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Abstract 
Additively manufactured electronics (AMEs), also known as printed electronics, are becoming 

increasingly important for the anticipated Internet of Things (IoT). This requires manufacturing 

technologies that allow the integration of various pure functional materials and devices onto 

different flexible and rigid surfaces. However, the current ink-based technologies suffer from 

complex and expensive ink formulation, ink-associated contaminations (additives/solvents), and 

limited sources of printing materials. Thus, printing contamination-free and multimaterial 

structures and devices is challenging. Here, a multimaterial additive nanomanufacturing (M-

ANM) technique utilizing directed laser deposition at the nano and microscale is demonstrated, 

allowing the printing of lateral and vertical hybrid structures and devices. This M-ANM technique 

involves pulsed laser ablation of solid targets placed on a target carousel inside the printer head 

for in-situ generation of contamination-free nanoparticles, which are then guided via a carrier gas 

toward the nozzle and onto the surface of the substrate, where they are sintered and printed in real-

time by a second laser. The target carousel brings a particular target in engagement with the 

ablation laser beam in predetermined sequences to print multiple materials, including metals, 

semiconductors, and insulators, in a single process. Using this M-ANM technique, various 

multimaterial devices such as silver/zinc oxide (Ag/ZnO) photodetector and hybrid 

silver/aluminum oxide (Ag/Al2O3) circuits are printed and characterized. The quality and 

versatility of our M-ANM technique offer a potential manufacturing option for emerging IoT.  
 

Keywords: printed electronics, multimaterial printing, additive nanomanufacturing, dry printing, 

flexible hybrid electronics. 
  

Introduction 
With the emergence of the Internet of Things (IoT), where most objects and systems are anticipated 

to be made smart, there is great interest in developing new materials and advanced manufacturing 

techniques in order to integrate various functionalities, including sensors, batteries, displays, and 

electronics directly onto different surfaces [1-6]. Conventional electronics manufacturing approaches 

such as photolithography, focus ion beam (FIB), and electron beam lithography (EBL) require 

sophisticated and expensive cleanroom facilities or high vacuum equipment and further involve 

multiple subtractive steps. Thus, there is a wide interest in cost-effective additive 

manufacturing/printing technologies that can work in atmospheric conditions and print on various 

surfaces. 
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Printed flexible electronic devices are often lightweight, bendable, stretchable, and wearable, with 

potential applications in healthcare, energy, aerospace, and defense industries [7-9]. Currently, 

flexible electronics are mostly fabricated with a single material in a single layer [10-15]. Most devices 

and structures with sophisticated functionalities, such as electronics, optoelectronics, and sensors, 

typically require multimaterial deposition. Thus, there are emerging needs for printing methods 

that allow multimaterial printing in multilateral configurations.[16]   

The current state-of-the-art printed electronics mostly revolve around ink-based manufacturing 

techniques such as inkjet and aerosol jet printing (IJP and AJP) [17-20]. These direct printing methods 

overcome the challenges of conventional lithography-based processes, which require expensive 

manufacturing facilities with complex and wasteful processes [6, 21-32]. IJP and AJP techniques have 

been successful in printing a limited single material in a single process step. A few printing 

methods have also been reported that are capable of printing multimaterials [33-39]. For example, 

Skylar-Scott et al.[40] reported a micrometer-scale printing strategy by fast switching between 

viscous materials which are extruded through a single nozzle. Wanjun Liu et al.[41] developed an 

extrusion-based multimaterial bioprinting platform capable of depositing multiple coded bio-inks 

in a continuous manner by switching between different reservoirs. Ke Sun et al.[42] showed 3D 

interdigitated microbattery architectures by printing concentrated lithium oxide-based inks. 

Although these extrusion-based printing methods have been used to fabricate functional devices 
[42-48], the construction of multimaterial architectures often involves sequentially printing 

individual materials using multiple nozzles. Besides the limited availability of the source materials 

for printing, the drawbacks of printing one material at a time include the need for careful alignment 

of each nozzle as well as start-and-stop ink flow on demand without introducing defects [49, 50].  

Ink-based printing techniques have several other disadvantages as well. The ink formulation is 

complex, and developing individual functional ink requires extensive effort, time, and cost. For 

example, preparing a functional ink requires multiple steps, including nanoparticle preparation, 

nanoparticle suspension in a solution, particle dispersion, centrifugation, homogenization, and 

controlling the adhesion and viscosity of inks [49]. Thus, multimaterial printing is mainly limited 

to non-functional materials due to the trade-off between ease of processing and functionality [51]. 

Also, using solvents and additives for tuning the concentration of the inks requires additional 

surfactant removal and thermal annealing steps, which complicates the device manufacturing 

process [52, 53]. Moreover, in solvent-based printing methods, only materials that are soluble in the 

printing solvent can be used. However, many functional materials do not dissolve in common 

solvents, significantly limiting material selection. The solvent, additives, and polymers commonly 

used in the inks formulation make achieving high conductivity in ink-based printed materials 

challenging. The presence of impurities from the ink introduces variability in the printing 

conductivity, making these techniques less repeatable. 

New technology is therefore needed to print fully functional, pure multimaterial structures and 

devices using a single printer and in a single process step. Thus, there has been an extensive effort 

to find alternative printing methods, such as laser-induced forward transfer (LIFT)[54], for printing 

multimaterials. However, this technique requires rigorous source sample preparation, which is 

usually a liquid-based coating process. It also needs delicate instrumentation for the transfer 

process resulting in splash/cracking issues as well as scaling-up and yield challenges.  

Here we introduce multimaterial additive nanomanufacturing (M-ANM) and dry printing 

technology for printing various pure materials and hybrid structures in a single print. This method 
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can eliminate the need for assembly, reduce the need for post-processing, and promote the efficient 

design of multifunctional devices. This particle-by-particle and layer-by-layer printing approach 

is capable of printing various materials by switching between the target materials in a single run 

during the print process. The M-ANM is a laser-based technique that generates nanoparticles on-

demand and in situ by pulsed laser ablation of solid targets. The generated nanoparticles inside the 

printer head are then guided toward the nozzle and onto the surface of the substrate by a gas flow, 

where they are sintered and printed in real-time by a second laser. A target carousel holding 

multiple targets is rotated to bring a particular target into engagement with the ablation laser beam 

when needed. The rotation of the targets in predetermined sequences allows the printing multiple 

materials onto the substrate in a single process step. For instance, here, we show the printing of 

hybrid multimaterial structures using various materials such as barium titanate (BTO), titanium 

dioxide (TiO2), tin oxide (SnO), zinc oxide (ZnO), aluminum oxide (Al2O3), and silver (Ag). In 

addition, to demonstrate the capability of the M-ANM system, fully printed multimaterial devices 

such as Ag/ZnO photodetectors and Ag/Al2O3 electronic circuits are prepared and tested. 

This M-ANM technique is thus highly efficient as it does not use ink, does not need post-

processing, and does not have ink-associated contaminations. Also, it is more cost-effective, and 

the target shelf-life is much longer than ink. Also, in contrast to regular cleaning of the ink-based 

printers after each use, the M-ANM technique rarely requires cleaning, and the printing speed is 

also comparable with inkjet and aerosol jet methods.  

 
Figure 1. Schematic illustration of the multimaterial additive nanomanufacturing (M-ANM) and dry printing method 

(a). TEM image showing an example of laser-generated nanoparticles inside the printer head (b). SEM image showing 

an example of laser-sintered nanoparticles as they land on the substrate during the print process (c). An example of 

the process flow for printing a multimaterial conductor/insulator (Ag/Al2O3) hybrid structure (d, e). First, Ag antenna 

pattern is printed on the polyimide substrate (d). The Al2O3 layer is printed on a section of the Ag lines as an isolating 

bridge layer (e) followed by printing Ag crossing over the top of the Al2O3 layer to complete the NFC antenna device. 

Photograph of a completed circuit with a M24LR04E IC chip mounted on the printed antenna (f). Close-up optical 

image of the printed insulating Al2O3 bridge with the crossed Ag lines (g). 

 

Experimental Section 
A schematic representation of the dry printing M-ANM method is shown in Figure 1a. This dry 

multimaterial printer consists of a nanoparticle generation chamber, a nozzle, a target carousel 

holding multiple targets inside the chamber, a pulsed laser for target ablation and nanoparticle 



generation, a gas flow system, and a second laser for sintering the nanoparticles as they land on 

the substrates placed on an XY stage under the nozzle.  

To demonstrate multimaterial printing, we first printed a silver-based NFC tag antenna with Al2O3 

as the isolating layer. Most electronic circuits require cross-over conductive lines to complete a 

circuit. For this purpose, insulators have to be printed between the cross-over conductive lines to 

avoid electrical shorting. In this example, we used silver as the conductive material and Al2O3 as 

the insulating material. First, the target carousel was adjusted to position the Ag target for laser 

ablation and nanoparticle generation process. The nanoparticle generation involved pulsed laser 

ablation and the formation of a laser plasma followed by the plume condensation in high argon 

background gas. When a pulsed laser beam with a high peak power interacted with the surface of 

the materials, it led to rapid heating and vaporization and the formation of a plasma plume. The 

interaction of the plume with the background gas resulted in the condensation of the plume and 

the formation of nanoparticles, as shown in Figure 1b. 

The nanoparticles were guided toward the substrate through the nozzle using an argon gas flow. 

These nanoparticles were then laser sintered on the flexible polyimide substrate in real-time, as 

shown in Figure 1c. While most nanoparticles transferred through the nozzle and subsequently 

deposited and sintered on the substrate, a portion of the nanoparticles was adhered to the chamber 

walls over time, which could be readily cleaned and wiped away. After printing the first 

predesigned Ag layer (Figure 1d), the nanoparticle generation stopped, and the printer head was 

quickly pumped to remove the residual silver nanoparticles. Then target carousel was rotated to 

bring the Al2O3 target in position for nanoparticle generation and subsequent printing processes 

(Figure 1e). Finally, for printing the third layer Ag line crossing the insulator bridge, the printer 

head was quickly pumped, and the target carousel rotated back to position the Ag target for 

nanoparticle generation and printing processes. The NFC tags are magnetically coupled by 

inductive loop antennas. A battery is not required to access the tag, whether in write or read mode, 

since the tag harvests the energy needed to operate from the electromagnetic field generated by the 

reader. Figure f shows the completed circuit where the M24LR04E IC is mounted on the printed 

circuit. Figure S1a-c shows the optical images of the printed antenna at different printing stages. 

The mounted M24LR04E IC was programmed to launch the group's website when brought to the 

proximity of a cellphone with NFC system (Video S1). Figure 1g show the close-up optical 

images of the isolating Al2O3 layer between crossed Ag lines and the flexibility of NFC antenna, 

respectively.  

The commercially available nozzles used in our system had a diameter ranging from 100 µm up 

to a few millimeters. The line-width resolution in these experiments was limited to the 

commercially available nozzles used in this work. In should be noted that the resolution could be 

further enhanced by using smaller diameter or aerodynamic focusing nozzles, enabling sub-10 µm 

resolutions. All the samples were printed at room temperature and atmospheric pressure onto ~127 

µm thick polyimide substrates. The substrates were located ~1 mm below the nozzle tip, and the 

gas flow rate was kept at ~1000 sccm constant during all experiments. The laser source for ablation 

was a 60 W pulsed fiber laser (1064 nm) with ~1 mJ energy per pulse. The ablation laser beam 

was focused on the surface of the targets through a laser galvo scanner having a laser spot of ~50 

microns. For laser ablation of the Ag and Al2O3 targets, 24 and 21W laser powers were used, 

respectively. The pulse repetition rate and scan speed were set to 30 KHz rate and 1000 mm/s. The 

ablation laser power for laser ablation of the ZnO and SnO was set to 9W, and for TiO2 and BTO 
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targets was set to 15 W. These values were chosen by experimental observation to ensure ablation 

takes place and particle generation is sufficient for the printing process while avoiding excessive 

particle generation and clogging the nozzle. 

The sintering process was performed using a 20W 1064nm pulsed nanosecond fiber laser. For the 

sintering and printing of Ag nanoparticles, 10 mm/s printing speed and ~0.9 W laser power were 

used. The al2O3 layer was printed using 20 mm/s printing speed and ~1.13 W laser power. ZnO 

was printed using 10mm/s, ~0.6 W. For the BTO, SnO, and TiO2, the laser power was ~0.11, ~0.4, 

and ~0.12 W, respectively, with a 10 mm/s printing speed for all. 

Finding the optimal laser power for a given printing speed was a critical step that required careful 

experimentation. In addition, the laser power and printing speed had to be balanced. This is because 

increasing the printing speed reduced the amount of time available for the generated nanoparticles 

to deposit on the substrate. Also, as the laser moved more quickly across the substrate, there was 

less time for the laser energy to heat and sinter the nanoparticles deposited on the substrates. Thus, 

the laser power needed to be increased to achieve the same printing quality at lower speeds and 

sintering laser powers. As shown in our previous studies [22, 23], the thickness of deposited materials 

was also proportional to the gas flow rate and the number of printing layers. Higher gas flow rate 

transfers more ablated particles per second onto the substrates, resulting in a thicker deposition for 

the same process parameters.  

It should be mentioned that the size of laser-ablated nanoparticles may be tuned using various 

process parameters. The laser fluence, wavelength, pulse width, material properties, and 

background pressure can all affect the size of the ablated nanoparticles. For instance, generating 

more ablated flux (e.g., with higher laser fluence) and higher background pressure leads to more 

condensation hence larger particle formation and vice versa.  

 

Results and Discussions 
The laser-generated nanoparticles were studied by scanning transmission electron microscopy 

(STEM) to confirm the nanoparticles' formation and get a better insight into the size and shape of 

the generated nanoparticles, such as BTO, TiO2, SnO, and ZnO, as shown in Figure 2a-d, 

respectively. In general, the nanoparticles were in the order of ~3 to 10 nm in diameter. The 

scanning electron microscopy (SEM) images in Figure 2e-h show the deposited and laser-sintered 

BTO, TiO2, SnO, and ZnO nanoparticles, respectively. 

 

Figure 2. STEM images of BTO (a), TiO2 (b), SnO (c), and ZnO (d) nanoparticles generated by M-ANM printer. 

SEM images of BTO (e), TiO2 (f), SnO (g), and ZnO (h) sintered by ANM printer. 



 

The effect of laser sintering on the crystallization and sintering of BTO, TiO2, SnO, and 

ZnO nanoparticles was further studied by Raman and X-ray spectroscopy methods, as shown 

in Figure 3. After the sintering process, the Raman spectra clearly showed the characteristics 

vibrational modes of the samples. For instance, the Raman modes of the sintered BTO samples 

were observed at 260 cm-1, 302 cm-1, and 717 cm-1, representing the crystalline characteristics of 

the samples (Figure 3a). Similarly, the Raman active modes of TiO2 crystals, including 137 cm-1, 

386 cm-1, and 625 cm-1 (Figure 3b) were observed, indicating the anatase phase of the crystallized 

TiO2 samples. The Raman spectrum of SnO showed the A1g phonon mode at ~204 cm−1 (Figure 

3c), and ZnO showed the representative Raman modes at 435 cm−1 and 574 cm−1 (Figure 3d). 

Figure 3e-h demonstrates the X-ray spectra of sintered BTO, TiO2, SnO, and ZnO, respectively, 

reconfirming the crystallinity of the sintered nanoparticles. 

 
Figure 3. Raman spectra of sintered BTO (a), sintered TiO2 (b), sintered SnO (c), and sintered ZnO (d). XRD plots 

of sintered BTO (e), sintered TiO2 (f), sintered SnO (g), and sintered ZnO (h). 

  

The versatility of the M-ANM technique enabled us to directly print multiple materials onto the 

desired location, either side-by-side or in a layer-by-layer configuration. As an example, the Ag-

SnO-ZnO heterojunctions were printed side-by-side, as shown in Figure 4a. The close-up views 

of the junctions are shown in Figure 4b-d. Also, as shown in Figure 4e and f, BTO/ZnO/TiO2, 

and BTO/ZnO/SnO patterns were printed on polyamide substrates by rotating the target carousel 

to bring a particular target into position for nanoparticle generation and sintering processes. The 

measured thickness of printed ZnO, Ag, BTO, SnO and TiO2 are ~ 1.3 µm, 1.5 µm, 10 µm, 4.3 

µm and 45 µm, respectively. The SEM cross-section of the TiO2-Ag multilayer produced by the 

M-ANM technique is presented in Figure 4g. Energy dispersive spectroscopy (EDS) element 

maps shown in Figure 4h-j indicate the capability of heterostructures formation made of multiple 

materials with clear boundaries. 
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Figure 4. Optical image of side-by-side M-ANM printed Ag-SnO-ZnO lines (a). Optical images of Ag-ZnO (b), ZnO-

SnO (c) and Ag-SnO (d) junction. (e, f) Optical images of BTO, ZnO, and TiO2 printed on polyamide in a single run. 

Cross-section of printed Ag on top of TiO2 (g). EDS elemental maps of printed TiO2/Ag hybrid structure layer-by-

layer (h-j). 
 

To understand the correlation between the number of printed layers and the thickness of the printed 

lines, their height profiles were measured and analyzed using a KEYENCE optical microscope. 

The thickness of printed materials could be increased by adding more printing layers, as this led 

to the higher deposition of material layer-by-layer. Conversely, reducing the number of printing 

layers resulted in thinner printed lines. Additionally, higher printing speeds resulted in less material 

deposition, while lower printing speeds generally led to higher material deposition. 

As shown in Figure 5a, by increasing the number of printed passes, the thickness of the printed 

lines could simply be adjusted. For instance, increasing the number of printed passes from 10 to 

100 layers resulted in thicknesses ranging from ~1 to 16 microns. Figure 5b represents the 

resistance of the printed Ag lines as a function of printed pass numbers. The lines resistance 

decreased by increasing the number of printed passes and hence increasing the thickness of the 

printed lines. Based on the results from Figure 5a, b, we achieved resistivity as low as ~1×10-7 Ω 

m at a thickness of ~1 μm. 

 

Repeated cycling/bending can cause strain on the printed materials and can change the 

microstructure and thus affecting the resistance of printed materials. In addition to that, cracks can 

be initiated in the printed materials under different strains, which can also contribute to changes in 

resistance. Therefore, it is critical to consider the potential effects of repeated cycling/bending on 

printed materials for different applications. Here, the mechanical stability, structural durability, 

and electrical properties of the printed lines were characterized by performing bending and cycling 

tests (Figure 5c-e). The cycling test on a series of 10 mm printed Ag lines on 12×4×0.127 mm3 

polyimide substrates was performed using a custom-made bending system (Figure 5f). The initial 

and final resistance of printed lines at different strains (0.32 to 0.53%) and cycling numbers (104, 

105, and 106) were measured and plotted, as shown in Figure 5c-e. The results show slight changes 

in the resistance of printed Ag at different strains and cycles, which confirms well-sintered Ag 

nanoparticles together and good adhesion of the printed materials to the substrate.  
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Figure 5. Thickness (a) and resistance (b), plots as a function of the number of printed layers ranging from 10 to 100 

passes. Initial and final resistances of the printed Ag-lines under various strains and cycles, including 104 (c), 105 (d), 

and 106 (e) cycles. Digital photo of custom-made bending and cycling machine (f).   

To demonstrate the multimaterial printing capability of the approach, various devices were 

designed, printed, and tested. For instance, since photodetectors are an important class of 

optoelectronic devices and sensors that translate optical information into an electrical readout 
[55], we printed an array of Ag-ZnO photodetectors printed on flexible polyimide substrate, as 

shown in Figure 6a-c with 2D and 3D optical images. First, Ag electrodes were printed, followed 

by switching the target and printing ZnO. The electrical and optoelectronic performances of the 

fabricated photodetectors were measured by a semiconductor characterization system (Keithley 

2400) under controlled UV LED (0.6 W@405 nm) illumination. All measurements were 

performed at atmospheric pressure and at room temperature. The UV LED was turned on and off 

at 0.5 Hz frequency. As shown in Figure 6d, e, the photocurrent spontaneously increased upon 

UV irradiation under different voltage biases (1-5V) and different illumination power densities 

(0.15 to 0.55W/cm2). The device exhibited good flexibility and stability even after bending under 

different strains (Figure 6f, g). The UV intensity dependence in Figure 6h shows linearity over 

the power density from 0.15 to 0.55 W/cm2, and the sensitivity is measured as 0.6 μA per 0.1 

W/cm2. 



 
Figure 6. Digital photo of flexible Ag-ZnO photodetector arrays (a). 2D (b) and 3D (c) optical images of printed ZnO-

based photodetector. Photoresponses of the sensor under various biased voltages (d) and light intensities (e). 

Photoresponses of the ZnO photodetector under various illumination intensities under different strains (f, g). Peak 

current of photodetector as a function of power density(h).   

 

Another significant challenge in printed electronics is to create line cross-overs without shorting 

the circuit [56]. This requires a multimaterial printing capability for printing an insulating layer 

between the conducting lines. Figure 7a shows an example of a printed multimaterial flexible 

electronic circuit on polyimide using Ag lines as a conductive layer and an Al2O3 layer as a 

dielectric isolator. To print this device, we designed and printed the first Ag layers (Supporting 

Information Figure S2a). The Ag lines exhibited a resistivity of ~1.2×10−7Ω m. By rotating the 

target from Ag to Al2O3, the Al2O3 dielectric layer was printed on the pre-defined locations to 

electrically isolate the crossed Ag lines (Supporting Information Figure S2b). Finally, the Ag lines 

were printed on the desired location and crossed over the insulating layers to complete the circuit 

(Supplementary Figure S2c). The 3D view image and height profile in Figure 7b, c shows the 

printed multilayer stack of Ag/Al2O3/Ag. STEM and SEM images of both un-sintered and sintered 

nanoparticles of Ag and Al2O3 can be found in Supporting Information Figure S3. After printing, 

the circuit electronics component, including the M24LR04E IC, AT-Tiny 85, two 1KΩ resistors, 

and two LEDs were mounted on the printed flexible circuits, as shown in Figure 7d. The printed 

device was powered by a 3.3v coin cell battery. This circuit used the printed NFC antenna along 

with NFC IC and AT-Tiny 85 microcontroller to read the NFC Data Exchange Format (NDEF) 

message from a phone via NFC program to control two output LED's (Supporting Information 

Figure 7e, f).  

The expected operation of the circuit showed that the printed insulating Al2O3 layer completely 

isolated the bottom and top metal layers. Also, the crossed-over Ag lines were highly conductive 

and the resistance of Ag before and after printing Al2O3 showed no noticeable changes. The video 

of the working device is demonstrated in supporting information, Video S2. Furthermore, using 

this printing method, by controlling the printing conditions, vertical interconnects that can bridge 

different heights can be fabricated (Supporting Information Figure S4). The test results confirmed 

that separate multilevel metal interconnects were successfully formed.  

https://www.sciencedirect.com/science/article/pii/S2211285516000884#s0070


 

Figure 7. Digital photo of the M-ANM printed lines of flexible hybrid electronics (a). 3D optical image of the printed 

Al2O3 as the isolator layer between crossed Ag lines of the NFC antenna (b). The height profile image printed Al2O3 

section in the NFC antenna with a thickness of ~140 µm (c). Completed flexible hybrid electronic circuit with all 

mounted components (d). Digital photo of the circuit showing the red (e) or blue (f) LED switching via NFC 

communication controlled by a mobile phone.  

 

Conclusion 
In summary, we developed a new dry multimaterial printing technique that is capable of printing 

multiple materials side-by-side and layer-by-layer. The unique feature of this technique was the 

generation of dry and pure nanoparticles through pulsed laser ablation of solid targets. The 

generated nanoparticles directly exited from the nozzle toward the substrate, where they 

were sintered by a real-time laser sintering process at room temperature and atmospheric pressure. 

A target carousel holding multiple targets was used to bring different targets in engagement with 

the ablation laser beam to print multiple materials. To demonstrate the capability, ZnO 

photodetectors with Ag electrodes and multimaterial Ag-Al2O3 FHE circuits were printed and 

tested. This versatile and unique M-ANM printing technique was used to print a variety of 

materials such as Ag, BTO, TiO2, SnO, ZnO, and Al2O3 that could be used for broad applications 

ranging from flexible electronics, optoelectronics, energy storage and harvesting, space, and 

medical applications enabling the future internet of things (IoT). 

Methods and Characterizations  
Electrical measurements: Four-probe measurements were performed to obtain the resistance of 

printed lines using a Keithley 2400 as a current generator and as a voltmeter.  

Micro and nanoscale imaging: SEM and STEM images were obtained using Zeiss Crossbeam 550 

microscope. Nanoparticles were directly deposited onto the TEM grid by holding the TEM grids 

under the printer nozzle for a few seconds. 

Optical Imaging: KEYENCE VHX-6000 series microscope was used to measure the thickness of 

ANM-printed samples.  



Photodetector characterization: Photodetectors were mounted onto a homebuilt holder and 

connected to the source-meter unit (Keithley 2400, Tektronix, Inc.) using two probes. The current 

changes in the devices were measured under various optical illumination powers using a 405 nm 

laser light source. Experiments were done under ambient conditions and at room temperature.  

Flexible hybrid electronics: The antenna, along with the NFC IC read the data from the phone and 

transfers it over Inter-Integrated Circuit (I2C) ports. The AT-Tiny 85 along with the TinyWire 

library, which acts as I2C master simulates the pins port-b (PB2) and PB0 as the serial clock (SCL) 

and serial data (SDA), respectively. Basically, the AT-Tiny here acts as the I2C master, while the 

NFC IC acts as the slave. Then after the AT-Tiny 85 decodes the data bits and, depending on the 

decimal value, it controls the output pins on which LEDs are connected.   
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