base material for SLA while both techniques suffer from a difficulty in further integration 
in in-line processes. FDM can cover these shortcomings, albeit at a cost in resolution as well 
as stability. In the FDM the melted filament is extruded through a nozzle and lines are over-
lapped and tessellated to create desired structures.

2. Synergy of printed electronics

After reviewing the main fabrication techniques for printed electronics, it is clear that each of them 
have potential to define different electronic components. For example, antennas require thicker 
metallic layers in order to enhance their performance. Although the desired thickness could be 
achieved with any of the described technologies, the most efficient one is screen printing because 
we can achieve tens of μm selecting a coarse mesh with only one turn. The same thickness would 
need 20 layers in case of using inkjet printing, resulting in a very time consuming process because 
it is needed to wait until the layer is dried and the area to cover is quite large. In the case of spray 
deposition, also the stack of several layers would be mandatory. This technique is much faster 
than inkjet printing but the pattern definition is poorer in comparison to screen printing.

Another example is the definition of interdigitated electrodes (IDE) for capacitive structures. 
If the IDE is going to be used to build a capacitive sensor, the distance among consecutive 
fingers determines the sensitivity of the sensors: the closer they are placed, the higher its sen-
sitivity can be. In this sense, the resolution of the printing technique limits the performance 
of the device.

Therefore, each technique can be more suitable for different electronic components, as high-
lighted in the previous examples. As the ultimate goal is to fabricate a fully working and 
efficient electronic system, it is mandatory to properly combine manufacturing techniques to 
fulfill it. In the last years, some authors have worked in this director, using different printed 
techniques to design electronic circuits on flexible substrates.
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Some authors have already illustrated how the fabrication of each component of a final 
device or system should be carefully selected in order to optimize its performance. In par-
ticular, Salmerón et al. described two ultrahigh frequency (UHF) radio frequency identifica-
tion (RFID) tags with sensing capabilities [29]. As demonstrated before [30], they used screen 
printing to define the antenna in order to achieve a better performance in the RF link. The 
sensing capabilities comes from the substrate (a polyimide), whose electrical permittivity 
changes with the moisture content. To exploit this feature, they printed an array of planar 
capacitive structures. In one of the tags, the electrodes were fabricated with inkjet printing, 
whereas screen printing was employed in the other design. These tags include an UHF RFID 
chip with an in-built temperature chip and a sensor frontend capable of measuring capacitive 
sensors. Although both tags covered a 30% of relative humidity (RH) and showed very low 
thermal drifts (below 0.05%RH/°C), their features were different. In the case of the inkjetted 
capacitive array, the sensitivity achieved was 100 fF/RH%. Whereas in the case of the screen 
printed ones, the sensitivity was about the half (54 fF/RH%). The tag with the inkjetted sensor 
exhibited a higher performance than the screen printed one in terms of area saving and higher 
humidity sensitivity. The screen printed sensors approach can be fabricated with just one step 
but a much bigger area was needed (see Figure 7a).

Another device manufactured with two printing techniques was a hybrid sensor for simulta-
neous vapor determination of RH and toluene concentration [31]. They exploited two strate-
gies to provide with sensing capabilities their device. The RH was measured again by changed 
in the selected substrate, whereas the toluene concentration was measured by a sensing layer 
deposited on top of the electrodes. The chosen electrode layout is shown in Figure 8, assuring 
that there was no electrical path between the capacitive electrode and the resistive electrode. 
Although other electrode configurations present higher, they do not allow the integration 
of more functionalities in the same side of the device with virtually no interference between 
them [32]. Inkjet printing was selected to define the electrodes, whereas screen printing was 
used to deposit the sensitive resistive composite. Inkjet printing allows better resolution, and 

Figure 7. Left: (a) RFID tag with inkjetted serpentine sensors and (b) RFID tag with interdigitated sensors by screen 
printing. Right: (a) ADC counts of tag with inkjetted serpentine sensor and (b) ADC counts of screen printed tag with 
IDE sensors. Images adapted from [29] with authorization.
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therefore, electrodes can be placed closer, increasing the sensitivity, especially of the capaci-
tive part. But the viscosity of the resistive composite sensitive to toluene was too high to be 
deposited by inkjet printing, and therefore they employed screen printing to define this layer 
on top of the electrodes.

Another example of mixing PE techniques was illustrated by Abdelhalim et al. [33]. They 
showed a fully printed ammonia sensor on a flexible substrate. The electrodes were fabricated 

Figure 8. (a) Layout of the novel designed hybrid capacitive-resistive sensor indicating the notation of the dimensions. R 
corresponds to resistive terminal, C for capacitive sensor, and H corresponds to the common terminal. (b) Image of the 
hybrid sensor. The resistive element is shown in the upper part of the device, defined between the terminals R and H. 
The capacitive element is measured between the terminals H and C. (c) Experimental relative humidity and temperature 
sensitivities as a function of frequency, measuring between H and C. (d) Resistance vs. toluene concentration, measuring 
between H and R. Images adapted from [31] and [32] with authorization.

Figure 9. Left: schematics of the two fabricated sensors: (a) electrodes on top of CNT film; (b) CNT film on top of the electrodes. 
Right: normalized response under different values of NH3 concentrations. Images adapted from [33] with authorization.
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corresponds to resistive terminal, C for capacitive sensor, and H corresponds to the common terminal. (b) Image of the 
hybrid sensor. The resistive element is shown in the upper part of the device, defined between the terminals R and H. 
The capacitive element is measured between the terminals H and C. (c) Experimental relative humidity and temperature 
sensitivities as a function of frequency, measuring between H and C. (d) Resistance vs. toluene concentration, measuring 
between H and R. Images adapted from [31] and [32] with authorization.

Figure 9. Left: schematics of the two fabricated sensors: (a) electrodes on top of CNT film; (b) CNT film on top of the electrodes. 
Right: normalized response under different values of NH3 concentrations. Images adapted from [33] with authorization.

Technological Integration in Printed Electronics
http://dx.doi.org/10.5772/intechopen.76520

101



Some authors have already illustrated how the fabrication of each component of a final 
device or system should be carefully selected in order to optimize its performance. In par-
ticular, Salmerón et al. described two ultrahigh frequency (UHF) radio frequency identifica-
tion (RFID) tags with sensing capabilities [29]. As demonstrated before [30], they used screen 
printing to define the antenna in order to achieve a better performance in the RF link. The 
sensing capabilities comes from the substrate (a polyimide), whose electrical permittivity 
changes with the moisture content. To exploit this feature, they printed an array of planar 
capacitive structures. In one of the tags, the electrodes were fabricated with inkjet printing, 
whereas screen printing was employed in the other design. These tags include an UHF RFID 
chip with an in-built temperature chip and a sensor frontend capable of measuring capacitive 
sensors. Although both tags covered a 30% of relative humidity (RH) and showed very low 
thermal drifts (below 0.05%RH/°C), their features were different. In the case of the inkjetted 
capacitive array, the sensitivity achieved was 100 fF/RH%. Whereas in the case of the screen 
printed ones, the sensitivity was about the half (54 fF/RH%). The tag with the inkjetted sensor 
exhibited a higher performance than the screen printed one in terms of area saving and higher 
humidity sensitivity. The screen printed sensors approach can be fabricated with just one step 
but a much bigger area was needed (see Figure 7a).
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by inkjet printing of silver nanoparticles whereas the sensitive film was made of carbon nano-
tubes (CNT) deposited by spray by an air atomizing nozzle. Two different approaches were 
followed to manufacture the sensors: first, spraying the CNT solution on top of the electrodes 
(Figure 9a) (conventional approach) and second, printing the electrodes on top of the sprayed 
CNT film (Figure 9b). In the case of conventional approach, the resistance values were one 
order of magnitude higher than in the case inverted method (printing the electrodes on top of 
the sensing layer). This can be explained by the fact that the thickness of the silver layer and 
the mean value of the CNT are about the same value (~450 nm), therefore, the establishment 
of an electrical path between the CNT is more difficult in the classical approach than in the 
inverted one.

The results obtained for NH3 sensing showed a good performance in terms of sensitivity and 
time response to the test gas, with performance comparable with that obtained with evapo-
rated metal electrodes and conventional approach [34].

As apparent from what we have described so far, the integration of different printing tech-
niques can bring to innumerable benefits, and lets the designer exploit the advantages of each 
method. Conventional printing, however, constrains the degrees of geometrical freedom two, 
limiting the possibilities of integration to an in plane approach. It is, nevertheless, possible to 
push the boundaries of technological integration, embedding 2D thin film devices into 3D 
structures, in order to create electronic objects, more than just electronic devices. One of the 
possible approaches for the obtainment of such structures is 3D printing of scaffolds, in which 
discrete electronics are cast and embedded. The 3D printed object and the electronics can be 
designed separately and the only major concern would be the attachment and interconnec-
tion of the devices in the 3D housing. Opposed to this approach, Falco et al. demonstrated 
the facile integration of conformal organic electronics devices in 3D printed structures, where 
the device is directly fabricated on or in the printed object [35]. The 3D printing technique 
of choice was FDM, because of its low cost, ease of use and high customizability. The major 
caveat, though, is the elevated RMS roughness (tens of microns) of the objects produced with 
means of this method. As the typical active layers employed in organic and printed electron-
ics have thickness of few hundreds of nanometers, it was necessary to also develop a high 
throughput, sustainable and easy-to-integrate planarization process.

In this work the authors exploit spray deposition not only for the definition of the active mate-
rials (i.e. conductive polymers, silver nanowires, carbon nanotubes), but also to achieve the 
required planarization Figure 10.

The spray-planarization is obtained dissolving the 3D printable material itself in an organic 
solvent, and spraying it on the rough as-printed structure in a wet deposition regime. In this 
manner, it is possible to re-utilize some wastes of the 3D printing process (material employed 
to prime the nozzle or to print the outskirts of the pieces), while preparing the structure for 
successive thin film deposition. Their results outperform alternative methods presented in 
previous works, and yield RMS roughness of the substrate lower by one order of magnitude 
with respect to literature [36, 37]. In order to test the viability of this method as preparation 
tool for printed electronics, the authors deposited and characterized thin films of a conduct-
ing polymer (PEDOT:PSS), silver nanowires and carbon nanotubes. Remarkably, the sheet 
resistance of the layers deposited on planarized samples were up to ten times lower than what 
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could be measured on the as-printed ones, and comparable to the reference material on glass. 
Finally, they show an application of 3D print and spray concept, by designing a semitranspar-
ent 3D printed heating chamber, which represents the first example of a fully-printed and cost 
effective functional object.

One last example of combination of PE techniques is a printed passive radiofrequency iden-
tification (RFID) tag in the UHF band for light and temperature monitoring [38]. In this case, 
the antenna and interconnects were realized with silver nanoparticles via inkjet printing. 
Temperature measurements came from an in-built sensor in the silicon RFID chip whereas the 
light monitoring was performed by a sprayed photodetector. This work showed for the first 
time the feasibility of the embedment of large-scale organic photodetectors onto inkjet-printed 
RFID tags. To succeed in the fabrication process, it was necessary to spray polyethylenimine 
(PEI) thin layer on top of the inkjetted silver electrode to obtain a working photodiode. In this 
case, they claimed that the antenna was done by inkjet printing instead of screen printing 

Figure 10. Proposed schematic for multi-technology integration. The substrate is printed with FDM printing technology 
(a). Spray deposition—or other printing techniques—is employed to deposit a functional layer (b), and (c) the upper stacks 
of the 3D printed object are realized on top of the spray deposited thin film. Image adapted from [35] with authorization.

Figure 11. Left: image of the tag with all its elements labeled; right: cross-sectional view of the OPD. An inkjet-printed 
Ag line modified with spray-coated PEI. Both images adapted from [38] with authorization.
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by inkjet printing of silver nanoparticles whereas the sensitive film was made of carbon nano-
tubes (CNT) deposited by spray by an air atomizing nozzle. Two different approaches were 
followed to manufacture the sensors: first, spraying the CNT solution on top of the electrodes 
(Figure 9a) (conventional approach) and second, printing the electrodes on top of the sprayed 
CNT film (Figure 9b). In the case of conventional approach, the resistance values were one 
order of magnitude higher than in the case inverted method (printing the electrodes on top of 
the sensing layer). This can be explained by the fact that the thickness of the silver layer and 
the mean value of the CNT are about the same value (~450 nm), therefore, the establishment 
of an electrical path between the CNT is more difficult in the classical approach than in the 
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rated metal electrodes and conventional approach [34].

As apparent from what we have described so far, the integration of different printing tech-
niques can bring to innumerable benefits, and lets the designer exploit the advantages of each 
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the device is directly fabricated on or in the printed object [35]. The 3D printing technique 
of choice was FDM, because of its low cost, ease of use and high customizability. The major 
caveat, though, is the elevated RMS roughness (tens of microns) of the objects produced with 
means of this method. As the typical active layers employed in organic and printed electron-
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In this work the authors exploit spray deposition not only for the definition of the active mate-
rials (i.e. conductive polymers, silver nanowires, carbon nanotubes), but also to achieve the 
required planarization Figure 10.

The spray-planarization is obtained dissolving the 3D printable material itself in an organic 
solvent, and spraying it on the rough as-printed structure in a wet deposition regime. In this 
manner, it is possible to re-utilize some wastes of the 3D printing process (material employed 
to prime the nozzle or to print the outskirts of the pieces), while preparing the structure for 
successive thin film deposition. Their results outperform alternative methods presented in 
previous works, and yield RMS roughness of the substrate lower by one order of magnitude 
with respect to literature [36, 37]. In order to test the viability of this method as preparation 
tool for printed electronics, the authors deposited and characterized thin films of a conduct-
ing polymer (PEDOT:PSS), silver nanowires and carbon nanotubes. Remarkably, the sheet 
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for simplicity of the process but in order to obtain an antenna with larger read range, screen 
printing would be the optimal process Figure 11.

Therefore, the manufacturing choice will depend on the restrictions of each application, in 
terms of printing technology availability, performance, area and materials and processes 
compatibility.

3. Towards on-chip integration

Integrating the different deposition techniques on one single substrate constituted the final 
step towards the obtainment of fully printed and hybrid circuits, with tuned capabilities and 
functionalities. Flexible tags, as the one presented earlier, however, are characterized by an 
inherently weaker link: the connection between the integrated circuits and the printed devices. 
Research in solving the interconnection issues, or eliminating them by realizing inherently 
flexible circuits, has seen a tremendous surge in the last decade.

In every application, in which it is not possible to construct an entirely flexible circuit, the 
necessity to solder (or, more correctly, to “attach”) monolithic integrated circuits to the printed 
tag arises. The immediate problematics to be faced are mainly three: attaching the compo-
nent with no harm to the flexible substrate, achieving a low contact resistance and retain-
ing the flexibility of the overall circuit, at no performance loss. The most straightforward 
approach for the integration of ICs onto flexible circuits, is the adaptation of industrial sol-
dering processes, with the employment of low-temperature soldering alloys. In a systematic 
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Conductive Adhesives (ACAs), applied to the bonding of two separate flexible chips. The latter 
approach, extensively studied and applied in many material combinations, is the one that, so 
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the target component is placed on top of it, finally, the temperature of the substrate is raised 
to the bonding temperature (usually lower than 150°C). When the resin is heated up, it cre-
ates an electrical bond between carrier substrate and component, and creates a mechanically 
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connected chips: a semipassive RFID chip, used to log eventual intrusions in carton packages. 
The system includes a resistive sensing network, an active microcontroller used to record and 
log the sensor data, powered up by a flexible battery, and a passive communication system. 
The connecting lines were ink-jet printed and screen-printed, while the hybrid interconnec-
tions were obtained with means of a commercial ACA, as shown in Figure 13. An extensive 
study on the stability and reliability of similar solutions has been presented, already in 2014, 
by Happonen et al. [42], who thoroughly investigated the resiliency of conducting adhesives 
employed for the connection of separate flexible foils. They explored different bonding solu-
tions and performed a live measurement of the DC 4-wires resistance during several thermal 
and bending cycles. Interestingly, they show that the stability of hybrid interconnections is 
enhanced by the presence of supportive, non-conductive adhesives. These hybrid structures 
can undergo more than 1000 thermal cycles (0–100°C and back to 0°C in 1 h) and bending 
cycles (with bending radius down to 20 mm). The number of samples and the statistical anal-
yses behind this analysis are solid and prove how flexible to flexible interconnects can be 
sufficiently reliable for consumer electronics applications. In spite of such promising results, 
however, the interconnections remain a significant point of failure.

An altogether different approach, however, could reduce the problematics of interconnection 
technology to their minimum terms. The newest research in flexible electronics, in fact, shows 
how it is possible to develop complex and fully functional circuits, with the employment 
of metal-oxide n-type and carbon based p-type semiconductors. Complete circuital systems, 
which are inherently flexible, would restrict the need for interconnects to very few and con-
trollable points. These points can be designed to be in positions subject to minimal mechanical 
stress, hence reducing the probability of failure. Most of the effort in this direction has been 
put in the realization of only n-type semiconducting circuits, given the superior stability of 
metal oxides with respect to carbon based materials [8]. Although limited by the high power 
consumption of unipolar circuits, these studies show the avenue to follow to reach flexible 
and integrated electronics with the minimal interconnection technology. A remarkable work 
in this context is the one presented by Hung et al. [43], where an ultra-low power RFID tag 
is developed on plastic foil. All the components of the tag, including logic gates, decoders, 
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are: non-classical electronic systems, with the need of dedicated solutions. In this avenue, a 
very interesting work from Quintero et al. compares two technologies with a similar common 
denominator: the employment of conducting adhesive layers [40]. In particular, the present a 
selective etching of an isotropic conductive adhesive and the stencil-printing of Anisotropic 
Conductive Adhesives (ACAs), applied to the bonding of two separate flexible chips. The latter 
approach, extensively studied and applied in many material combinations, is the one that, so 
far, has been attracting the highest interest. ACA-based interconnects are obtained in a simple 
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very interesting work from Quintero et al. compares two technologies with a similar common 
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can undergo more than 1000 thermal cycles (0–100°C and back to 0°C in 1 h) and bending 
cycles (with bending radius down to 20 mm). The number of samples and the statistical anal-
yses behind this analysis are solid and prove how flexible to flexible interconnects can be 
sufficiently reliable for consumer electronics applications. In spite of such promising results, 
however, the interconnections remain a significant point of failure.
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stress, hence reducing the probability of failure. Most of the effort in this direction has been 
put in the realization of only n-type semiconducting circuits, given the superior stability of 
metal oxides with respect to carbon based materials [8]. Although limited by the high power 
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memory and clock generator were fabricated employing amorphous-IGZO FETs and were 
functioning at 1 V. Such systems, does not need any external driving element, and, thus, no 
further interconnection is necessary. In a similar direction, Myny et al. presented a flexible 
NFC barcode tag, with direct clock division circuit, which is compliant with ISO14443-A [44].

To further extend the spectrum of possibilities of printed, interconnectionless electronics, the 
group led by Prof. Jan Genoe, for instance, has demonstrated the feasibility of flexible control, 
driver and conversion electronics for photovoltaics-powered micro LCD screens, suggestively 
integrated onto a contact lens [45]. In this article they demonstrate the great potential of oxide-
based electronics, fabricating a system which would have needed a high number of inter-
connects, and it would have not been realizable without this enabling technology. Finally, 
although flexible sensors have been often presented in many works, their biggest limitation 
was the necessity to connect them to external amplifiers and read-out electronics. Recent 
efforts in literature have shown how stable and reliable amplifier can be obtained employing 
a-IGZO FETs [46], although they still present the classic limitation of unimodal pseudo-CMOS 

Figure 14. (a) Cross-section of the CMOS amplifier, with the different layers emphasized in different colors (b) photograph 
of a flexible substrate with many devices (c) voltage gain as a function of bias voltages, measured in ambient air (d) bode 
plot for different bias voltages, showing how the gain can be gate tuned. Figure adapted from [47] with authorization.

Figure 13. (a) A complete tag with RFID chip, antenna and flexible battery for a complete sensing kit (b) realization of 
an anti-intrusion system with sensing elements integrated in the sealing tape (c) photo of chip connected to printed line 
with an ACA. Figure adapted from [41] with authorization.
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logics. Significant breakthroughs are, nevertheless, achieved with a steady pace. Petti and co-
workers recently reported a flexible full-CMOS amplifier, with a gain bandwidth product of 
60 kHz, realized with sputtered IGZO and spray-deposited CNTs as n-type and p-type semi-
conductors, respectively [47]. The structure and characteristics of these devices are presented 
in Figure 14. The resulting amplifier is stable in ambient conditions, completely flexible and 
easy to integrate in other circuits, and it also shows the remarkable adaptability of solution 
processing (in this particular case, spray-deposition) to different substrates and pre-existent 
circuits. Albeit in this work the n-type material is sputtered, the specialized literature is abun-
dant with reports of solution-processed IGZO transistors [48, 49], which could be readily 
employed for the realization of fully printed circuits.

The achievement of a complete set of electronic blocks—such as flexible oscillators, control-
lers, diving circuits, and amplifiers—is certainly a significant milestone towards a future of 
flexible electronics. However, considering their performances, it is also evident how printed 
and oxide-based circuits do not aim at substituting traditional silicon-based electronics for 
computationally intense tasks. What appears certain, though, is that with a careful and con-
siderate interconnection of classical ICs and energy harvesters, with the exploitation of the 
advantages of each solution-processing technique, and with a systematic understanding of 
the underlying processes, flexible circuits will soon be able to permeate our lives.
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Figure 13. (a) A complete tag with RFID chip, antenna and flexible battery for a complete sensing kit (b) realization of 
an anti-intrusion system with sensing elements integrated in the sealing tape (c) photo of chip connected to printed line 
with an ACA. Figure adapted from [41] with authorization.

Flexible Electronics106

logics. Significant breakthroughs are, nevertheless, achieved with a steady pace. Petti and co-
workers recently reported a flexible full-CMOS amplifier, with a gain bandwidth product of 
60 kHz, realized with sputtered IGZO and spray-deposited CNTs as n-type and p-type semi-
conductors, respectively [47]. The structure and characteristics of these devices are presented 
in Figure 14. The resulting amplifier is stable in ambient conditions, completely flexible and 
easy to integrate in other circuits, and it also shows the remarkable adaptability of solution 
processing (in this particular case, spray-deposition) to different substrates and pre-existent 
circuits. Albeit in this work the n-type material is sputtered, the specialized literature is abun-
dant with reports of solution-processed IGZO transistors [48, 49], which could be readily 
employed for the realization of fully printed circuits.

The achievement of a complete set of electronic blocks—such as flexible oscillators, control-
lers, diving circuits, and amplifiers—is certainly a significant milestone towards a future of 
flexible electronics. However, considering their performances, it is also evident how printed 
and oxide-based circuits do not aim at substituting traditional silicon-based electronics for 
computationally intense tasks. What appears certain, though, is that with a careful and con-
siderate interconnection of classical ICs and energy harvesters, with the exploitation of the 
advantages of each solution-processing technique, and with a systematic understanding of 
the underlying processes, flexible circuits will soon be able to permeate our lives.
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