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Abstract 

Fabricating microelectronic devices for two-dimensional (2D) materials research is 

essential but often limited by the high cost and need for specialized facilities. This study 

presents an efficient and sustainable method for cleaning and reusing substrates with 

pre-patterned electrodes. The cleaning protocol involves the use of an ultrasonic bath 

in warm N-methyl-2-pyrrolidone (NMP), enabling the removal of 2D materials without 

damaging the electrodes. This method significantly reduces costs and encourages 

more responsible use of resources in 2D materials device fabrication. 
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Introduction 

Nanoscience research often needs the fabrication of proof-of-concept devices to 

demonstrate applications of novel nanomaterials or to study their fundamental 

properties.[1–4] Creating these microelectronic devices requires access to highly 

specialized infrastructure like cleanrooms and trained personnel.[5–7] Consequently, 

research groups focused on nanomaterials synthesis may lack the resources to 

integrate their novel nanomaterials into microelectronic devices, potentially reducing 

the impact of their research. 

To address this issue, commercially available substrates with pre-patterned electrodes, 

ready to integrate the nanomaterial under study present an optimal solution.[7–9] In 

recent years, our team has regularly employed this strategy, transferring two-

dimensional (2D) materials onto pre-patterned electrodes to create devices such as 

transistors, photodetectors, and diodes.[10–15] However, this approach incurs 

significant costs, approximately 40-50 € per chip for custom-made electrodes. 

Therefore, developing a method to clean and reuse these devices is highly desirable. 

Several recent studies have explored substrate reuse strategies to mitigate fabrication 

costs and improve sustainability in device prototyping.[16–18] For example, Bhalla et 

al. investigated various cleaning and regeneration techniques for electrochemical 

sensor chips, comparing piranha, plasma, oxidative, and reductive electrochemical 

cleaning methods.[19] Similarly, Stan et al. showed different cleaning methods for 

screen-printed gold electrodes and identified optimal techniques that allow their reuse 
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in electrochemical applications, preserving electrode performance.[20] Furthermore, 

Fakhr et al. explored cleaning methods for gold electrodes on diverse substrates and 

found that chemical treatments such as KOH and H2O2 effectively restore the substrate 

surface, allowing their application in reusable biosensors.[21] A different approach to 

reuse the substrates was reported by Paupy et al. by developing wafer-scale 

detachable monocrystalline germanium nanomembranes for III-V material growth and 

substrate reuse, significantly reducing material waste and enabling repeated use of 

substrates in epitaxial growth applications.[22] 

Inspired by these approaches, we propose a robust and reproducible cleaning process 

for reusing microfabricated substrates with pre-patterned electrodes in 2D materials 

research. Unlike prior studies that primarily focus on epitaxial growth or 

electrochemical sensing applications, our method is specifically designed to facilitate 

the reuse of substrates for 2D material-based electronic devices. Our approach 

involves deep cleaning in an ultrasonic bath with N-methyl-2-pyrrolidone (NMP) at 50 

°C,[23,24] followed by an acetone and isopropyl alcohol (IPA) rinse, and nitrogen blow-

drying to ensure complete removal of residual 2D materials and adhesives. This 

method ensures that the pre-patterned electrodes remain intact while achieving 

effective surface cleaning for subsequent nanomaterial deposition. 

By implementing this cleaning protocol, we demonstrate that substrates can be reliably 

reused without compromising device performance, ultimately reducing fabrication 

costs and making microelectronic prototyping more accessible to research groups 

without cleanroom facilities. This study contributes to the growing body of work on 

sustainable use of resources in research environments and provides a practical 

solution for extending the usability of expensive microelectronic substrates. 
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Results and Discussion 

 

Figure 1: Demonstration of the ultrasonic cleaning process for substrate reuse. 

(a) Schematic diagram illustrating the ultrasonic cleaning setup with N-methyl-2-

pyrrolidone (NMP) at 50 °C to remove MoS2 flakes and adhesive residues from the 

substrate. (b) Schematic representation illustrates the removal of MoS2 flakes from the 

substrate through the penetration of N-methyl-2-pyrrolidone (NMP) at at 50 °C. (c) 

Optical images of the substrate before and after the removal of MoS2 flakes fabricated 

via roll-to-roll mechanical exfoliation. 

 

Figure 1a presents a schematic illustration of the cleaning process: the chip with pre-

patterned electrodes that needs to be cleaned is immersed in NMP and placed in an 

ultrasonic bath at 50 °C. The effectiveness of the ultrasonic cleaning process in hot 

NMP arises from the interaction between NMP molecules and the interface between 

the 2D material flakes and the SiO2/Si substrate. NMP is known for its strong affinity 

for surface contaminants and its ability to penetrate microscopic gaps.[24] When 

heated to 50 °C, the solvent reduces adhesion forces by weakening van der Waals 

interactions between the 2D flakes and the substrate. Simultaneously, ultrasound 

agitation enhances molecular diffusion and promotes cavitation, generating localized 
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pressure fluctuations that further assist in lifting the flakes. As a result, NMP molecules 

wedge between the 2D material and the SiO2 surface, effectively detaching the flakes 

and enabling their complete removal without damaging the underlying electrodes (see 

schematic illustration in Figure 1(b)). 

To evaluate the effectiveness of the cleaning protocol, we applied it to a SiO2/Si 

substrate covered with a film composed of a network of MoS2 flakes prepared by high-

throughput roll-to-roll mechanical exfoliation (transfer 5 times to obtain the continuous 

film).[25,26] This method enables a high surface coverage of densely packed flakes 

that adhere strongly to the substrate, making it a more challenging and representative 

benchmark for cleaning compared to conventional manual exfoliation, which typically 

results in sparsely distributed flakes that are easier to remove. The MoS2 film was 

patterned using a vinyl stencil mask, producing a well-defined ‘MoS2’ pattern on the 

substrate surface. As shown in Figure 1c, prior to cleaning, the substrate exhibited both 

the patterned MoS2 network and residual adhesive from the stencil mask around the 

‘MoS2’ area. Following the ultrasonic bath in hot NMP and subsequent rinsing in 

isopropanol, all MoS2 flakes and adhesive residues were completely removed, leaving 

a pristine SiO2/Si surface (Figure 1d). The insets in Figure 1(c) and (d) provide high-

magnification optical microscopy images. Before cleaning, the interconnected network 

of MoS2 flakes is visible, whereas after treatment, the surface appears clean and free 

of contaminants. The rationale for selecting NMP as the cleaning solvent and 50 °C as 

the operating temperature is discussed in detail in the Supporting Information (see 

Figures S1-S3) by comparing with other solvents and process temperatures. 
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Figure 2: Substrates with different pre-patterned electrodes before and after 

cleaning. (a-b) Macroscopic images of a SiO2/Si substrate with five printed drain-

source gold electrodes (channel length: 25 µm). A large amount of MoS2 flakes were 

transferred onto the electrode regions prior to cleaning procedure, as shown in (a). 

Images were taken before (a) and after (b) the cleaning process. Insets show 

representative optical microscopy images for each case. (c-d) Macroscopic images of 

a interdigitated electrode (by Micrux) with the channel length of 10 µm. MoS2 films had 

been transferred onto the electrode regions prior to cleaning, as shown in (c). Images 

were taken before (c) and after (d) the cleaning process. Insets show representative 

optical microscopy images for each case. Dashed box outlines the MoS2 film region. 

 

To demonstrate that this method is broadly applicable, Figure 2 presents different pre-

patterned electrode configurations before and after undergoing the proposed cleaning 
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process. Figure 2(a) and (b) show drain-source electrode structures pre-patterned on 

a SiO2/Si substrate, commonly used in field-effect transistor (FET) fabrication, initially 

covered with a large-scale MoS2 film produced by roll-to-roll mechanical exfoliation. 

Figure 2(c) and (d) display interdigitated electrodes with a 10 µm gap separation, 

fabricated on glass, widely used for electrochemisty and biosensing applications.[27] 

For both cases, the cleaning process effectively removes the MoS2 flakes while 

preserving the structural integrity of the electrodes. The insets in Figure 2 provide 

zoomed-in optical images that further illustrate the removal of material from the 

electrode gaps. In addition to the cleaning of films of roll-to-roll mechanically exfoliated 

van der Waals materials, we investigated the cleaning and reuse of substrates with 

chemical vapour deposition (CVD)-grown MoS2 flakes (see Supporting Information 

Figure S4).[28,29] 

To rigorously evaluate whether the cleaning method enables real and practical reuse 

of the substrates, we performed multiple cycles of device fabrication, electrical 

characterization, and subsequent cleaning on a pre-patterned SiO2/Si chip (similar to 

the one shown in Figure 2a and 2b). MoS2 flakes obtained via roll-to-roll mechanical 

exfoliation were sequentially transferred onto the same pre-patterned electrodes to 

fabricate three FETs.[25,30] After each fabrication, the drain-source current versus 

bias voltage (I-V) characteristics were measured at different gate voltages, as shown 

in Figure 3(a-c). Following the electrical characterization, the samples underwent the 

cleaning process, and the substrates were tested to verify the absence of any electrical 

connections between the electrodes. The insets in Figures 3(a-c) show the electrical 

characterization after each cleaning process, confirming the lack of residual 

conductivity, indicating the complete removal of MoS2 flakes and any potential 

contaminants. 
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Figure 3: Repeated characterization of MoS2- and WSe2-based FETs on the same 

pre-patterned SiO2/Si chip before and after multiple cleaning processes. (a-c) 

Drain-source current versus bias voltage characteristics of the devices at different gate 

voltages of the first, second and third MoS2-based FETs. (d-f) Drain-source current 

versus bias voltage characteristics of the devices at different gate voltages of the first, 

second and third WSe2-based FETs, following three successful MoS2-based FETs. 

The insets in each plot present the drain-source current versus bias voltage 

characteristics of the same sample measured after each successive cleaning step. 

 

Although some variations were observed in the electrical characteristics of the re-

fabricated FETs, this is expected due to the inherent stochastic nature of the MoS2 

films fabricated by roll-to-roll mechanical exfoliation, which consist of a network of 

interconnected flakes.[25] Nonetheless, the consistency in device performance across 

multiple fabrication cycles demonstrates the reliability of the cleaning process in 

preserving the integrity of the pre-patterned electrodes and ensuring effective reuse of 

the substrates. 
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To assess the applicability of this cleaning method to other 2D materials, we extended 

the study to WSe2-based devices. After three successful cycles with MoS2, we 

transferred WSe2 flakes onto the same cleaned electrodes and fabricated three 

additional FETs following the same procedure, as shown in Figure S5. The electrical 

characteristics of these devices were measured before and after each cleaning cycle 

(as shown in Figure 3(d-f)), confirming that the cleaning method effectively removes 

both MoS2 and WSe2 flakes without degrading the electrodes. These results validate 

the robustness of our method for the repeated fabrication of 2D material-based 

electronic devices and highlight its potential for enabling a sensible use of resources 

in microfabrication practices. 

 

Figure 4: Reproducible fabrication, cleaning, and characterization of monolayer 

MoS2 FETs on the same pre-patterned chip. (a, b) Microscopic images of the first 

monolayer MoS2 flake bridging the source-drain electrodes before and after cleaning, 

together with the transfer characteristics and drain-source current versus bias voltage 

characteristics at different gate voltages. (c, d) Microscopic images and electrical 

characteristics of a second monolayer MoS2 flake transferred onto the same electrodes 

before and after cleaning. Insets in each panel show magnified macroscopic images 

of the monolayer MoS2 region before and after cleaning. 
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To further proof the general character of the cleaning method, we also tested the MoS2 

and WSe2 films on indium tin oxide (ITO) substrate (shown in Supplementary 

Information Figure S6). The fabrication and cleaning procedures were carried out as 

previously described in this work. As shown in Figure S7, the electrical characterization 

of the devices before and after cleaning confirms the highly effective removal of MoS2 

and WSe2 flakes, with no visible residues. Additionally, the ITO electrodes remained 

intact, as proved by the lack of electrical degradation after repeated use, indicating 

stable device fabrication and reliable substrate reusability. 

Beyond the roll-to-roll deposited films of 2D materials, it is crucial to evaluate the 

reusability of substrates in the context of devices fabricated with single mechanically 

exfoliated flakes or chemical vapor deposition (CVD)-grown films (approaches more 

commonly adopted in the literature). To this end, we demonstrate the recycling of a 

pre-patterned electrode substrate for fabricating single-flake MoS2 field-effect 

transistors (FETs). Single-layer MoS2 flakes were identified using transmission-mode 

optical microscopy and confirmed via differential reflectance spectroscopy.[31–33] A 

selected flake was then transferred using an all-dry deterministic method to bridge a 

pair of gold electrodes (Figure 4a, top).[34] After high-vacuum annealing, the device 

was electrically characterized in a custom high-vacuum probe station.[35] Figure 4a 

(bottom) presents representative output and transfer characteristics of the single-layer 

MoS2 FET, displaying an on/off current ratio of 3.4×106 and a field-effect mobility of 

43.2 cm²/V·s.   

Following characterization, the device underwent the deep cleaning protocol. The 

process effectively removed the MoS2 from the channel region and detached most 

multilayer residues. However, small remnants of the monolayer in direct contact with 

the gold electrodes remained (see inset in Figure 4b), likely due to the strong chemical 
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affinity between MoS2 and gold (a mechanism exploited in gold-assisted exfoliation 

methods).[36,37] Interestingly, in devices that had not been annealed, the entire flake 

was more easily removed, presumably due to weaker adhesion resulting from 

interfacial adsorbates or trapped air (see Supporting Information Figure S8).  

Despite the incomplete removal of monolayer at the gold contacts, the electrodes 

remained electrically isolated after cleaning, as confirmed by the open-circuit behavior 

shown in Figure 4b. A new flake was then transferred a few microns away, forming a 

second FET that exhibited typical device performance (Figure 4c), the on/off current 

ratio is 8.5×105 and the field-effect mobility is 22.0 cm²/V·s. Finally, the device was 

subjected to an additional cleaning cycle, restoring the substrate for further reuse 

(Figure 4d), thus completing the full reusability cycle.  

Conclusions 

The ability to efficiently reuse microelectronic substrates with pre-patterned electrodes 

offers significant advantages, both in terms of cost savings and efficient use of lab 

resources. In this work we have developed and validated a highly effective cleaning 

method for the reuse of microelectronic substrates with pre-patterned electrodes. 

Using an ultrasonic bath in NMP, followed by IPA rinsing and nitrogen drying. The 

cleaning method presented in this study effectively removes nanomaterial residues, 

restoring the substrate to a near-original state, as demonstrated by the electrical 

characterization of devices. This approach could be applied to a wide variety of 

nanomaterials and electrode configurations, making it highly adaptable to different 

research needs. 

By reducing the number of single-use substrates and minimizing waste, this method 

also contributes to more sustainable research practices. Future work could explore the 
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application of this cleaning protocol to other material systems and substrates, as well 

as further quantify the long-term durability of reused substrates across multiple cycles. 

Experimental 

Pre-patterned electrodes fabrication 

Pre-patterned electrodes were fabricated by placing, the shadow masks (Ossila E291) 

onto the SiO2(290nm)/Si(p++) substrates, followed by the deposition of 5nm Ti/45nm 

Au via the electron beam evaporation. The interdigitated electrodes on glass were 

supplied from Micrux Technologies and the interdigitated ITO electrodes on glass were 

purchased from Ossila (S161-20). 

Materials preparation  

The MoS2-based samples were prepared using natural bulk molybdenite mineral 

(Molly Hill Mine, Quebec, Canada). WSe2 crystals were prepared by CVT method from 

tungsten and selenium using bromine as a transport agent. High-throughput 

mechanical exfoliation of large-scale MoS2 and WSe2 was carried out using a roll-to-

roll setup. Nitto SPV 224 tape was applied on the surfaces of two polyoxymethylene 

cylinders with a perimeter ratio of 53:23[25]. A bulk van der Waals material was placed 

on one cylinder, and the system was rotated under moderate pressure (~20–40 N) at 

~1500 rpm for 50 s, resulting in uniformly exfoliated large-area flakes adhered to the 

tape surface. Monolayer MoS2 flakes were obtained by mechanically exfoliation of bulk 

MoS2 crystals using Nitto SPV 224 tape and subsequently transferring the exfoliated 

flakes onto Gel-Film (WF 4× 6.0 mil). Candidate monolayer regions were first identified 

by transmission optical microscopy and then confirmed by differential reflectance 

spectroscopy.[31–33] Monolayer CVD-MoS₂ flakes were grown by chemical vapor 
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deposition using a NaCl-assisted ambient-pressure CVD approach, following 

established procedures reported in the literature.[28,29] After growth, the samples 

were cleaned using the same protocol applied to mechanically exfoliated flakes.  

Transfer process 

Transfer of large-area high-throughput flakes was carried out by bringing the tape 

containing the exfoliated flakes into conformal contact with the target substrate, 

followed by gentle pressing using a cotton swab to promote adhesion. The sample was 

then annealed on a hotplate at 110 °C for 5 minutes to facilitate the transfer of films 

composed of MoS2 or WSe2 flakes. To ensure high-density coverage of the flakes, 

multiple sequential transfer steps were employed. For electronic device fabrication, 

this transfer process was typically repeated 3-5 times. Mechanically exfoliated 

(manual) monolayer MoS2 flakes were transferred onto the pre-patterned electrodes 

using the deterministic dry-transfer technique.[34] 

Electrical characterization 

The drain-source current versus bias voltage and FET characteristics were measured 

using home-built probe station and a Keithley 2450 source-meter unit. Additionally, two 

programmable benchtop power supplies (TENMA, model 72-2715) were connected in 

series to characterize the FETs output at varying back-gate voltages from -50V to 50V. 

Devices subjected to annealing were characterized under avacuum of 1.5 ×  105 

mbar.[38] 

Cleaning process  

The fabricated FET devices were immersed in 10ml of N-methyl-2-pyrrolidone (NMP, 

Sigma-Aldrich) and ultrasonicated at 50 °C for 15 minutes or in repeated cycles of 15 
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minutes using an ultrasonic cleaner (from RS PRO). Subsequently, the devices were 

rinsed sequentially with acetone and isopropyl alcohol (IPA), and dried with nitrogen. 

An identical procedure was employed for ultrasonic cleaning using both dimethyl 

sulfoxide (DMSO, TechniStrip Micro D350) and acetone solutions. 

Supporting Information 

Supporting Information includes additional figures, experimental procedures, and 

supplementary data that support the findings presented in the main text. 

Supporting Information File 1: Supporting_Information.pdf 

File Name: Supporting_Information.pdf 

File Format: PDF 

Title: Supplementary Figures and Experimental Details 
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