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Abstract: This study investigates the impact of plasma gradient modification and gradient illumination on the 

optoelectronic properties of buckypaper (BP), a flexible and large-scale material composed of multi-walled 

carbon nanotubes (MWCNTs). The BP samples were subjected to argon ion plasma treatment at varying power 

levels and durations, thereby creating different carrier concentration gradients on the surface. The 

photovoltage and photocurrent responses of the samples were then measured under uniform full illumination 

and gradient illumination conditions. The findings revealed that both plasma gradient modification and 

gradient illumination significantly enhanced the optoelectronic performance of BP. Notably, the combined 

application of these two methods yielded superior results compared to the application of either method alone. 

Specifically, the optimal plasma power for improving BP was found to be 20W. Under conditions of plasma 

gradient modification and gradient illumination, a photovoltage of 267.76 μV was generated, which represents 

a 21.44 times increase, and a photocurrent of 15.69 μA, reflecting a 32.69 times enhancement. The mechanism 

underlying this optoelectronic effect can be attributed to the presence of π-bonds in the carbon atoms. These 

π-bonds are excited by photons, resulting in the generation of small voltages and currents. This study 

underscores the potential of BP as an optoelectronic material and introduces a novel approach to enhance its 

optoelectronic properties through plasma gradient modification and gradient illumination. 

Keywords: carbon nanotube; plasma; optoelectronic material; gradient illumination 

 

1. Introduction 

Carbon nanotubes (CNTs) are one-dimensional nanostructures exhibiting exceptional electrical, 

mechanical, and optical properties. Since their discovery by Sumio Iijima in 1991 [1], CNTs have 

garnered extensive attention for their potential applications in various fields such as nanoelectronics, 

sensors, solar cells, and flexible devices [2–4]. A notable characteristic of CNTs is their photoelectric 

response, which refers to the generation of current and voltage upon exposure to light. This 

phenomenon has been observed in both single-walled and multi-walled carbon nanotubes (SWCNTs 

and MWCNTs) and is attributed to the excitation and mobility of π-electrons within the CNTs [5,6]. 

Nevertheless, the photoelectric performance of CNTs is often constrained by several factors, 

including low light absorption efficiency, high contact resistance, and the recombination of 

photogenerated carriers. Consequently, various strategies have been proposed to enhance the 

photoelectric response of CNTs, such as doping, functionalization, hybridization, and device 

engineering [7–10]. Among these, plasma treatment emerges as a straightforward and effective 

method to modify the surface and structure of CNTs, introducing defects, impurities, and dopants 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 June 2024                   doi:10.20944/preprints202406.0889.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202406.0889.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

[11,12]. Plasma treatment can alter the ratio of sp2 to sp3 bonds, carrier concentration, work function, 

and the bandgap of CNTs, thereby influencing their electrical and photoelectric properties [13,14]. 

Another approach to enhance the photoelectric response of CNTs is through gradient 

illumination, which involves varying light intensity from strong to weak. This variation creates 

different carrier concentration gradients due to the differential light intensity, potentially increasing 

the diffusion current, which is proportional to the carrier concentration gradient [15,16]. Gradient 

illumination can also induce photo-thermal effects, generating temperature gradients and 

thermoelectric voltages within CNTs [17,18]. 

In this study, we aim to synergistically enhance the photovoltage and photocurrent of 

buckypaper (BP) by integrating an optimized plasma gradient modification process with gradient 

illumination. BP, a macroscopic film composed of randomly oriented CNTs, offers flexibility, 

scalability, and ease of fabrication while exhibiting the superior nanoscale properties of CNTs on a 

macroscopic scale [19,20]. We utilized argon plasma to treat the BP surface for varying durations, 

thereby creating carrier concentration gradients on BP. Subsequently, we measured the photovoltage 

and photocurrent of BP under uniform full illumination and gradient illumination, comparing the 

effects of different plasma power levels, gas types, and modification methods. Our findings reveal 

that BP subjected to gradient plasma modification combined with gradient illumination exhibited the 

highest photovoltage, and we discuss the potential mechanisms underlying this phenomenon. 

2. Experimental Procedure 

To prepare flexible buckypaper (BP), we utilized multi-walled carbon nanotubes (MWCNTs) 

acquired from CONJUTEK, product model CRUDE, which possess a purity greater than 95%. These 

MWCNTs have diameters ranging from 10 to 50 nanometers and lengths between 10 to 100 

micrometers. A mass of 0.06 grams of the carbon nanotube powder was dispersed into a diluent 

containing Triton X-100 as a surfactant. This dispersion process involved sonication at a power of 

50W for 2 hours, ensuring uniform distribution of the individual nanotubes within the liquid. 

Subsequently, the dispersion was subjected to vacuum filtration. Using a vacuum pump, the 

liquid was passed through filter paper, resulting in the collection of BP on the paper. The resultant 

BP film was then carefully peeled off from the filter paper and immersed in ethanol for two hours, 

followed by an additional hour of immersion in deionized water. This dual soaking process was 

employed to eliminate any residual Triton X. Finally, the BP was air-dried in a desiccator for 24 hours 

to ensure complete removal of moisture. 

The final product was a flexible BP with a weight of 0.06 grams, a diameter of 4.5 cm, a thickness 

of 0.075 mm, and a porosity of 78%, as illustrated in Figure 1. For subsequent experimentation, the 

BP was cut into rectangular strips measuring 2.0 cm by 0.5 cm. These strips were then subjected to 

various experimental conditions for plasma treatment and optoelectronic measurement. 

 

Figure 1. using the vacuum filtration method to fabricate flexible thin sheets from multi-walled carbon 

nanotubes. 

To enhance the optoelectronic response of buckypaper (BP), we employed a gas ion plasma 

treatment system (Junsun Tech. CS-400, New Taipei City, Taiwan). The experimental parameters for 

the plasma treatment are detailed as follows: the type of gas used was varied among argon, nitrogen, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 June 2024                   doi:10.20944/preprints202406.0889.v1

https://doi.org/10.20944/preprints202406.0889.v1


 3 

 

and oxygen. The working gas pressure was maintained at a constant 30 mTorr, and the gas flow rate 

was fixed at 20 standard cubic centimeters per minute (SCCM). The plasma power was varied across 

different levels—5W, 10W, 20W, 30W, and 50W. Within each sample, distinct regions were 

demarcated and subjected to plasma modification for different durations of 1 minute, 2 minutes, 3 

minutes, or 4 minutes, thereby creating gradients in carrier concentration. 

For the measurement of the BP samples' optoelectronic properties, we utilized a solar simulator 

(A.M. 1.5G Forter Tech. LCS-100, Taichung City, Taiwan). This simulator features a standard AM 

1.5G spectrum and an adjustable irradiance range of 0 to 1500 W/m². Silver paste was used to affix 

electrode wires onto the BP samples, which were then connected to a Keithley 2000 digital multimeter 

(Cleveland, OH, USA) to measure photovoltage and photocurrent. 

The illumination modes were categorized into uniform full illumination and gradient 

illumination. Under uniform full illumination, the entire surface of the BP sample was exposed to the 

light source. For gradient illumination, we placed a gradient neutral density filter at the exit of the 

light source to achieve a gradually diminishing light intensity across the BP sample, ranging from 

high to low intensity. This gradient in light intensity consequently created varying carrier 

concentration gradients. 

Moreover, based on the directions of the p-type carrier concentration gradients induced by both 

plasma modification and gradient illumination, we classified the gradient illumination modes into 

forward and reverse gradients. The forward gradient mode aligns the direction of the illumination 

gradient with the plasma gradient, while the reverse gradient mode opposes it. The schematic 

diagram illustrating these modes is depicted in Figure 2. 

 

(a)                                (b)                            (c) 

Figure 2. illuminating a gradient plasma-modified BP with a light source using (a) uniform 

illumination, (b) forward gradient illumination, or (c) reverse gradient illumination. 

To validate the variations in carrier concentration resulting from different plasma treatment 

durations or varying levels of illumination, we employed a Hall measurement system (Keithlink 

Tech., Taipei City, Taiwan). Utilizing the van der Pauw method, we conducted four-point probe 

measurements to ascertain the carrier concentration in the BP samples. Post-treatment with argon 

plasma at varying power levels, we observed slight modifications in the surface morphology, which 

were examined using a Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-7000F, 

Tokyo, Japan). 

To delve deeper into the changes in surface defects of the carbon nanotubes following plasma 

modification, we utilized Raman spectroscopy (Andor BWII RAMaker SR-750). The BP samples were 

placed on glass slides and scanned with a laser beam at an excitation wavelength of 532 nm. The 

Raman spectroscopic analysis was performed by measuring the intensity and wavelength of the 

scattered light to detect alterations in the nanotube surface. 

3. Results and Discussion 
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To verify that the carrier concentration of untreated buckypaper (BP) changes under 

illumination, we manually adjusted the solar simulator to output different light intensities. The BP 

samples were uniformly illuminated and the carrier concentration was measured using the Hall effect 

method under various light intensities, specifically at 0, 250, 500, 750, 1000, and 1500 W/m². The 

results are presented in Figure 3(a). 

Untreated BP exhibited p-type semiconductor behavior, indicating that holes are the 

predominant carriers. As the light intensity increased, the carrier concentration decreased from 

9.22×1018 cm-3 at 0 W/m² to 0.96×1018 cm-3 at 1500 W/m². This decline is likely due to the recombination 

of photoinduced electron-hole pairs, which reduces the number of free carriers in the BP. 

Subsequently, we introduced a gradient neutral density filter in front of the light source to 

produce a gradient light, aimed at enhancing the sample's photoelectric response. We then carefully 

moved the light intensity sensor to detect the variation in light intensity across the gradient as a 

function of distance, as illustrated in Figure 3(b). 

 

Figure 3. (a) Measured carrier concentrations of pure Buckypaper in darkness and under uniform 

illumination at intensities of 250, 500, 750, 1000, 1500 W/m2; (b) Gradual changes in light intensity on 

Buckypaper with varying distances. 

To further enhance the optoelectronic properties of buckypaper (BP), we experimented with 

surface modification using argon plasma at a power setting of 20W. Initially, the first sample 

underwent uniform plasma treatment for 1 minute, followed by measurement of its carrier 

concentration. We repeated these steps with additional samples, varying the plasma treatment 

duration to 2 minutes, 3 minutes, and 4 minutes, respectively. The carrier concentrations for each 

sample are illustrated in Figure 5. 

Our observations indicate that as the plasma treatment duration increased, the carrier 

concentration transitioned from p-type to n-type, becoming progressively more concentrated. This 

transition is hypothesized to result from the gradual depletion of oxygen molecules bonded to the 

dangling bonds on the surface of the carbon nanotubes, caused by the prolonged exposure to plasma. 

This phenomenon effectively alters the BP's semiconducting properties to exhibit n-type behavior 

[21]. 
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Figure 4. Changes in carrier concentration of BP under 20W argon plasma treatment over different 

durations. 

Furthermore, we varied the plasma power while maintaining a consistent treatment duration of 

one minute for each sample, aiming to modify the BP surface. The Raman spectra for these samples 

are shown in Figure 5. The D-band, G-band, and 2D-band peaks became progressively less sharp as 

the power increased, indicating a broadening effect. Such broadening is typically attributed to 

alterations in the material's structural or chemical properties. 

The D-band is commonly associated with the presence of defects within the material, while the 

G-band serves as an indicator of the graphitization level in carbon materials. The 2D-band, being a 

secondary scattering process of the G-band, can provide insights into interlayer interactions and 

multilayer structures. 

As the plasma power increased, the introduction of additional defects or changes to the chemical 

structure of the carbon nanotube surface likely caused the observed broadening and decrease in peak 

intensity. This can be attributed to the fact that higher power plasma treatments tend to induce 

surface functionalization, introducing new functional groups or disrupting the existing structure of 

the carbon nanotubes. 

In Raman spectroscopy, broadening of peaks may indicate an increase in structural disorder, 

which is associated with the introduction of defects. An increase in defects and irregular structures 

can lead to greater scattering of energy, resulting in broader peaks. Additionally, if the plasma 

treatment partially disrupts the graphitic structure, variations in the G-band peak shape might be 

observed. 

Furthermore, if plasma treatment causes cross-linking between carbon nanotubes or the 

formation of new carbon-based structures, it could also impact the 2D-band. These structural changes 

would alter the electronic interactions between carbon nanotubes, thereby affecting the 

characteristics of the 2D-band. 

In summary, the changes observed in the Raman spectra are likely due to structural defects, 

surface functionalization, or the disruption of the material structure induced by high-power argon 

plasma treatment [22,23]. These findings underscore the critical importance of plasma treatment 

conditions in modulating the properties of carbon-based materials. 

 

Figure 5. Raman spectra of Buckypaper (BP) under (a) 20W argon plasma power at various treatment 

durations and (b) different plasma powers for a one-minute argon plasma treatment. 

Following our preliminary findings that plasma modification can induce changes in carrier 

concentration, we proceeded to experiment with three different plasma gases: argon, nitrogen, and 

oxygen. The plasma power was maintained at a constant 20W, and the treatment duration was varied 

to 1 minute, 2 minutes, 3 minutes, and 4 minutes. Each segment of the BP surface underwent plasma 

gradient modification across consecutive spatial regions. We then measured the photovoltage and 

photocurrent under both uniform full illumination and forward gradient illumination conditions. 

As depicted in Figures 6(a)-(d), it is evident that the photovoltage and photocurrent of BP 

samples under gradient illumination were significantly higher than those under uniform 

illumination. Referring to the current density equation in semiconductor materials (Equation 1), the 

total current density �� is the sum of the drift current and the diffusion current. When illuminated, 
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numerous conductive electrons and holes are excited, and they contribute to the drift current ��,drift by 

moving under the influence of the built-in electric field. Additionally, the gradient in carrier 

concentration leads to an increase in ��/��, the spatial derivative of the carrier concentration, which 

consequently enhances the diffusion current ��,diffusion. Therefore, the overall current increases. 

In summary, the higher photoelectric response observed under gradient illumination is 

attributed to the creation of a significant concentration gradient within the BP, which enhances the 

diffusion current of carriers. Simultaneously, the mechanism underlying the photoelectric effect in 

BP under uniform illumination can be explained by the vibrations of the π-bonds and the mobility of 

π-electrons within the CNTs when exposed to light. 

dx

dp
qDEqpJJJ ppdiffusionpdriftpp  ,,  (1) 

In this equation, Jp,drift represents the drift current, Jp,diffusion denotes the diffusion current, q is the 

elementary charge of the carrier, p indicates the concentration of the carriers, μp is the mobility of the 

carriers, E represents the electric field applied across the semiconductor material, and Dp is the 

diffusion coefficient for the carriers. 

 

(a)                                                 (b) 

 

(c)                                             (d) 
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(e)                                   (f) 

Figure 6. Photovoltage and photocurrent switching response diagrams for different plasma gases 

under uniform illumination mode in (a) and (b), and under gradient illumination mode in (c) and (d), 

with (e) and (f) providing comparative overview diagrams. 

Additionally, under both uniform full illumination and gradient illumination conditions, the BP 

modified with argon (Ar) plasma exhibited the highest photovoltage, followed by the BP modified 

with nitrogen (N₂) plasma, while the BP modified with oxygen (O₂) plasma demonstrated the lowest 

photovoltage. This disparity can be attributed to the distinct effects of different plasma gases on the 

BP surface. 

Ar plasma, being inert, primarily causes physical sputtering and etching of the BP surface. This 

process generates more defects and increases the surface area, thereby enhancing light absorption 

and carrier generation. In contrast, N₂ plasma can incorporate nitrogen atoms into the BP surface, 

forming C-N bonds and doping the BP with n-type impurities, which increases the electron 

concentration and conductivity. Meanwhile, O₂ plasma tends to oxidize the BP surface, forming C-O 

and C=O bonds and doping the BP with p-type impurities, which, in turn, reduce the electron 

concentration and conductivity. 

Therefore, Ar plasma modification more effectively enhances the optoelectronic properties of BP 

compared to N₂ and O₂ plasma modifications. Based on these findings, Ar plasma was chosen as the 

optimal gas for BP modification. We subsequently employed different power settings—5W, 10W, 

20W, 30W, and 50W—with a treatment duration of one minute to modify the BP. The photovoltage 

and photocurrent responses under both uniform illumination and gradient illumination for these 

different power settings are depicted in Figure 7. 

 

(a)                                          (b) 
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(c)                                              (d) 

Figure 7. Photovoltage and photocurrent responses of Buckypaper treated with plasma at different 

wattages, under (a)(b) uniform illumination and (c)(d) gradient illumination. 

We observed that BP modified with a plasma power of 20W exhibited the highest photovoltage 

and photocurrent under both uniform full illumination and gradient illumination modes. This was 

followed by BP modified with 30W plasma power, while BP modified with 50W plasma power 

showed the lowest photovoltage and photocurrent. This phenomenon can be explained by the 

balance between plasma etching and plasma damage effects. 

Plasma etching tends to create more defects and increase the surface area of BP, which enhances 

light absorption and carrier generation. On the other hand, plasma damage can break C-C bonds and 

reduce the π-electron density in BP, thereby diminishing light absorption and carrier generation. As 

plasma power increases, the plasma etching effect becomes more pronounced, but so does the plasma 

damage effect. Therefore, an optimal plasma power exists that maximizes the plasma etching effects 

while minimizing plasma damage effects to achieve the best optoelectronic performance of BP. In this 

study, the optimal plasma power was found to be 20W. 

To further examine the damage induced by plasma bombardment on the BP surface, we utilized 

a Scanning Electron Microscope (SEM) to assess the impact of plasma power on BP’s surface 

morphology. SEM images of BP treated with 20W and 50W Ar plasma are shown in Figure 8. 

 

(a)                                    (b) 

Figure 8. SEM images of Buckypaper surfaces treated with argon plasma at (a) 20 watts and (b) 50 

watts. 

From Figure 8, it is evident that a plasma power of 50W inflicted severe damage on the BP 

surface, leading to the fragmentation and localized collapse of carbon nanotubes, which subsequently 

fused together. This observation substantiates the plasma damage effect and elucidates why BP 

modified with 50W plasma power exhibited poor optoelectronic performance. Conversely, a plasma 
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power of 20W did not cause significant damage to the BP surface; instead, it created more defects and 

increased surface roughness. This supports the plasma etching effect and explains the enhanced 

optoelectronic performance of BP modified with 20W plasma power. 

Finally, using the experimental setup depicted in Figure 3, we applied a plasma power of 5W to 

different spatial regions of a single BP sample. Each region was treated for varying durations of 1 

minute, 2 minutes, 3 minutes, or 4 minutes to induce carrier concentration gradients. Following the 

same experimental procedure, we repeated this with plasma powers of 10W, 20W, 30W, and 50W, 

each applied to different regions for different durations. These gradient-modified samples were then 

subjected to measurements of photovoltage under uniform illumination (Voltage_F), photovoltage 

under forward gradient illumination where the light gradient aligns with the plasma treatment 

gradient (Voltage_G_Forward), and photovoltage under reverse gradient illumination where the 

light gradient opposes the plasma treatment gradient (Voltage_G_Reverse). 

From Figure 9, we can observe the experimental setup as depicted in Figure 2(b). Assuming the 

positive direction is defined as rightward, the light intensity increases gradually from left to right. 

According to the p-type carrier concentration distribution shown in Figure 3(a), the concentration 

decreases to the right, indicating 
��

��
< 0. Additionally, the plasma gradient time increases from left 

to right. Based on the n-type carrier concentration distribution illustrated in Figure 4, the 

concentration increases to the right, resulting in 
��

��
> 0, which equivalently means 

��

��
< 0. When the 

illumination gradient aligns with the plasma gradient, the diffusion current and drift current can sum 

up, leading to higher photovoltage and photocurrent. Consequently, the photovoltage and 

photocurrent are higher when the gradients of illumination and plasma are in the same direction 

compared to when they are in opposite directions. 

 

(a)                            (b) 

Figure 9. Comprehensive comparison of (a) photovoltage and (b) photocurrent of Buckypaper treated 

with plasma gradients under uniform full illumination, forward gradient light, and reverse gradient 

light. 

Comparatively, under uniform illumination, the intrinsic BP produced a photovoltage of 12.49 

microVolts. After being modified by 20W plasma under uniform illumination, the photovoltage 

increased to 64.50 microVolts. Furthermore, with the addition of plasma gradient modification and 

gradient illumination, the photovoltage reached 267.76 microVolts, which represents a 21.44 times 

increase. Similarly, the photocurrent rose from 0.48 microAmps to 15.69 microAmps, achieving a 

32.69 times enhancement. 

4. Conclusions 

In this study, we identified argon as the optimal plasma modification gas. The power setting 

providing the best surface modification for BP was found to be 20W. Additionally, by integrating 

plasma gradient modification and gradient illumination, we successfully fabricated flexible 

optoelectronic materials that demonstrated significantly higher photoresponse. 

Despite the advantageous properties of plasma-modified optoelectronic materials, such as 

enhanced flexibility compared to traditional rigid solid-state photodetectors, the increased surface 
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area and multiple dangling bonds can lead to a slight self-charging effect. It is conceivable that 

improving the conductivity during the modification process could accelerate the charge-discharge 

recovery time, thereby optimizing the characteristics of flexible optoelectronic materials. 

We believe that the enhanced extensibility, lightweight nature, and improved optoelectronic 

performance of these plasma-modified materials indicate their potential for diverse applications in 

solar cells and photodetection devices. 
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