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Abstract—Photodetectors (PDs) based on organic-inorganic 

hybrid materials such as graphene and perovskites have recently 

emerged at the forefront of the research in optoelectronic devices. 

Despite the remarkable progress in the performance of 

optoelectronic devices based on hybrid materials, some aspects 

such as stability have so far not been thoroughly addressed. This 

paper serves to demonstrate a fully inkjet-printed PD fabricated 

by hybrid perovskite (CH3NH3PbClx-3I3) layer between two 

graphene electrodes as Graphene/Perovskite/Graphene (GPG) 

heterostructure. The fully inkjet-printed GPG PD is found to be 

effective for visible light region, which can be attributed by the 

high uniformity and low defects of the printed materials. Thus, the 

GPG PD achieves a high responsivity of 0.53 A/W. Fully 

inkjet-printed hybrid perovskite PD demonstrated in this work 

unveils the facile, potentially large-scale and cost-effective 

methods for fabrication of hybrid perovskites based optoelectronic 

devices, including PDs and solar cells. 

 
Index Terms: Graphene, Inkjet printing, Perovskites, 

Photodetector 

 

I. INTRODUCTION 

he intense research and development carried out over the 

past two decades for optoelectronic devices, including 

photodetectors (PDs) [1,2] and solar cells [3,4], has been driven 

by the necessity of technological aspects [4-6]. This has been 

due to the fact that heterojunctions provide more unique and 

unequal band gaps, which has a special interest in engineering 

electronics energy gaps in many solid-state applications such as 

laser, photovoltaics system among others. PD growth has seen 

tremendous efficiency improvements, reduction in 

environmental effects as well as miniaturization of the devices. 

Of the most notable milestones is the shift from the use of 

inorganic PDs to organic PDs, which are easily disposable. Not 

only because organic PDs have the advantage of disposability, 

but also because of the potential of higher efficiencies being 

realized in the future. Other fields in heterostructures PD that 

have seen major development include photoresponse and 

operation speed. For instance, the development of binary 

response UV photodetector [30] has seen a reduction in 

OFF/ON speed ratio and an increase in the response speed. The 
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hybridization of PD, which has mainly been attributed to a 

heterogeneous gap has also served to provide great avenues for 

best material selection  resulting in a composite structure that 

gives an effective strike between electron transport, 

recombination rate as well as material strength enhancement 

and multi-direction development. 

PDs work by converting the incident photons into the electrical 

signal, which has been applied in various applications, such as 

optical communications, image sensing, surveillance, 

chemical/biological sensing, etc. Various semiconductor 

material systems and device configurations have been explored 

that feature high responsivity and low detection limits. 

Currently, silicon PDs dominate the commercial PD market due 

to the industrial advancement and maturity of their fabrication. 

In the past few years, solution-processed 2D materials (e.g., 

graphene, 2D transition metal dichalcogenide, etc.) and hybrid 

perovskites have attracted extensive attention for various 

applications, such as solar cells, light-emitting diodes, 

phototransistors, and lasers [5-9]. Hybrid perovskites are 

especially attractive due to their excellent optoelectronic 

properties, including high-absorption coefficients and long 

carrier diffusion lengths [10,11]. Meanwhile, inkjet-printing is 

an emerging approach that will revolutionize the fabrication of 

optoelectronic devices. Materials can be inkjet-printed on a 

wide range of substrates over large areas at low temperatures 

[9]. Moreover, inkjet printing is a non-contact process which is 

capable of precise fabrication on a substrate with predetermined 

patterns. Inkjet printing can deposit a wide range of materials 

that can be dispersed in the solution. Examples of functional 

materials that can be inkjet-printed include fullerene mixtures, 

quantum dots [8], metal nanoparticles, and carbon nanotubes 

[9-11]. However, fabricating the ink of hybrid perovskites still 

remains a challenge [12-18]. In this work, we aim at building 

flexible devices based on 2D materials and hybrid perovskites 

using the fully inkjet-printing approach. The approach involves 

a combination of printed and transferred layers in the 

fabrication of GPG-based heterostructures and 2D-material 

printed electronics. 

Here, fabrication of two types of graphene inks: 1) graphene 

prepared by graphite intercalation via a surfactant; and 2) pure 

graphene exfoliated from top-down dispersion in an exchange 

polymer. Functionalization of graphene during intercalation can 

optimize the donor-type where it can be viewed as a macro 

carbanion. Functionalization increases the need to apply bulk 

graphite precursor to achieve better conductivity. The two inks 
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are immediately inkjet printable with good jet spreading [19]. 

However, the sheet resistance of the deposited films will vary 

with different printing processes for both ink types due to the 

larger graphene sheet size in the ink, which reduces the number 

of sheet-to-sheet contacts along the conductive path [20-27]. 

This work focuses on the advancements of inkjet printing-based 

fabrication with active deposition and electrode deposition for 

optoelectronic devices, such as PDs, photovoltaics, and 

transparent electrodes. The inkjet printing techniques can 

overcome the challenges existing in traditional fabrication 

processes and can therefore produce new functionalities and 

improve the performance of existing processes. A 2D material 

/perovskite heterojunctions having great potential for a wide 

spectrum of applications in optoelectronics is thus presented 

and a fully inkjet printer metal-semiconductor-metal (MSM) PD 

and an electrode fabrication process by inkjet printing is 

proposed. Advanced inkjet-printing for the depositions of active 

materials and conductive electrodes is beneficial for the 

fabrication of low-cost and highly scalable optoelectronic 

devices, and this technique has been explored in this work. 

These techniques can overcome the current challenges that exist 

in conventional device fabrication such as electron lithography 

patterning [which is water based] and possibly improve the 

performance of optoelectronic devices.  

 

II. I. RESULTS AND DISCUSSION 

The fabrication process is mainly made up of 4 steps as 

illustrated in Fig. 1. The plain polycrystalline graphene first 

undergoes electrode cleaning to ensure the high quality of 

CH3NH3PbI3-xClx is deposited in the subsequent steps (Fig. 

1(a)). The choice of the most favorable substrate for flexible 

device fabrication depends on inkjet printing techniques to 

obtain thin film printing. For optimized optoelectronic device 

performance, glass is normally selected due to its low optical 

reflectivity. The selected substrate is cleaned with ethanol and 

deionized water. This serves to ensure minimal contamination 

of polycrystalline CH3NH3PbI3-xClx. 

 
Fig. 1.  The schematic illustration of the One-step Printing process. (a) Printing 

Graphene ink as interdigital electrodes. (b) Graphene annealing at 400 ⁰C as 

curing temperature in N2 environment. (c) Printing Perovskite ink as a 

photoactive layer on top of the interdigital electrodes and Perovskite 

CH3NH3PbI3-xClx annealing at 9 ⁰C as curing temperature in air. (d) The 

obtained films were annealed in an oven to form CH3NH3PbI3-xClx on graphene 

electrode. 

 

The cleaned glass is then fixed on the printing platform, and 

CH3NH3PbI3-xClx ink is injected into an ink-jet printer and then 

annealed at 400 °C (Fig. 1(b)) which can improve the quality of 

the printed hybrid perovskites for optimal performance. Owing 

to the excellent dispersibility of the CH3NH3PbI3-xClx in the 

solvent, high-quality perovskites can be printed. Graphene 

electrodes are subsequently printed on the glass film with the 

print head also being heated at 60 °C. The patterned graphene 

electrodes are then subjected to sinter roasting by blowing for 

more than 10 minutes using a hairdryer to produce a structure as 

shown in Fig. 1(d). 

Fig. 2.  (a) Optical image of the PD morphology and SEM (Scanning electron 

microscopy images) of perovskite and graphene synthesized with thin film (b) 

perovskite and (c) graphene. 

 

Fig. 2 (a)-(c) shows the surface and morphological features of 

the MSM PDs, which are characterized by optical microscope 

and scanning electron microscope (SEM) to analyze the 

interface between the electrodes. The ink used here consists of 

the perovskite precursor dissolved in a low concentration of 

Dimethylformamide (DMF) to avoid blockage of the nozzle due 

to solvent evaporation during inkjet printing. The PD 

morphology, as shown in Fig. 2(a) and the surface structure of 

the perovskite, which is shown in Fig. 2(b), as island growth, 

maintains direction and includes some pinholes and defects, 

which are the result of the solvent evaporation and the annealing 

temperature. As shown in Fig. 2(c), the graphene films have 

confirmed the flake morphology and surface structure as 

characterized by the SEM. The precursor has enough annealing 

time to crystallize for perovskite and self-assemble for graphene 

at the low drying temperature. The substrate temperature is 

increased to 90 °C for perovskite and 400 °C for the graphene 

annealing time in N2 environment. 

 

 

 

Perovskite  

Graphene 
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Fig. 3.  The morphological properties characterization of the synthesized perovskite/ graphene. (a) TEM image; (b) HRTEM image. 

 

The Transmission electron microscope (TEM) image reveals 

the presence of both graphene and perovskite crystallites 

superimposed and randomly distributed as shown in the TEM 

images (Fig. 3(a), (b)). The TEM image was obtained using an 

FEI Titan ST TEM working at 300 keV. Low-intermediate 

imaging and high-resolution TEM (HRTEM) characterizations 

were performed to investigate all the samples at room 

temperature condition. The HRTEM images display the 

structure formed between graphene and perovskite. At higher 

magnification, the perovskite particles exhibit a polycrystalline 

texture where the single crystallites are randomly distributed. In 

particular, some crystals display an evident lamellar structure 

with parallel layers interleaving (Fig. 3(a)). The corresponding 

HRTEM investigation exhibited d-spacings of 0.34 nm and 0.68 

nm. In other crystals, the main lattice set family showed a 

d-spacing of 0.36 nm (Fig. 3(b)). The HRTEM and Fourier 

Transform (FT) (that is discretization to enhance analysis) plane 

view analysis investigations of multilayer flakes reveal the 

typical graphene structure showing lattice spacing {1, 0, 0} at 

0.21 nm and {1, 1, 0} at 0.12 nm. In particular, the graphene 

flakes form a type of “coating layer” on the perovskite crystals 

with the basal surface parallel to the crystal facets. 

The results of electrical characterization are shown in Fig. 4. 

Fig. 4(a) illustrates the current-voltage (I-V) characteristics of 

the perovskite-graphene MSM junction, which are evaluated at 

1000 mW/cm2 under bias voltages from −3 to 3 V. This depicts 

the ohmic contact formed between the perovskite and graphene 

electrodes, which can be attributed to sensors and energy 

storage devices of the inkjet-printed graphene electrodes. The 

existence of intermixture at the junction plays an important role 

in its storage mechanism, thus forming storage junction. The 

low ohmic junction results in low electrical power consumption 

and reducing current needed to the range on nA. This improves 

the switching (ON/OFF) period thus improving responsivity 

and operation speed [30-31]. Relatively high current, reaching 

several nA exists at nominal zero bias, indicates that the PD can 

operate without an external driving voltage, or as a self‐powered 

PD that detects light without additional energy consumption. 

The self-powered effect of this device is mainly attributed to the 

photovoltaic effect from a heterojunction [30-32]. 

Perovskite  

Graphene Perovskite  

Graphene 
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Fig. 4.  Electrical characterization of the PD - Typical I-V characteristics of the 

perovskite/graphene printed PD device. 

 

The fully inkjet-printed GPG PD is found to be effective for 

visible light regions as evidenced by the responsivity measured 

over visible light wavelengths shown in Fig. 4(b). The GPG PD 

achieves the highest responsivity and a detectivity of (R = 0.53 

A/W, D = 3.4 × 1010 Jones) at visible light source (400-700nm) 

at room temperature. The responsivity (R) is defined [28] as  

 (1) 

where IL is the photocurrent, ID is the dark current, and P is the 

power intensity of incident light. The good responsivity of the 

GPG PD in visible light can be attributed to the high uniformity 

and low defect rate of materials printing. The detectivity (D) of 

the device is calculated by using the equation [29]  

 (2) 

where R is the responsivity at a certain optical wavelength, e is 

the elementary charge, and JD is the dark current density. 

Moreover, the responsivity and detectivity under a visible 

light source illumination are comparable to those obtained in 

previous studies, which confirms the functionality of our fully 

printed PDs, for instance, in Binary response Se/ZnO p‐n 

heterojunction UV photodetector with high on/off ratio and fast 

speed where the responsivity was established as 0.253 A/W 

during zero biasing and 0.60A/w for 5V biasing both carried out 

under 370 nm UV radiation [30]. The fully inkjet-printed hybrid 

perovskite PD demonstrated in this work unveils the facile, 

potentially large-scale and cost-effective methods for 

fabrication of hybrid perovskite-based optoelectronic devices. 

In addition, there is an expectation that the current will 

increase gradually with increasing light intensity when the same 

voltage is applied. At a bias of 3 V, the dark current was 1x10-9 

A at room temperature, and the photocurrent increased to 1x10-8 

A when the device was illuminated at a light power density of 

1000 mW/cm2. If the illumination intensity was increased 

further, we could expect a higher photocurrent to produce a high 

on/off ratio.  

 

III. CONCLUSION 

Combining the distillation assisted solvent exchange with 

polymer stabilization, we formulate stable, high concentration, 

environmentally friendly and printable inks for graphene and 

polycrystalline CH3NH3PbI3-xClx. The inkjets produce excellent 

jetting performance and uniformly printed patterns at high 

resolutions of tens of micrometers. They may also offer a 

general strategy for suppressing the well-known and often 

undesired coffee ring effects in inkjet printing. More 

importantly, this printing technology, using low-cost scalable 

device fabrication techniques, allows simple fabrication of 

optoelectronic devices (typically several printing followed by a 

simple annealing) but does not evidently diminish the unique 

properties of the 2D materials/perovskites. In conclusion, our 

inkjet printing technology for 2D materials/perovskites using 

low-cost, scalable device will substantially improve the 

manufacturing efficiency and product quality. It is, therefore, 

promising for emerging organic and printed electronics. 

 

IV. EXPERIMENTAL SECTION 

A. Materials 

Perovskite material used was obtained from commercial 

suppliers and used without further purification and heating at 90 

°C for 1 h. In order to achieve the best results for the exfoliation 

of graphene and other 2D materials, the ink formulation method 

was adopted. A mixture of graphite in DMF was sonicated for 

10 minutes. The resulting suspension was centrifuged to obtain 

thick flakes in the sediment, while the supernatant was harvested 

and added to ethyl cellulose. Terpineol was added to the 

graphene/DMF solution to exchange the solvents using a rotary 

evaporator using a vacuum distillation technique. After the 

DMF had boiled off, the remaining graphene ink can be 

harvested separately. In order to check the graphene 

concentration, a small amount of the ink solution can be diluted 

with a terminal for optical absorbance studies. For printing, the 

graphene ink will be mixed with ethanol to optimize the 

viscosity for inkjet printing and heated at 400 °C for 1 h inside a 

nitrogen-filled oven. 

B. Device Fabrication 

Glass substrates were cleaned by ultra-sonication 

successively in acetone, 2-propanol, and deionized water. The 

substrates were dried with a nitrogen stream, followed by 30 s of 

oxygen plasma treatment. The active channels were 0.17922 cm 

in length and 0.95615 cm in width. The inkjet printing on 

substrates was used to print interdigital electrodes using a 

DMP-2800 printer. First, the substrate was cut into the required 

sizes and cleaned with acetone, isopropyl alcohol, and distilled 

water, and then dried with nitrogen. The contact electrodes are 
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being deposited in a square pad featuring different gaps (150 

µm, 200 µm, 250 µm) and an interdigitated electrode design, as 

demonstrated using Advanced Design System Software. For the 

MSM PD, Au and Ag can be deposited by either both thermal 

evaporations with a shadow mask or by inkjet printing, enabling 

us to compare the results. For the 

graphene-semiconductor-graphene PDs, the electrodes were 

deposited via an inkjet printer. Finally, the photoactive layer is 

deposited by inkjet printing to completely cover the gap 

between the two electrodes to avoid short circuits. For 

comparison, a control device was fabricated by inkjet printing 

with a CH3NH3PbI3-xClx precursor solution on the substrate. 

C. Characterization 

Surface and morphological features of the MSM PD are 

characterized by SEM and TEM to analyze the interface 

between the electrodes. The active area (CH3NH3PbI3-xClx) 

morphology was characterized by scanning electronic 

microscopy (SEM, Nova Nano SEM 230). The 

photoluminescent spectra were recorded with a wavelength of 

550 nm, while X-ray diffraction spectra were collected with a 

Pert PRO diffractometer (PANalytical). 

All the electrical parameters of the devices were measured 

with a semiconductor characterization system (Keithley, Model 

SCS-4200) assisted by a probe station. Monochromatic light 

was obtained with a xenon lamp at a wavelength of 630 nm, and 

a power meter was used to measure the light intensity. Electrical 

characterization of the PDs is described with and without light 

illumination using a semiconductor parameter analyzer. 

Wavelength-dependent electrical properties can also be 

determined using a broadband light emitting source, such as a 

Xe lamp. 
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