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Figure S1. Reflectance spectra of paper-derived LIG with various lasing conditions 

recorded using spectrophotometer in L, a, and b values. The topmost panel represents 

the assigned color of the red-green-blue (RGB) system converted from the lightness-
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chromaticity coordinate (LAB) system. In the LAB color system, +a, −a, +b, and –b 

represent red, green, yellow, and blue axis, respectively.
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Figure S2. (a-l) Top view SEM images of paper-derived LIG with (a-c) 2, (d-f) 4, (g-i) 6, 

and (j-l) 8 lasing scans at 1.5 W. The SEM images are recorded at (a,d,g,j) 500, (b,e,h,k) 

100, and (c,f,i,l) 50 magnifications.
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Figure S3. (a-d) Cross-sectional SEM images of paper-derived LIG with (a) 2, (b) 4, (c) 

6, and (d) 8 lasing scans at 1.5 W. The scale bar represents 150 μm.
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Figure S4. (a,b) Statistical analysis of Raman spectra for D/G and 2D/G peak ratios (top), 

G/D peak ratio and La (middle), and FWHM of D, G, and 2D bands (bottom) as function 

of (a) number of lasing scans and (b) lasing power.

To quantitatively compare the graphitization degree of paper-derived LIG, the Raman 

peak ratios of D and G (D/G = ID/IG−1) and 2D and G (2D/G = I2D/IG−1) were estimated to 

determine the degree of defects and the number of graphene layers, respectively.1–4 For 

the lasing power of 1.5 W, the D/G and 2D/G ratios of LIG gradually increased from 0.94 

to 1.09 and 0.37 to 0.81, respectively, with multiple lasing scans (top panel of Figure S4a). 
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However, the LIG with 8 lasing scans showed slightly lower 2D/G ratio of 0.71 due to the 

excessive energy absorption leading to the deteriorated LIG structure.5 The estimated 

D/G and 2D/G ratios imply that the LIG contains more defects and number of graphene 

layers in the structure with multiple lasing scans. In contrast, with higher lasing power, the 

D/G ratio decreased from 0.94 to 0.86 and 1.03 to 0.88 for 2 and 4 lasing scans, 

respectively, whereas the 2D/G ratio increased from 0.37 to 0.93 and 0.76 to 0.84 for 2 

and 4 lasing scans, respectively (top panel of Figure S4b). The results indicate that a 

higher lasing power leads to a higher graphitization degree of LIG while more graphene 

layers are obtained.

Raman spectroscopy is a powerful analysis technique to obtain the average grain size 

of graphene along the a-axis (La) by estimating the G and D peak ratio (G/D= IG/ID−1) with 

the following equation:6

, (1)𝐿𝑎 = (2.4 × 10 ―10) × 𝜆4
𝑙 × (

𝐼𝐺

𝐼𝐷
)

where λl is the wavelength of the Raman spectroscopy (= 512 nm). The estimated La 

decreased from 17.43 to 15.18 nm with multiple lasing scans (middle panel of Figure 
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S4a). On the other hand, a higher lasing power leads to a larger La up to 19.12 and 18.69 

nm for 2 and 4 lasing scans, respectively, and is attributed to the partial oxidation of LIG 

in the air (middle panel of Figure S4b).2 The full width at half maximum (FWHM) of D, G, 

and 2D bands remarkably decreased with multiple lasing scans and higher lasing power, 

indicating that LIG experienced a good graphitization reaction (bottom panel of Figure 

S4). All estimated parameters are summarized in Table S1. When the parameters were 

compared, the graphitization degree of paper-derived LIG was comparable to LIG 

produced on polymer substrates (Table S2).
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Table S1. Statistical analysis of Raman spectra of LIG with various lasing conditions.

FWHM [cm−1]Lasing

scan

Lasing

power [W]
D/G 2D/G

La

[nm]

Rsh

[Ω·sq−1] 2D G D

2 0.94 0.37 17.43 9140 N.A
152.6
0

215.7
9

4 1.03 0.76 15.99 178
151.0
7

90.80 75.94

6 1.05 0.81 15.65 183
108.0
3

69.38 61.20

8

1.5

1.09 0.71 15.18 168
114.1
4

67.37 64.38

2 0.88 0.86 18.73 1080
429.7
8

108.1
2

117.9
7

4

1.8

0.99 0.79 16.59 177
112.9
5

75.42 63.25

2 0.86 0.93 19.12 866
432.0
9

115.3
9

131.6
1

4

2.1

0.88 0.84 18.69 83
121.5
5

78.51 70.62
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Table S2. Comparison of Raman spectra with previously reported works.

Ref. Author Substrate D/G 2D/G
La

[nm]

Rsh

[Ω·sq−1]
2D G D

7 Matteo 
Parmeggiani

PDMS, PI 0.72 0.61* 23.27 80 – –
–

8 Yieu Chyan PEI

Coconut

Potato

Paper

0.2

0.52*

0.66*

1.05*

0.65

0.75*

0.7*

0.47*

83.76
*

32.22
*

25.38
*

15.95
*

15

–

–

–

–

–

–

–

35

–

–

–

–

–

–

–

2 Jian Lin PI 0.44 0.88* 40 15 60 – –

9 Michael G. 
Stanford

PI

Cork

0.79*

0.54*

0.79*

0.58*

– 40

115

– –
–

10 Duy Xuan Luong PI – – – 20 – – –

11 Yieu Chyan Paper 1 0.52* 16* 40 – – –

12 Yilun Li PI 0.6-
0.8

0.6-
0.7

20.94
-
27.92

– – –
–

13 Fangcheng Wang GO/Urea 0.66 1.46 58.38 – 61.44 37.85 78.91

5 Chenguang Zhu PEEK 0.75 – 51.4 – – – –

14 Macro R. Bobinger PI – – – 250 – – –

UseThis work Pap
er

Best

1.05

0.88

0.81

0.84

15.65

18.69

183

83

108.0
3

121.5

69.38

78.51

61.20

70.62
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5

PDMS: polydimethylsiloxane; PI: polyimide; PEI: poly(ether imide); GO: graphene 
oxide; PEEK: polyether ether ketone

*This notation indicates that the value is not provided in the paper, but roughly estimated 
from the figure.
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Figure S5. Deconvolution of XPS C1 s for LIG with (a) 2, (b) 4, (c) 6, and (d) 8 lasing 

scans.
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Figure S6. (a,b) XPS spectra of (a) O 1s and (b) N 1s for LIG with various number of 

lasing scans.
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Figure S7. SEM/EDS images of C, O and N with 2, 4, 6, and 8 lasing scans. The scale 

bar represents 50 μm.
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Figure S8. SEM/EDS analysis to identify the atom concentration of C (top), O (middle), 

and N (bottom).
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Figure S9. Minimum feature size of LIG line prepared at 1.5 W with 8 lasing scans.
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Figure S10. Linearity of RLIG having 5 mm and 500 μm of length and width, respectively, 

as function of voltage bias.
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Figure S11. (a,b) RLIG with 2 and 8 lasing scans as function of (a) f and (b) VLevel.
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Figure S12. (a,b) Resistance of LIG-capacitor in logarithm scale with various (a) LC and 

(b) WC as function of f. The insets show the resistance of LIG-capacitor in linear scale.
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Figure S13. CLIG in linear scale with various voltage level as function of frequency. The 

inset represents the CLIG in logarithm scale.



S21

Figure S14. (a) Photograph image of LIG-capacitor with air dielectric. (b) Capacitance of 

LIG-capacitor with paper and air dielectrics.
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Figure S15. (a-c) Photograph images of LIG-capacitors with air dielectric having LC of (a) 

56.4 mm, (b) 87.6 mm, (c) 119 mm. (d) Capacitance of LIG-capacitors as function of 

frequency.
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Figure S16. (a-c) Output signals of RC circuits with input signals of square (left column) 

and sinusoidal (right column) waveforms at (a) 20 Hz, (b) 200 Hz, and (c) 20 kHz. The 

black line represents the input signal and the blue and red lines represent the output 

signals of RC circuit A and B, respectively.
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