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Abstract 

Graphene oxide is a two-dimensional substance that shares the same structure as graphene and can be produced using 

several methods. The difficulty for green technology lies in developing a cost-effective and efficient method to produce 

graphene and graphene oxide without relying on chemical processes. A highly sustainable technology involves the use 

of a laser diode, which is both cost-effective and environmentally friendly. This technique produces a material known as 

laser-induced graphene/graphene oxide (LIG/LIGO). From a commercial standpoint, the laser diode is typically 

purchased without an electronic stabilizer component. Nevertheless, laser stability is crucial for the production process 

of LIG/LIGO. The objective of our study is to examine the impact of laser current management on the production of 

graphene on a polyimide (PI) sheet utilizing a 450 nm diode laser. The laser controller we utilize is the National 

Instruments (NI) PXIe-1085 device. The optical power of the laser diode was measured between 0.21 and 0.79 W. After 

the laser current was stabilized, the power slightly shifted, ranging from 0.18 to 0.86 W. Both experiments were 

conducted with a current range of 0.3 to 1 A. Before regulation, the laser diode experiences current fluctuations in the 

range of around 0.01 to 0.03 A. The study findings highlight the significance of laser current management in 

manufacturing LIG/LIGO by ensuring a consistent and precise laser power output, hence minimizing flaws in the final 

product. However, the analysis reveals that graphene oxide is the predominant yield in this characterization. This fact 

is caused by the presence of a graphene layer not exposed to the surface during measurement. This approach provides 

several benefits, such as the capacity to produce graphene/GO in a targeted, non-chemical, and fast manner, as well as 

its potential for diverse applications.  
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INTRODUCTION 

Currently, lasers significantly impact various aspects of contemporary society, including 

medical, manufacturing, and electronics. Lasers play a crucial part in the manufacturing process of 

graphene, a carbon allotrope consisting of a single layer of carbon atoms arranged in a hexagonal 

shape [1]. Graphene has versatile applications in various industries, including energy, materials, 

and electronics, where it serves as a fundamental material for producing flexible sensors. Creating 

graphene using lasers is called laser-induced graphene (LIG) technology, which is simple and time-

efficient. Nevertheless, forming LIG often requires substantial laser power until the LIG structure 

experiences structural harm [2]. Diode lasers, which are a type of semiconductor lasers, are 

applicable in the LIG process. Laser diodes are commonly utilized in many application domains 

[3,4] due to their availability in multiple wavelengths, ease of procurement, cost-effectiveness, and 

relatively high-power output [5,6]. Laser diodes, despite their benefits, have a few drawbacks. 

These include an elliptical beam shape and sensitivity to ambient conditions that might impact the 

wavelength [7]. 

The issue of laser power instability remains a concern for diode lasers. The laser power is often 

derived from the conversion of current into laser power. However, the instability is primarily 

caused by external noise or changes in the current outside the laser. Various environmental 

conditions can influence the laser beam, leading to changes in its current. Instances such as the 

descent of dust particles into the path of the beam or the oscillation of mechanical components, 

alterations in temperature, and airflow can lead to oscillations that cause changes in the properties 

of the beam [8]. This problem could impede the use of a laser diode in various applications, 

including laser-induced graphene, laser writing, magnetometers, atomic clocks, spectroscopy, laser 

frequency standards, interferometry, and gravitational wave detection. These applications rely on 

a laser output that is consistent and stable [9–11]. The study conducted by Velasco et al. on the 

performance of LIG micro-supercapacitors demonstrates that laser power is the primary factor in 

the formation of LIG in thin layers. The laser power has an impact on both the laser fluence and the 

scanning speed [12]. A separate investigation conducted by Kulyk et al. demonstrated that the 

manipulation of laser power settings, laser scanning speed, and distance between the laser and the 

paper surface had a notable impact on the formation of LIG on paper substrates [2]. These two 

research experiments have conclusively demonstrated the efficacy of the LIG technique in 

producing graphene, thanks to the utilization of a highly stable CO2 laser. While some reports are 

available for LIG production using laser diodes, none of them discuss the stability of the laser used 

in their experiments [13–17]. The laser power instability may specifically cause a decrease in the 

resistance value, carbon atom percentage, and porosity level of the created LIG. Thus, laser stability 

has a crucial impact on controlling the properties of the resulting LIG [18]. 

In this work, we investigate the creation of LIG from a polyimide sheet using a low-cost 450nm 

diode laser. The focus of the study is on the stability of laser intensity during the formation process. 

Although LIG can typically be produced effortlessly using a high-powered CO2 laser, this study 

seeks to examine the feasibility of creating graphene using a 450nm diode laser with a regulated 

current. The reason for this is that graphene and polyimide have a strong tendency to absorb light 

in the near ultraviolet (UV) range. Therefore, using a laser with a wavelength between 405 nm and 

450 nm and an output power ranging from 15 to 1000 mW can effectively generate carbonization in 

the feedstock [15]. This study has the potential to provide a new method for producing LIG using 

a low-cost diode laser that is readily available in the market. 
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METHOD 

This study will undertake three stages of the measurement process. The first step involves 

assessing the relationship between the injection current of the 450 nm laser diode (GSR-B009) and 

the resulting optical power output of the laser. This characterization is done both before and after 

regulating the injection laser current. The laser diode has a maximum electrical current of 1.0 A. 

Using a power meter (Newport Model 843-R), the laser current was characterized by measuring the 

fluctuations in laser diode current from 0.3 to 1.0 A. This measurement was conducted for a 

duration of 30 seconds to monitor and ensure the stability of the laser output. The second step 

involves assessing the beam spot of the laser diode under both controlled and uncontrolled laser 

current settings. The fluctuation of the power laser during the procedure must be minimized. To 

ensure that the 450 nm laser diode is driven with consistent laser power, dependable current 

sources are necessary. A Source Measurement Module (SMU) from National Instrument is 

employed for this purpose (Figure 1 (a)). The PXIe-1085 PXI express chassis is the host of the SMU 

module PXI-4130, which can supply a stable and programmable current of up to 2A [19]. This 

second step involved exposing a 0.15mm thick polyimide sheet (PI) to the diode laser beam for a 

duration of 1 second while varying the laser current from 0.3 A to 1.0 A to form a LIG crater. The 

crater diameter was measured as a laser beam spot using a 1200X Microscope Digital Portable 7" 

LCD Video Microscope 12MP (Huiley). The final step is to write the PI sheet directly using a laser 

to produce a large area of LIG, as depicted in Figure 1 (a)-(b). The laser beam was focused using a 

10 cm focusing lens and directed perpendicular to the PI sheet, which had a size pattern of 5x5 mm, 

as shown in Figure 1 (b). A constant scanning speed of the micro-stage at 5 mm/s was used. The 

pitch distance (a) was established at 0.3 mm due to the absence of vacant space between the beam 

spots in the formed pattern at this distance, which leads to a more consistent LIG structure. The x-

y micro stage was developed to regulate the laser movement to achieve a uniform surface with 

micrometer precision in the X and Y axes [20]. This resulting pattern, which was previously 

designed, is illustrated in Figure 1 (c). The resulting LIGs were further examined using FESEM 

(JEOL JIB-4700F) and a Raman spectrometer (HORIBA HR550 modular) for morphological and 

material phase analysis. 

 

 
Figure 1. Experimental Setup of LIG Process on Polyimide Sheet: (a) Laser Controller System,  

(b) LIG Engraving on the PI Sheet, and (c) Pattern Design of LIG on PI Sheet 
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RESULTS AND DISCUSSION 

Characterization of 450 nm Laser Diode Current Toward the Output Power 

In order to generate LIG, it is imperative to maintain electrical current stability, as this 

parameter is associated with the laser diode's optical output power. Thus, the regulation of the 

electric current is a critical component in the attainment of laser stability. Figure 2 illustrates the 

optical power characteristics that are contingent upon electrical current. The blue curve in Figure 2 

indicates that the optical power laser was unstable, with a maximal optical power of less than 0.8 

W at 1 A. Optical power was measured using a laser power meter after the electrical current input 

was varied from 0.3 A to 1.0 A, and the stability test was conducted. Following the implementation 

of an additional stabilization system, the optical power was significantly stabilized, as evidenced 

by the linearity graph and the control value of 0.9 Watt/Ampere, as illustrated by the red curve in 

Figure 2. The laser power value is 0.18 W at a current of 0.3 A and 0.86 W at a current of 1.0 A, as 

indicated in this figure. Compared to the blue curve, the power value before being controlled is 

greater than after at a laser diode current of 0.3 A. 

Conversely, the laser diode power value is higher after being controlled at a laser diode current 

of 0.4 A to 1.0 A. This is because the laser diode current fluctuations can be effectively suppressed 

to a minimum level after being controlled, which leads to a laser power output that is significantly 

more consistent and stable. The laser's optimal performance can be achieved through the control of 

the laser diode current. It is also evident from this characterization that the results of laser current 

characterization in relation to laser power are consistent with the theory that the laser power value 

increases as the laser current increases. This implies that the laser current is directly proportional 

to the laser intensity. 

As control feedback, the SMU module has the capability to both set and receive the value of 

electrical current. The reading electrical current that induces fluctuations in the optical power laser 

precedes the stabilization. Typically, the laser current fluctuates between 0.01 and 0.02 A [21]. In 

most applications, the signal-to-noise ratio can be reduced by the high frequency of the laser output. 

For instance, before being regulated at 0.3 A, the laser current value fluctuated to 0.02 A. In addition, 

the laser current value of 1.0 A prior to control corresponds to the same laser current fluctuation of 

0.02 A, which is classified as system noise. Consequently, the signal-to-noise ratio calculation will 

consider the ratio of the laser's light output power to the magnitude of laser current fluctuations 

that result in an unstable laser power. 
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Figure 2. Laser Current Stability in Terms of Laser Output Power as A Function of The 

Input Current, Before (Red Circle) and After (Blue Square) Controlled 

 

Upon the implementation of the laser controller, the laser diode 450 nm maintained a 

consistent current value, as evidenced by the consistent beam point size. Unlike the circumstances 

prior to the regulation of laser diode current, the diameter of the beam point increases as the laser 

diode current increases. Additionally, the laser current will also fluctuate during the scanning 

process, influencing the pattern generated during the LIG manufacturing process if it is not 

regulated. A black crater is acquired from the laser diode shot directly at the polyimide, as 

illustrated in Figure 3. The crater dimension was examined using a digital microscope to ascertain 

its diameter, which can be considered as the laser beam spot. Figures 3 (a) and (b) illustrate the 

results of the spot diameter measurement prior to and subsequent to laser current control. 

 
(a) (b) 

Figure 3. The Beam Crater Diameter Versus Laser Power: a) Before and b) After Laser 

Current-Controlled 
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According to Figure 3, the correlation graph between the beam spot laser diameter and the 

laser diode power, the two variables are directly proportional or linear. It can be observed that the 

diameter of the beam point expands with the increase in power of the laser diode. Beam point laser 

diameter size is directly proportional to laser power in both scenarios. Figure 3 (a) illustrates the 

impact of laser power on the beam point diameter before regulating laser current. The presence of 

uncontrolled fluctuations in the laser diode current influences the degree of variation in the beam 

spot's diameter. The data distribution in Figure 3 (b) is more condensed and concentrated around 

the trend line, indicating a linear relationship between the laser diode power and the beam spot 

diameter of the laser diode that was irradiated onto the PI sheet. The comparison of the two graphs 

demonstrates that the controlled laser produces a superior beam point compared to the 

uncontrolled laser. In addition, this underscores the significance of regulating the laser current in 

laser experiments or applications in our research to produce LIG. Despite the fact that laser diodes 

are relatively efficient, low-cost, and do not require high-voltage operation, they exhibit poor 

stability [22]. 

The PI sheet undergoes a transformation from orange to black as the pattern design conforms 

to laser irradiation, as evidenced by the results of this experiment. The rectangular line used for 

pattern scanning is 0.5 × 0.5 cm. Using this pattern, it requires 1 minute and 52 seconds to produce 

a single sample. This experiment was conducted by altering the laser current from 0.4 to 1.0 A, 

which is equivalent to an optical laser power of 0.28 to 0.86 W. Based on the photographic evidence, 

the polyimide surface did not exhibit any color change at a laser power of 0.18 W (refer to Figure 4 

(a)). However, alterations began to appear at a laser power of 0.28 W (refer to Figure 4 (b)). 

Consequently, experiments were conducted at a laser intensity of 0.28 – 0.86 W, at which point the 

PI surface begins to be damaged at 0.66 W (Figure 4 (f)). The optical photograph of the PI sheet after 

irradiation by a 450 nm laser diode within a 0.5 × 0.5 cm pattern with a laser power range of 0.28 – 

0.86 W, following laser diode current control, is depicted in Figure 4 (a)-(h). 

 

 

Figure 4. Optical Photograph of the (a) PI with 20× Magnification(b) LIG Pattern on the PI Sheet 

Under Different Laser Powers After Laser Current Control at Laser Power 0.28 W (c) 0.37 W (d) 

0.48 W (e) 0.58 W (f) 0.66 W (g) 0.78 W (h) 0.86 W  with 30× Magnification. Scale Bar: 500µm 
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According to Figure 4, the likelihood of graphene forming on the polyimide sheet falls between 

the power levels of 0.37 W and 0.86 W. The incomplete combustion of the polyimide at a laser power 

of 0.28 W is evident from the orange color observed in the resulting pattern (Figure 4 (b)). The laser 

power of 0.28 W is insufficient to adequately convert polyimide into graphene due to its poor 

energy output. When a laser is directed at a polymer surface, it absorbs energy from the polymer, 

leading to its breakdown at the specific location where it is irradiated. Increasing the laser power 

leads to a faster combustion process on the PI sheet [7]. Figure 4 (f)-(h) reveals the presence of cracks 

in the LIG structure generated with laser power ranging from 0.66 to 0.86 W. This demonstrates 

that excessive laser power leads to the inability to generate LIG. Moreover, the lack of stability in 

the laser might also impact the composition of the resulting LIG. 

The fluctuation of the laser current in the LIG fabrication technique might lead to undesired 

fluctuations in the heating or scanning process of the PI sheet. It can result in unmanageable 

alterations in the structure and quality of the graphene generated. The attributes and qualities of 

LIG exhibit variability and present challenges in terms of precise measurement and accurate 

prediction. Consequently, the quality control of LIG production becomes more challenging and can 

potentially impact the performance or application of the LIG. Hence, it is crucial to uphold the 

stability of the laser current to guarantee the excellence and uniformity of the LIG output. 

 

Raman Characterization 

The Raman spectroscopy graph displays a Raman shift, representing the alteration in the 

wavelength of photons scattered by molecules within the sample [23]. The highest point of the 

spectrum on the Raman graph can be associated with the frequency vibration of the molecule, their 

precursor, or the terminal part of the molecule [24]. A more detailed analysis of the carbonaceous 

surface LIG on a polyimide sheet was carried out using Raman spectroscopy (HORIBA HR550) 

with an excitation wavelength of 532 nm. Figure 5 displays normal Raman spectra of the PI sheet 

and the resulting LIG at various laser powers. 

 
(a) (b) 

Figure 5. Raman Spectra of (a) Polyimide Sheet and (b) LIG 
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According to Figure 5 (a), the Raman spectroscopy graph of raw PI exhibits four distinct 

peaks at the following wavenumbers: 1125.76, 1389.86, 1609.6, and 1787.77 cm-1. A C-N-C chemical 

bond was established with transverse vibrations as its vibrational properties at a wavelength of 

1125.76 cm-1. Similarly, the spectrum at a frequency of 1389.86 cm-1 likewise exhibited C-N-C bonds 

and displayed axial vibrations' vibrational properties. In the 1609.6 cm-1 spectrum, vibrational 

characteristics are related to carboxylic acid ring vibrations. A C = O bond was created at a 

frequency of 1787.77 cm-1, with stretching as its vibrational characteristic. 

The Raman spectra of LIG or graphitized materials exhibit a distinct feature: the occurrence of 

symmetrical 2D peaks [2]. Figure 5 (b) displays the graph representing the D, G, and 2D peaks. The 

D peak signifies a defect or a bent sp2-carbon bond [25]. Peak G corresponds to the peak resulting 

from the vibrations of carbon-carbon bonds in the sp2-lattice [26]. It is the primary Raman band 

observed in all carbons that are sp2 hybridized [25]. By contrast, the 2D peak is caused by phonon 

vibrations in the second-order region [25]. The presence of many 2D peaks suggests the 

development of carbon with a graphitized structure, while the single peak in the Lorentzian 

spectrum shows the process of graphene formation [14]. The presence of 2D peaks is commonly 

employed as an indication of the accumulation of carbon atom layers in the graphene structure [7]. 

Graphene was created using laser irradiation, generating extremely high temperatures in the 

targeted region. This leads to the cleavage of C-O, C=O, and N-C bonds, resulting in carbon atoms' 

reorganization and a graphene structure [27]. Concurrently, the left carbon atoms will recombine 

and be emitted as gas. 

Figure 5 (b) displays Raman spectra of LIG obtained with various laser power. This figure 

shows that the LIG Raman spectra exhibit three distinct peaks: D, G, and 2D. The intensity and 

shape of the D, G, and 2D peaks in the Raman spectra of LIG indicate the presence of damaged 

layers. The D peak in graphite and high-quality graphene is frequently characterized by its 

comparatively low intensity [28]. When the intensity of the D peak is high, it indicates a significant 

presence of damage or flaws in the material. The strength of the D peak can determine the level of 

defects. Figure 5 (b) indicates that the D, G, and 2D peaks were located at a wavenumber of 1343.72, 

1599.80, and 2723.41 cm-1, respectively. The G peak differs from the D peak, indicating the number 

of graphene layers. Therefore, the G peak is very sensitive to the existing layers, so the G peak can 

be used as a reference for determining the thickness of the layer. The number of layers can be known 

by using equation (1): 

 

 𝜔𝐺 = 1581.6 +
11

1+𝑛1.6 (1) 

 

where ωG is the position of the G peak in wave numbers, and n is the number of layers [28]. Based 

on the equation, the value of n is 0.56, so the LIG obtained is multi-layered in this work. In addition, 

there was also the 2D peak present in the spectra, and it can be used to determine the thickness of 

the graphene layer [28]. The 2D peak has a much smaller intensity than the D and G peaks, 

indicating that graphene has not yet been formed in this case. Thus, this experiment obtained laser-

induced graphene oxide (LIGO), which is indicated by the low intensity of the 2D peak and the low 

I2D/IG value. The I2D/IG values obtained at laser power of 0.28, 0.37, 0.48, and 0.58 W were 0.116, 0.181, 

0.163, and 0.139, respectively. A higher I2D/IG ratio indicates an improved quality of graphene [11]. 

From here on, we stated LIGO rather than LIG for the structure generated on the PI sheet. 
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FE-SEM Characterization 

Figure 6 shows optical and FE-SEM images of LIGO fabricated after controlling the laser 

current. Figure 6 (a) shows a top-viewed optical image of a large area of LIG fabricated at a laser 

power of 0.58 W, and Figure 6 (b) is the corresponding FE-SEM image of the magnified area. In 

Figure 6 (b), the LIGO's surface morphology exhibits homogeneity with grooves created by linear 

laser scanning. The figure also reveals that the LIGO structure is relatively intact with few visible 

cracks. The lack of cracks indicates that the cracking is likely to be at a low level. This can be seen 

as a positive aspect, as the indication of a few cracks can be connected to the higher quality of the 

graphene. The presence of a few cracks can also be interpreted as a sign that the layer structure on 

the LIGO surface can support good mechanical stability. 

 

 
Figure 6. (a) Optical Photograph, and (b-d) FESEM Images of LIGO After Controlling the Laser 

Current. (b) Top-Viewed Area, (c) Edge Area (30 titled) and (d) Top Viewed Area at Higher 

Magnification of LIGO Surface 

 

Figure 6(c) is the tilted FESEM image of the LIG edge, the area where the laser scans twice. 

From this figure, we can predict the thickness of the LIGO, which is ~155 𝜇𝑚, as shown by the 

distance between yellow dashed lines. The area indicated by the red line in Figure 6 (c) was seen to 

be a rough, nonporous surface with high oxidation. This may result from two repetitions of LIGO 

pattern formation by the laser diode on the polyimide [29]. As shown in Figure 6 (d), LIGO has a 

foam-like porous structure, where the presence of porous is generated by gas that appears due to 

heteroatom recombination [30]. The porous structure of the LIGO provides significant benefits in 

electrochemical performance, as it can accelerate the diffusion of electrolytes into the electrode 

through an increase in accessible surface area [31]. LIGO has an irregular structure with empty 

spaces, showing various electrical properties [32]. LIGO produced from Polyimide sheets easily 
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forms porous structures due to the properties of polyimide, which contain a charge-transfer 

complex [33]. The many irregular pores in the microstructures indicate that graphene was not 

formed in this experiment, but graphene oxide was formed, called laser-induced graphene oxide 

(LIGO). 

This study demonstrates the significance of laser current regulation in maintaining laser 

stability across different applications, focusing on laser-induced graphene. Nevertheless, it is 

crucial to acknowledge the significant constraints associated with this study. While it has been 

demonstrated that regulating the current of the laser diode yields superior outcomes in the 

irradiation procedure, the investigation reveals that the approach generates graphene oxide instead 

of the anticipated graphene. This emphasizes the significance of comprehensively grasping the 

characteristics and mechanisms associated with LIG development in order to avoid unfavorable 

outcomes. This work also highlights the need for additional research to enhance the efficiency of 

the LIG creation process using a laser diode. By gaining a deeper understanding of the elements 

that impact the conversion of graphene to graphene oxide, future studies can enhance the present 

regulation of the laser diode to generate more refined and superior-quality graphene, which can be 

effectively employed for technological advancements in many applications. 
 

CONCLUSION 

This study examined the impact of stabilizing the current of a 450 nm laser diode on the 

production of laser-induced graphene (LIG) and laser-induced graphene oxide (LIGO). The 

experimental results demonstrate that the manipulation of laser current plays a crucial role in the 

production of LIG later on. In the absence of current regulation of the laser diode, the outcome is a 

defective and inconsistent LIG structure. Thus, it can be inferred that optimal performance of the 

laser diode in manufacturing LIG is achieved through precise control of the laser current. 

Nevertheless, the outcome of this study did not provide the anticipated graphene but rather 

graphene oxide, specifically referred to as laser-induced graphene oxide (LIGO). This study serves 

as a fundamental foundation for future investigations in advancing the development of more 

refined and regulated processes for forming LIG to enhance the purity and excellence of the 

resulting graphene. Further investigation has the potential to yield substantial breakthroughs in the 

utilization of graphene and graphene oxide across various domains of technology and science. This 

approach provides several benefits, such as the capability to produce graphene in a targeted, non-

chemical, and fast manner and its potential for diverse applications. 
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