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ABSTRACT OF THE THESIS 

 

Optical Control of Hierarchical Graphene Systems in Ultraviolet to Mid-infrared Region through 
Varying Surface Profiles and Nanoparticle Coatings 

by 

Yi Tuan 

Master of Science in Chemical and Biomolecular Engineering 

University of California, Irvine, 2021 

Professor Vasan Venugopalan, Chair 

 

 

Fundamental understanding of crumpled graphene and its optical properties are currently 

lacking. This paper addresses the gap in current literature by characterizing two hierarchical 

graphene systems: biaxially-strained randomly crumpled graphene (BRCG) and gold particle-

coated periodically crumpled graphene (GP-coated PCG), through rigorous coupled-wave analysis 

(RCWA) and finite-difference time-domain (FDTD) computations. In BRCG, the structure is 

primarily characterized by its correlation length (ξ) and root-mean-square amplitude (α), which 

are taken as the average value over the entire simulation space, as well as the film thickness (δ). 

In GP-coated PCG, the periodic crumple structure is characterized by its amplitude (A) and pitch 

(P) as well as the radius (r) and separation (λ) of gold particles. The results show by decreasing the 

ξ of BRCG from 1.5 to 0.25 μm, the spectral average absorbance in the ultraviolet to near-infrared 

(0.2–2 μm) region increased from 0.44 to 0.75 while reflectivity was lowered from 0.52 to 0.19. 

Increasing α from 0.25 and 1.5 μm, the spectral average absorbance increased from 0.38 and 0.75 

while reflectivity was lowered from 0.59 to 0.19. The rise in absorbance observed with decreasing 

ξ and increasing α is attributed to the resulting geometrically induced enhancement in internal 
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scattering between and within adjacent crumples. The simultaneous reduction in reflectivity is due 

to the amplification of interference effects and the lowering of specular reflection as surface 

roughness is increased. By decreasing δ from 3.5 to 0.35 nm, average absorbance was lowered 

from 0.45 to 0.31 due to a shorter optical length which diminishes internal scattering. Average 

reflectivity also increased from 0.51 to 0.66 and is driven by the reduction in absorbance. In GP-

coated PCG, decreasing the P from 1 to 0.14 μm led to an increase in average solar absorbance 

(Asolar) in the UV-NIR (0.05–1 μm) region from near-zero to 0.14 due to the associated 

enhancement in electric field confinement and plasmonic resonance. Concurrently, the average 

solar transmittance (Tsolar) in the same region decreased from 0.74 to 0.55 due to the reduced 

exposure of underlying transmissive graphene while the average solar reflectivity (Rsolar) is 

marginally improved from near-zero to 0.05 due to the diminished separation between reflective 

gold particles. The same mechanisms are applied to explain the changes in optical properties with 

varying A. Decreasing A from 0.2 to 0.025 μm. Asolar increased from 0.07 to 0.14, Tsolar decreased 

from 0.67 to 0.55, and Rsolar was again marginally improved from near-zero to 0.05. In the mid-

infrared (MIR, 1–20 μm), all optical signals were shifted along the wavelength axis due to Bragg 

diffraction without notable changes in their magnitude. Enlarging r from roughly 4.2 to 67 nm 

increased Asolar from near-zero to 0.15 due to the enhanced presence of gold particles which 

contribute to electric field (E-field) confinement and plasmonic resonance effects. The enlarged 

extinction cross-section of gold particles with increasing r also contributes to the rise in 

absorbance. Rsolar also increased from near-zero to 0.09 and Tsolar dropped from 0.74 to 0.49 due to 

the increased cross-section of gold particles and decreased exposure of underlying graphene, 

respectively. Changing λ from 0.2 to 0.05 μm, Asolar increased from 0.01 to 0.06 due to the 

enhancement in E-field confinement enabled by the closer proximity of gold particles. This was 
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accompanied by a reduction in Tsolar from 0.73 to 0.67 and a marginal improvement in Rsolar from 

near-zero to 0.01, attributed to the same mechanism discussed above. Marginal changes with 

varying particle radius and separation were observed in the MIR. Thermal analysis further 

demonstrates enhanced radiative heating and cooling through precisely controlling the structures’ 

solar absorptivity and infrared emissivity. This paper presents two approaches to creating 

hierarchical graphene systems through varying either the surface geometry of BRCG or 

nanoparticle dimensions of GP-coated PCG, and subsequently tune their optical properties from 

the UV-NIR to MIR region to enable more effective thermal radiation control. 
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INTRODUCTION 

Graphene and graphene-based composites have garnered much attention over the past 

decade. In addition to its well-known mechanical properties which establish graphene as one of 

the strongest and lightest materials ever discovered, it also possesses superb chemical, electrical, 

and thermal properties which provide it with unprecedented multifunctionality[27]. In particular, 

the incorporation of surface patterning, multilayer stacking, and hierarchical structuring of 

graphene to control its many properties is the focus of current research. Most recently, colleagues 

have demonstrated that the emissivity of graphene sheets in the ultraviolet (UV) and mid-infrared 

(MIR) region can be controlled through uniaxial mechanical crumpling. It was observed that 

crumpled graphene with a small (140 nm) and large pitch (10 μm) can enable emissivity control 

in the UV and MIR region, respectively, through variations in optical interference[14] and 

plasmonic resonances[11]. In similar papers, it was shown that the controlled crumpling of large-

area graphene and graphene oxide (GO) gave rise to unique properties such as 

superhydrophobicity, tunable wettability and transmittance, and superior electrochemical activity 

through the introduction of hierarchical structures[5][8][21][34][39][43]. Crumpled graphene paper has 

further found uses as supercapacitors, owing to its excellent electrochemical properties, which 

were attributed to its nanoporous structure and the electrolytes contained within[36][42]. In addition, 

graphene-based anodes have become a viable replacement for conventional anodes in Lithium-ion 

batteries, combining flexibility with outstanding specific capacity, Coulombic efficiency, and 

cyclic stability[24][41]. Furthermore, hierarchical graphene architectures (HGAs) which rely on 

layer-stacking as well as self-assembly of patterned graphene were shown to have tailorable 

electrical transport and photovoltaic properties due to the induced changes in electron 

interaction[4][16][23][44]. More advanced systems which harness the diverse correlations of graphene 

and the effect of hierarchy have found prevalent applications across a myriad of research fields. 
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Hierarchically structured porous materials have been widely discussed in the energy and 

biomedical sectors. Such designs take advantage of graphene’s high specific surface area and 

porosity to enable facile transport of particles, rendering them highly effective in absorption and 

separation, catalysis, and sensing applications as well as for energy conversion and 

storage[10][31][32][38]. Hierarchically wrinkled graphene has been incorporated in artificial actuators 

and sensors for its high conductivity and flexibility[26]. Reduced crumpled graphene oxides have 

been embedded within hierarchical networks of carbon nanotubes to promote efficient surface 

redox reactions for rapid energy storage[15] as well as significantly enhance electrical and optical 

properties for the development of transparent conductors[3][9][16][22][28][30][35][40][44]. Hierarchical 

nanostructured polymeric composites which leverage the synergistic effect between graphene 

oxide and select polymers have shown higher melting and crystallization temperatures as well as 

improved dielectric properties[20][25][37] and sensing performance[7]. Despite significant progress in 

the development of advanced graphene-based systems, current literature lacks a comprehensive 

review of the optical properties of periodically and hierarchically crumpled graphene. Existing 

work which discusses tunable optical properties in graphene does so within a narrow wavelength 

range and provides limited analysis on the effect of variation in fundamental 

properties[3][4][8][9][11][14][16][21][22][28][30][34][35][36][39] [40][44]. 

While the effect of wrinkling and crumpling of graphene has been extensively studied over 

the years, emphasis was mainly placed on the investigation of changes to its electronic structure 

and related electrochemical properties[2]. Studies which do examine the impact of crumpling on 

optical properties of graphene and the underlying mechanisms are scarce, while an abundance of 

published work can be found which discusses other materials[6]. In indium-tin-oxide thin films, 

biaxial crumpling led to a reduction in transmittance due to enhanced diffuse refraction[29]. In plain 
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PDMS films, uniaxial stretching led to a reduction in transmittance attributed to the increase in 

scattering loss caused by the formation of cracks at the surface[19]. In 2D inorganic compounds 

known as MXenes, hierarchical crumpling greatly improved light absorption due to the promotion 

of multiple internal reflection[17]. In general, a more crumpled surface leads to lower reflectance 

and higher absorbance due to the enhancement in diffuse reflection at the surface and promotion 

of internal reflection between adjacent peaks, respectively[33]. Destructive interference also 

contributes to the reduction in reflection loss, which becomes more significant with increased 

crumpling due to the creation of additional interfaces. The same crumpling can further improve 

either transmission or absorption by directing additional light into the sample. The role of surface 

roughness is thus implied. In discussing graphene, much attention was and continues to be given 

to exploring the effect of crumpling on surface plasmonic phenomenon. Increasing the crumple 

height in graphene resonators led to larger cavities between adjacent peaks which allow efficient 

trapping of photons and thus enhanced absorption at resonance wavelengths[13]. Incorporating 

surface particles to hierarchical ZnO nanostructures has shown to further enhance optical 

absorption due to localized surface plasmon resonance effect[1]. The integration of gold 

nanoparticles in 3D crumpled graphene has demonstrated enhanced emission for high-sensitivity 

spectroscopy through plasmonic field confinement[17]. Plasmonic resonance and the associated 

absorption peaks can also be tuned through nanoscale crumpling of graphene[11]. While the above 

mechanisms pertaining to graphene are well-studied, the rudimentary relationship between 

geometric parameters and optical properties has not been thoroughly presented. This paper will 

provide a fundamental analysis on the effect of characteristic parameters, including pitch, 

amplitude, thickness, and particle size as well as distribution on the optical properties of either 

hierarchically crumpled graphene or gold particle-coated biaxially-crumpled graphene. Key 
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mechanisms which drive changes in optical properties will be identified and discussed to provide 

a comprehensive understanding of basic graphene-based designs which is currently lacking. 

In this work, a thorough analysis of two structures: biaxially-strained randomly crumpled 

graphene and gold particle-coated periodically crumpled graphene, will be presented. The effect 

of characteristic parameters, including pitch, amplitude, number of layers, and particle size and 

distribution, on reflectivity, transmittance, and absorbance will be discussed. The results from the 

UV to NIR region (0.2–2 μm) will be presented for biaxially-strained randomly crumpled graphene 

and from the UV to MIR region (0.05–20 μm) for gold particle-coated periodically crumpled 

graphene. Furthermore, to identify potential thermal management applications, temperature 

predictions will be performed and discussed in the context of changes in optical properties. 
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CHAPTER 1 

BIAXIALLY-STRAINED RANDOMLY CRUMPLED GRAPHENE 

1.1 Sample Geometry and Computational Methods 

The first structure investigated is the biaxially-strained randomly crumpled graphene (Fig. 

1a). To simulate this structure, the “rough surface” object in FDTD was used (Fig. 1b), which is 

primarily characterized by two parameters: root-mean-square amplitude (α) and correlation length 

(ξ), which roughly corresponds to amplitude and pitch, respectively, in periodic systems. As such, 

α and ξ are taken as the average of the amplitude and pitch of all individual crumples within the 

simulated region. The investigated structure consists of five-layer graphene with a thickness of 

1.75 nm on top of a semi-infinite copper substrate with a thickness of 1 μm. A 2 x 2 μm unit cell 

was simulated with a vertically injected plane wave source along the vertical axis. Periodic 

boundary conditions were imposed in both x- and y-direction, while a perfectly matched layer 

(PML) was applied in the vertical z-axis. As an initial estimate, α and ξ were both set to 0.25 μm. 

In the following section, the effect of varying α and ξ from 0.25 to 1.50 μm will be determined. 

Afterwards, thickness will also be varied between 0.35 and 3.5 nm, corresponding to mono- and 

ten-layer graphene, respectively. 

Figure 1: (a, left) Schematic and (b, right) simulation object in FDTD of biaxially-strained randomly crumpled 
graphene. The simulated system consists of 5-layer graphene with a thickness of 1.75 nm on a 1 μm thick semi-infinite 
copper substrate. A 2x2 μm unit cell was simulated with a vertically injected plane wave source. Periodic boundary 
conditions were imposed in horizontal plane, while a perfectly matched layer (PML) was applied in the vertical 
direction. The correlation length (ξ) and RMS amplitude (α) are both set to 0.25 μm for the default case. 
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1.2 Optical Properties 

1.2.1 Variation in Correlation Length (ξ) and Root-Mean-Square Amplitude (α) 

The spectral average absorbance of biaxially-strained randomly crumpled graphene as a 

function of aspect ratio (AR = α/ξ) for three different fixed correlation lengths (ξ = 0.25, 0.75, 1.50 

µm) is plotted in Figure 2. The RMS amplitude (α) was varied between 0.25, 0.75 and 1.50 µm to 

incur the changes in AR. Figure 2a indicates a clear logarithmic-like growth in absorbance with 

increasing aspect ratio. Minimizing ξ from 1.50 to 0.25 μm and maximizing α from 0.25 to 1.5 μm 

led to the most significant rise in spectral average absorbance from 0.18 to its highest value of 

0.75. The increase in absorbance with larger aspect ratios can be attributed to the resulting 

enhancement in internal scattering between adjacent peaks. The contour plot in Figure 2b 

illustrates the impact of α and ξ on absorbance. The bright yellow spot in the upper left corner 

corresponds to the highest average absorbance and is associated with optimal heating, while the 

dark blue region near the bottom right corner indicates the minimization of absorbance to achieve 

optimal cooling. 

Figure 2: (a) Spectral average absorbance of biaxially-strained randomly crumpled graphene as a function of aspect 
ratio for three different fixed correlation lengths (ξ = 0.25, 0.75, 1.50 µm) obtained through FDTD simulations. The 
various points of the same color correspond to changing RMS amplitudes (α = 0.25, 0.75, 1.50 µm). A clear 
logarithmic-like growth in absorbance with increasing aspect ratio is observed. Minimizing ξ from 1.50 to 0.25 μm 
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and maximizing α from 0.25 to 1.5 μm led to the most significant rise in spectral average absorbance from 0.18 to its 
highest value of 0.75. (b) Contour plot showing the dependence of absorbance on α and ξ. The 9 solutions shown in 
part (a) are obtained through FDTD simulations and used along with interpolation by MATLAB to generate the 
intermediate datapoints. The bright yellow region in the top left corner indicates the maximization of solar absorbance 
to above 0.7 for optimal heating. In contrast, the dark blue region near the bottom right corner suggests the 
minimization of solar absorbance to near 0.2 if optimal cooling is desired. 

The effect of varying α and ξ on reflectivity, transmittance, and absorbance are shown in 

more details in Supplementary. Average reflectivity was reduced from 0.78 to 0.19 with increasing 

α and decreasing ξ. The reduction in reflectivity with increasing α and decreasing ξ is attributed to 

the enhancement in surface roughness and thus diffuse reflection. A marginal decrease in 

transmittance was observed with lower α for all ξ cases, mainly between 0.2 and 0.25 μm. This 

may be due to the increase in incident angle which directs additional photons into the sample. With 

decreasing α and increasing ξ, one observes a minor decrease in transmittance between 0.2 and 

0.25 μm. Beyond 0.25 μm, transmittance drops to zero when ξ exceeds 0.75 μm (Fig. S1). 

1.2.2 Variation in Thickness (δ) 

For the previous analysis, the thickness (δ) of the samples was kept at 1.75 nm, 

corresponding to five layers of graphene. Here δ was varied between 0.35, 1.05, 1.75, and 3.5 nm, 

equivalent to mono-, three-, five- and ten-layer graphene, respectively. A general increase in 

absorbance across the entire spectrum, most significantly between 0.5 and 2 μm, was observed in 

Figure 3a. The enhanced absorbance as well as reduced reflectivity are attributed to the increase 

in scattering events which occur with larger thicknesses. It can also be seen that the absorbance 

peaks in the visible range between 0.2 and 0.5 μm remain significant regardless of how many 

layers are present. Due to the opaque and semi-infinite copper substrate, transmittance is negligible 

and thus the increase in absorbance is exactly mirrored by a decrease in reflectivity. Figure 3b 

plots the spectral average absorbance and reflectivity as a function of thickness. A nearly linear 

increase (decrease) in absorbance (reflectivity) can be clearly observed. It can be summarized that 
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by enlarging δ from 0.35 to 35 nm, the average absorbance increased from 0.31 to 0.45 while 

reflectivity decreased from 0.66 to 0.51. 

Figure 3: (a) Reflectivity and absorbance of biaxially-strained randomly crumpled graphene in the near-infrared region 
with varying thickness (δ = 0.35, 1.05, 1.75, 3.5 nm) obtained through FDTD simulations. (b) Spectral average values 
of the reflectivity and absorbance solutions shown in (a) as a function of thickness. Both the correlation length and 
RMS amplitude was set to their default value of 0.25 µm. By enlarging δ from 0.35 to 35 nm, the average absorbance 
increased from 0.31 to 0.45 while reflectivity decreased from 0.66 to 0.51. An increase in absorbance was observed 
in thicker samples due to the increase in optical path length and thus photon scattering, which also reduces reflectivity. 
Transmittance data was not shown since it is negligible due to the opaque and semi-infinite copper substrate. A nearly 
linear increase (decrease) in absorbance (reflectivity) can be clearly observed in (b). 
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CHAPTER 2 

GOLD PARTICLE-COATED PERIODICALLY CRUMPLED GRAPHENE 

2.1 Sample Geometry and Computational Methods 

The second structure is gold particle-coated periodically crumpled graphene and was 

generated in FDTD with four primary parameters: pitch (P), amplitude (A), particle radius (r), and 

particle separation distance (λ). The last parameter refers to the distance in the x- and y-direction 

of the horizontal plane between adjacent gold particles. The unit cell consists of five gold particles 

each with radius r evenly distributed along the x direction of crumpled 10-layer graphene with a 

thickness of 3.5 nm and specified aspect ratio A/P. For the analysis of λ, the number of gold 

particles was changed accordingly between three and nine. The simulation conditions remain 

mostly identical between simulations except for the unit cell dimension. The x span of the unit cell 

was set equal to P while the y span was set to P/4 in order to ensure proper crumpling periodicity. 

The radius (r) of the gold particles was initially set to 16.75 nm (R). The schematic as well as the 

simulation object in FDTD for this structure are shown in Figure 4. The values for P, A, r, and λ 

were varied and the effect on optical and thermal properties determined. P was varied from 0.14 

to 1 μm, which essentially simulates a flat geometry; A was changed from 0.025 to 0.2 μm; r was 

changed from a R/4 to 4R, or from 4.1875 to 67 nm; and λ was varied from 0.1 to 0.4 μm. The 

results in the ultraviolet to near-infrared region (UV-NIR, 0.05–1 μm) will be presented first 

followed by those in the mid-infrared region (MIR, 1–20 μm ).  
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Figure 4: (a, left) Schematic and (b, right) simulation object in FDTD of gold particle-coated periodically crumpled 
graphene. The default pitch (P) was 0.2 μm, amplitude (A) was 0.2 μm, particle radius (r) was 16.75 nm, and particle 
separation (λ) was 0.1 μm. The unit cell consists of five gold particles each with radius r evenly distributed along the 
x direction of crumpled 10-layer graphene with a thickness of 3.5 nm and specified aspect ratio A/P. Periodic boundary 
conditions were applied in both the x- and y-direction while a perfecting matching layer was applied in the vertical 
(z) direction. A vertically injected plane wave source was used. The x and y span of the unit cell was set to P and P/4 
to cover one full period of the simulation object and ensure proper crumpling periodicity. 

2.2 Sample Geometry and Computational Methods 

2.2.1 Variation in Amplitude (A) and Pitch (P) 

The spectral average UV-NIR (0.05–1 μm) absorbance of gold particle-coated periodically 

crumpled graphene as a function of aspect ratio (AR = A/P) for six different fixed pitch dimensions 

(P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) is plotted in Figure 5. The amplitude (A) was varied between 

0.025, 0.05, 0.1, and 0.2 μm to incur a change in AR for a given P. The effect of changing A and 

P on the sample structure is shown in Figure 5a. The individual curves in Figure 5b reveal a clear 

increase in absorbance with decreasing amplitude, or a smaller AR, which is attributed to the closer 

proximity of gold particles and the resulting enhancement in electric field confinement. The same 

mechanism can explain the increase in absorbance with decreasing pitch, which can be readily 

observed by comparing the different curves of Figure 5b. By decreasing A from 0.2 to 0.025 μm 

and P from 1 to 0.14 μm, average absorbance was increased from near-zero to a maximum of 0.14 

in the UV-NIR region due to the closer proximity of gold particles and the resulting enhancement 

in electric field confinement. Simultaneously, average transmittance is reduced from 0.74 to 0.55 

due to the diminished exposure of underlying transmissive graphene (Fig. S8a). Average 

reflectivity is marginally improved by 0.05 as the gold particles move closer to each other (Fig. 
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S8b). It can be noted that the change in absorbance is more significant with smaller pitch values 

due to the larger change in aspect ratio when the amplitude is varied (Fig. S4). For a pitch of 0.14 

μm, the spectral average absorbance increased by 0.074, compared to only 0.0013 for a pitch of 1 

μm, when A decreased from 0.2 to 0.025 μm (Fig. 5b). Similar behavior is observed in reflectivity 

and transmittance (Fig. S2,S3). Looking instead at the effect of varying pitch with a fixed 

amplitude, its effect on absorbance becomes less significant at larger amplitudes, as demonstrated 

by the logarithmic-like curves of Figure 5b and S4. For an amplitude of 0.025 μm, the spectral 

average absorbance increased by 0.136, compared to only 0.064 for an amplitude of 0.2  μm, when 

P was decreased from 1 to 0.14 μm (Fig. S7). The same occurs for reflectivity and transmittance 

(Fig. S5,S6). This indicates the limitation of controlling reflectivity, transmittance, and absorbance 

through amplitude alone. The above observations regarding the changing significance of variation 

in pitch and amplitude suggest that to effectively tune the optical properties of gold particle-coated 

periodically crumpled graphene, both P and A need to be considered. The contour plot shown in 

Figure 5c provides a better visualization of the effect of A and P on absorbance. A bright yellow 

spot appears in the lower left corner which corresponds to the highest average absorbance of 0.14 

and demonstrates the optimal design for radiative heating, while the dark blue region on the far 

right indicates the minimization of absorbance for optimal cooling. 
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Figure 5: (a-c) Effect of changing amplitude (A) and pitch (P) on the structure and absorbance in the ultraviolet-near-
infrared (UV-NIR, 0.05–1 μm) region of gold particle-coated periodically crumpled graphene. (b) Spectral average 
absorbance of the sample in UV-NIR region as a function of aspect ratio for six different fixed pitch values (P = 0.14, 
0.2, 0.4, 0.6, 0.8, 1 µm). The various points of the same color correspond to changing amplitudes (A = 0.025, 0.05, 
0.1, 0.2 µm). With decreasing A and P, average absorbance was increased from near-zero to a maximum of 0.14 due 
to the closer proximity of gold particles and the resulting enhancement in electric field confinement. Simultaneously, 
average transmittance is reduced by 0.19 (Fig. S3) and average reflectivity is marginally improved by 0.05 (Fig. S2). 
(c) Contour plot showing the dependence of absorbance on amplitude and pitch. The 24 solutions shown in (a) are 
obtained through FDTD simulations and used along with interpolation by MATLAB to generate the intermediate 
datapoints. A bright yellow spot appears in the lower left corner which corresponds to the highest average absorbance 
of 0.14 and demonstrates the optimal design for radiative heating, while the dark blue region on the far right indicates 
the minimization of absorbance for optimal cooling. 

 

 

 

 

 

 

 

Figure 6: (a-b) Reflectivity, transmittance, and absorbance of gold particle-coated periodically crumpled graphene in 
the mid-infrared (MIR) region with varying pitch (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 µm) and amplitude (A = 0.025, 0.05, 
0.1, 0.2 µm) obtained through FDTD simulations. (a) Increasing P led to a notable shift in all optical signals towards 
higher wavelengths due to the increase in apparent distance between gold particles, which is consistent with Bragg’s 
Law. (b) Similarly, increasing A led to a shift in optical peaks towards lower wavelengths due to the decrease in 
apparent distance between gold particles. Varying either P or A led to mostly negligible changes in the magnitude of 
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optical signals, although decreasing A to 0.025 µm led to a considerable increase in reflectivity to nearly 0.5 between 
2 and 4 µm. These results are significant as they demonstrate tunability of optical properties in the MIR region. 

In the MIR region, all signals: reflectivity, transmittance, and absorbance (Fig. 6), are 

redshifted with larger P values. This is consistent with Bragg's Law, which states that the 

wavelength of scattered light is proportional to the apparent distance between particles. Thus, by 

increasing P, the apparent distance between gold particles becomes larger, resulting in a shift in 

optical signals towards longer wavelengths. Similarly, all signals below 5 μm are blueshifted with 

increasing A. As the amplitude increases, the apparent distance between the surface gold particles 

decreases and so does the resultant wavelength. No discernable trends were observed above 7 μm. 

Varying either P or A led to mostly negligible changes in the magnitude of optical signals, although 

decreasing A to 0.025 µm led to a considerable increase in reflectivity to nearly 0.5 between 2 and 

4 µm (Fig. 6b). The shift in signals is significant since it demonstrates tunability of optical 

properties in the MIR region which could be leveraged to design more efficient selective emitters 

and other wavelength-specific devices.  

2.2.2 Variation in Particle Radius (r) 

The effect of particle radius in the UV to NIR region is presented in Figure 7. Two different 

pitch values were considered: 0.4 and 1 μm. For both cases, as r is lowered and the gold particles 

decrease in size, the sample begins to resemble plain crumpled graphene and becomes mostly 

transmissive as both reflectance and absorbance reduce to zero within the UV-NIR region. For a 

pitch of 0.4 μm, as r was lowered from 33.5 (2R) to 8.375 nm (R/2), average transmittance 

increased from 0.55 to 0.74 while average reflectivity and absorbance decreased from 0.06 and 

0.14, respectively, to effectively zero. For a pitch of 1 μm, as r was lowered from 67 (4R) to 4.1875 

nm (R/4), average transmittance increased from 0.49 to 0.74 while average reflectivity and 

absorbance decreased from 0.09 and 0.15, respectively, to zero (Fig. 7, S9). With decreasing r, 
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reflectivity is lowered due to the decreased presence of reflective gold particles, while absorbance 

is suppressed due to diminishing electric field confinement along the crumpled graphene surface. 

Comparing between the low and high pitch cases, it can be seen that a proportionally greater 

change in particle radius is required to incur a similar change in optical properties than for a lower 

pitch. This was expected since the optical properties of particle-coated structures are largely 

dependent on the relative presence between the particles and the underlying substrate. 

Figure 7: (a,b) Reflectivity, transmittance, and absorbance of gold particle-coated periodically crumpled graphene in 
the ultraviolet-near-infrared (UV-NIR) region with varying gold particle radius (r = 4.1875 (R/4), 8.375 (R/2), 16.75 
(R), 33.5 (2R), 67 nm (4R)) for two different pitch values (P = 0.4, 1 µm) obtained through FDTD simulations. (c) 
Spectral average absorbance in the NIR as a function of particle radius for the two different pitch values. (a) For a 
pitch of 0.4 µm, a smaller radius range (r = 8.375 (R/2), 16.75 (R), 33.5 nm (2R)) was applied due to geometrical 
constraints. (b) For a larger pitch of 1 µm, the full range was explored. (c) For a pitch of 0.4 μm, with smaller r, 
average transmittance increased from 0.55 to 0.74 while average reflectivity and absorbance decreased from 0.06 and 
0.14, respectively, to effectively zero. For a pitch of 1 μm, with smaller r, average transmittance increased from 0.49 
to 0.74 while average reflectivity and absorbance decreased from 0.09 and 0.15, respectively, to zero (Fig. S9). As r 
decreases, the sample approaches plain crumpled graphene and becomes increasingly transmissive while reflectivity 
is lowered due to the decreased presence of reflective gold particles and absorbance is suppressed due to diminishing 
electric field confinement. Note that for a larger pitch, a proportionally greater change in particle radius is required to 
incur the same change in optical properties than for a lower pitch. 

In the MIR region, no significant changes in the magnitude of optical signals were observed 

(Fig. 8). Comparing the low and high pitch case, one sees generally similar features, however, 

those for the large pitch case occur at much higher wavelengths than for the low pitch case. For P 

= 0.4 μm, the optical signals appear between 3 and 7 μm. For P = 1 μm, the same features occur 

between 4 and 19 μm. This shift in signals may be explained in terms of Bragg’s shift and again 
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demonstrates tunability of MIR reflectivity, transmittance, and absorbance for thermal 

management applications. 

 

 

 

 

 

 

 

 

 

 

Figure 8: (a,b) Reflectivity, transmittance, and absorbance of gold particle-coated periodically crumpled graphene in 
the mid-infrared (MIR) region with varying particle radius (r = 4.1875 (R/4), 8.375 (R/2), 16.75 (R), 33.5 (2R), 67 nm 
(4R)) for two pitch values (P = 0.4, 1 µm) obtained through FDTD simulations. (a) For a pitch of 0.4 µm, a smaller 
radius range (r = 8.375 (R/2), 16.75 (R), 33.5 nm (2R)) was applied due to geometrical constraints. (b) For a larger 
pitch of 1 µm, the full range was explored. No significant change trends were observed in this region. However, for 
the large pitch case, the features occur at larger wavelengths compared to the lower pitch case. This may be attributed 
to the increase in apparent distance between gold particles. 

2.2.3 Variation in Particle Separation (λ) 

The last parameter to be analyzed is the particle separation (λ), which corresponds to the 

horizontal distance between the centers of adjacent gold particles. As λ increases from 0.05 to 0.2 

μm, the number of gold particles is reduced from 9 to 3, leading to an enhancement in average 

transmittance of around 0.06 as well as a reduction in absorbance by 0.05 in the UV to NIR region 

(Fig. 9a,c). The higher transmittance arises from the increased area of exposed graphene, while the 

lower absorbance is attributed to the reduction in electric field confinement between gold particles, 

which are further apart from each other with increasing λ. A marginal decrease in reflectivity of 

around 0.01 was also observed due to the decrease in number of reflective gold particles (SI). In 
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the MIR region, only minor effects were observed (Fig. 9b). However, major absorbance peaks as 

high as 0.45 appear between 10 and 17 µm when λ is minimized to 0.05 μm due to stronger 

electrical field confinement and enhanced internal scattering. 

Figure 9: (a,b) Reflectivity, transmittance, and absorbance of gold particle-coated periodically crumpled graphene in 
the ultraviolet-near-infrared to mid-infrared (UV-NIR to MIR) region with varying gold particle separation (λ = 0.05, 
0.1, 0.2 µm) obtained through FDTD simulations. (c) Spectral average absorbance and transmittance in the UV-NIR 
as a function of particle separation. (a,c) As λ increases from 0.05 to 0.2 μm, the number of gold particles is reduced 
from 9 to 3, leading to an enhancement in average transmittance by 0.06 due to the increased area of expose graphene, 
which is transmissive. A reduction in average absorbance from 0.06 to 0.01 was also observed when the gold particles 
are further apart from each other, corresponding to a larger λ, due to the reduction in electric field confinement. This 
trend is better visualized in (c). A marginal decrease in reflectivity of 0.01 was observed due to the reduced number 
of reflective gold particles (SI). (b) In the MIR region, no clear trends are present, although major absorbance peaks 
appear between 10 and 17 µm when λ is minimized due to stronger electrical field confinement and enhanced internal 
scattering. 

2.3 Optimization of Design 

To conclude the analysis of the discussed geometric parameters (Pitch, amplitude, particle 

radius, particle separation) for gold particle-coated periodically crumpled graphene, their values 

are optimized and presented in terms of electric field confinement (Fig. 10). Radiative heating was 

demonstrated here, although  the same optimization process can be applied for radiative cooling. 

Figure 10 plots the cross-sectional electric field (V/m) in the x-z plane for various designs and 

indicates an optimal geometric configuration for maximal solar absorbance in gold particle-coated 

periodically crumpled graphene. All geometric dimensions for designs A through D are set equal 

to those of the optimized design E except for the parameter indicated. With a larger pitch (P) of 
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0.4 µm, the gold particles are not sufficiently near each other to support proper confinement of 

electric field (Fig. 10a). The same behavior can be observed for a larger amplitude (A) of 0.2 µm 

(Fig. 10b) and particle separation (λ) of 0.07 µm (Fig. 10c). Reducing the radius (r) of the gold 

particles by a factor of four allows for confinement, however, the magnitude and area of the 

confined field is notably reduced (Fig. 10d). The optimal design clearly shows the highest level of 

electric field confinement between the gold particles, with a magnitude of at least 3 V/m on average 

and exceeding 6 V/m at multiple locations (Fig. 10e). Figure 10f provides a comparison of the 

solar absorbance for all five designs presented. Design E offers the highest absorbance across 

nearly the entire spectrum, reaching 0.46 at a wavelength of 0.565 µm, and can be directly 

attributed to the maximization of electric field confinement. 

Figure 10: (a-e) Plots of the cross-sectional electric field (V/m) in the x-z plane and (f) corresponding solar absorbance 
indicate an optimal geometric configuration for maximal heating in gold particle-coated periodically crumpled 
graphene. All geometric dimensions are set equal to those of the optimal design except for the parameter indicated. 
(a) With a larger pitch (P) of 0.4 µm, the gold particles are not sufficiently near each other to support proper 
confinement of electric field. The same behavior can be observed for (b) a larger amplitude (A) of 0.2 µm and (c) 
particle separation (λ) of 0.07 µm. (d) Reducing the radius (r) of the gold particles by a factor of four allows for 
confinement, however, the magnitude and area of the confined field is reduced. (e) The optimal design clearly shows 
the highest level of electric field confinement between the gold particles, with a magnitude of at least 3 V/m on average 
and exceeding 6 V/m at multiple locations. (f) Comparison of the solar absorbance for the various designs. Design E 
offers the highest absorbance across nearly the entire spectrum, reaching a maximum of 0.46 at a wavelength of 0.565 
µm. 
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CHAPTER 3 

THERMAL PROPERTIES 

To determine potential radiative cooling applications for both biaxially-strained randomly 

crumpled graphene and gold particle-coated periodically crumpled graphene, the temperature 

profile of all samples presented were computed using a custom code in MATLAB. The code 

obtains the temperature over a 24-hour period by solving an energy balance consisting of four 

terms: incoming solar radiation, incoming atmospheric radiation, outgoing sample radiation, and 

convective heat loss. Typical terrestrial ambient temperature, atmospheric transmittance, and solar 

irradiance data were applied as boundary conditions along with the effective heat transfer 

coefficient (h), which was assumed to be 10 W/m2K for all temperature calculations performed. 

3.1 Biaxially-strained Randomly Crumpled Graphene 

The effect of varying the RMS amplitude (α) and correlation length (ξ) on the radiative 

cooling performance of randomly crumpled graphene is shown in Figure 11a. It can be observed 

by comparing curves of different colors that for most ξ values, as α decreased from 1.50 to 0.25 

μm, the sample’s daytime temperature became significantly lower. The same reduction in 

temperature can be generally observed by comparing solid and dashed curves, specifically as ξ 

increases from 0.25 to 1.50 μm. Minor deviations were seen for cases where α is large. The 

maximum temperature reduction attained was roughly 15 oC by reducing α from 1.50 to 0.25 μm 

and maintaining ξ at 0.75. The reduction in temperature with lower α and higher ξ can be directly 

attributed to the corresponding decrease in absorbance in the solar region (0.2–2 μm) as shown by 

Figure 2. 
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Figure 11: (a) Effect of correlation length (ξ), RMS amplitude (α), and (b) thickness on radiative cooling performance 
of biaxially-crumpled randomly crumpled graphene obtained through MATLAB. Typical terrestrial ambient 
temperature, atmospheric transmittance, and solar irradiance values were applied. An effective heat transfer coefficient 
(h) of 10 W/m2K was used. The same boundary conditions were used for all temperature analysis presented in this 
paper. In general, a reduction in sample temperature was observed for lower α and larger ξ and is attributed to the 
accompanied decrease in solar absorbance. The maximum temperature reduction attained was roughly 15 oC by 
reducing α from 1.50 to 0.25 μm and maintaining ξ at 0.75. With a smaller number of layers, corresponding to a 
thinner sample, the temperature was reduced by roughly 4 oC due to the accompanied decrease in solar absorbance. 

Regarding the effect of thickness on radiative cooling, one sees in Figure 11b a reduction 

in temperature by 4 oC upon decreasing the thickness from 3.5 to 0.35 nm due to the resulting 

increase in absorbance within the solar region (Fig. 3). For the thinnest possible sample, 

corresponding to monolayer graphene, the sample temperature was still above that of ambient, 

suggesting that plain randomly crumpled graphene with the specified dimensions could not 

achieve subambient cooling.  

3.2 Gold Particle-coated Periodically Crumpled Graphene 

The effect of pitch on radiative cooling is shown in Figure 12a. As the pitch increases, the 

sample can remain at lower temperatures due to the corresponding decrease in solar absorbance 

(Fig. 5b, c) and redshift in MIR absorbance beyond the solar region (Fig. 6a), leading to less energy 

absorbed from incoming solar radiation. With an amplitude of 0.025 μm, increasing the pitch from 

0.14 to 1 μm reduced the daytime temperature by 7.1 oC. The observed temperature reduction 

gradually diminishes at larger amplitudes (Fig. S10). For an amplitude of 0.2 μm, the same increase 
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in pitch reduced the daytime temperature by only 3.6 oC. Furthermore, when the pitch exceeds 0.8 

μm, near-ambient cooling was achieved during the day under the specified simulation conditions.  

 The effect of amplitude on radiative cooling is shown in Figure 12b. With a pitch of 0.14 

μm, increasing the amplitude from 0.025 to 0.2 μm led to a slight rise in solar transmittance which 

drives a corresponding decrease in solar absorbance (Fig. 5b, c) and daytime temperature of 3.9 

oC. The predicted temperature reduction gradually diminishes at larger amplitudes and becomes 

marginal when the pitch exceeds 0.4 μm (Fig. S11). In conjunction with the same observation with 

regards to pitch, it can be noted that more effective optical and thermal control is attained at lower 

geometric dimensions. 

Figure 12: (a) Effect of pitch (P) and (b) amplitude (A) on radiative cooling performance of gold particle-coated 
periodically crumpled graphene obtained through MATLAB. (a) With A being 0.025 μm, increasing P from 0.14 to 1 
μm reduced the daytime temperature by over 7 oC due to the accompanied decrease in solar absorbance. When P 
exceeds 0.8 μm, near-ambient cooling was achieved during the day under the specified simulation conditions. (b) With 
P being 0.14 μm, by increasing A from 0.025 to 0.2 μm, corresponding to a low solar absorbance, temperature was 
reduced by nearly 4 oC. The change in temperature became marginal when the amplitude was reduced to below 0.05 
μm. The A and P value shown in (a) and (b), respectively, were chosen since they demonstrated maximum temperature 
reduction, whose effect is gradually diminished with larger A and P value in their corresponding analysis. 

 In discussing the effect of particle radius on radiative cooling, two cases were considered: 

a highly crumpled sample with a pitch of 0.14 μm and a nearly flat sample with a pitch of 1 μm. 

For a small pitch value of 0.14 μm, the temperature decreased by 6.9 oC during daytime and 

remained mostly invariant during nighttime when the particle radius was decreased from 33.5 to 

8.375 nm (Fig. 13a). For a large pitch value of 1 μm, the same effect is observed, although a larger 
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change in particle radius, from 67 to 4.1875 nm, was required to reach a similar reduction in 

temperature of 8.1 oC (Fig. 13b). The decrease in temperature is attributed to the decreased 

absorbance in the solar region with smaller particle radius.  

The effect on particle separation on radiative cooling is shown in Figure 12c. As expected, 

due to their reduced solar absorption, samples with higher particle separation distance reached 

lower daytime temperatures. Increasing the particle separation from 0.05 to 0.2 μm reduced the 

temperature by 2.5 oC. 

Figure 13: (a, b) Effect of particle radius (r) and (c) particle separation (λ) on radiative cooling performance of gold 
particle-coated crumpled graphene obtained through MATLAB. Amplitude was set to 0.025 µm for the analysis of r 
and 1 µm for the analysis of λ. (a) For a pitch of 0.14 µm, r was varied between 8.375 nm (R/2) and 33.5 nm (2R), 
which is near the maximum size allowed for the given pitch without overlapping of particles. (b) For a pitch of 1 µm, 
r was varied between 4.1875 nm (R/2) and 67 nm (2R). Decreasing r from 2R to R/2, the temperature was reduced by 
around 7 oC due to the accompanied decrease in solar absorbance. For a larger pitch of 1 μm, a proportionally larger 
decrease in particle size from 4R to R/4 is required to achieve a similar degree of temperature reduction by 8 oC. (c) 
Increasing λ from 0.05 to 0.2 μm, temperature was reduced by 2.5 oC due to the corresponding decrease in absorbance 
in the solar region. 

 To summarize the discussed simulation results, Table 1 below lists the designs presented 

and how certain parameters can be manipulated to control optical properties at specific 

wavelengths. 
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Table 1: Tunability of Optical Properties in Plain and Gold Particle-Coated Crumpled Graphene 

Design Parameter Limit Wavelength Optical Modulation 
(Spectral Average) 

Biaxially-strained 
Randomly Crumpled 
Graphene on Cu 
 

Characteristic length: 0.25 
– 1.50 µm 
RMS amplitude: 
0.25 – 1.50 µm 
 

0.2 – 2 µm 
 

Reflectivity: 0.19 – 0.78 
Absorbance: 0.18 – 0.75 
 

Biaxially-strained 
Randomly Crumpled 
Graphene on Cu 

Thickness: 0.35 – 35 nm 0.2 – 2 µm Reflectivity: 0.51 – 0.66 
Absorbance: 0.31 – 0.45 

Au Particle-coated 
Periodically Crumpled 
Graphene 
 

Pitch: 0.14 – 1 µm 
Amplitude: 0.025 – 0.2 
µm 
 

0.05 – 1 µm 
 

Reflectivity: 0 – 0.05  
Transmittance: 0.55 – 0.74 
Absorbance: 0 – 0.14 
 

Au Particle-coated 
Periodically Crumpled 
Graphene 
 

Particle radius: 8.375 – 
33.5 nm (P = 0.4 µm), 
4.1875 – 67 nm (P = 1 µm) 
 

0.05 – 1 µm 
 

For P = 0.4 µm: 
Reflectivity: 0 – 0.06  
Transmittance: 0.55 – 0.74 
Absorbance: 0 – 0.14 
 
For P = 1 µm: 
Reflectivity: 0 – 0.09  
Transmittance: 0.49 – 0.74 
Absorbance: 0 – 0.15 
 

Au Particle-coated 
Periodically Crumpled 
Graphene 
 

Particle separation: 0.05 – 
0.2 µm 

0.05 – 1 µm 
 

Reflectivity: 0 – 0.01  
Transmittance: 0.67 – 0.73 
Absorbance: 0.01 – 0.06 
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CHAPTER 4 

DISCUSSION 

It would be beneficial to continue the current analysis on the various parameters discussed 

as well as additional parameters one has not previously considered. Presently, the role of non-

uniform particle distribution and radius is being explored, since this nonuniformity has 

demonstrated higher modulation of optical properties in previous designs. The effect of hierarchy 

on gold particle-coated crumpled graphene is also being investigated. Future effort will focus on 

the integration of multiple designs into a single, integrated system to achieve multifunctionality. 

One could envision a design which combines periodically and hierarchically crumpled graphene 

sheets with modifications such as embedded particles or surface textures. The successful 

integration of different graphene-based designs would not only lead to a better theoretical and 

experimental understanding of interlayer behavior, but also guide the development of adaptive, 

versatile, and lightweight composites for advanced thermal management applications. 
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CHAPTER 5 

CONCLUSION 

This thesis begins to address the knowledge gap which exists in current literature regarding 

fundamental mechanisms behind the dynamic optical properties of graphene by characterizing 

biaxially-strained randomly crumpled graphene and gold particle-coated periodically crumpled 

graphene through rigorous coupled-wave analysis (RCWA) and finite-difference time-domain 

(FDTD) computations. The results show a general increase in solar absorbance when photonic 

interaction, internal reflection, and diffraction between adjacent peaks are enhanced by increasing 

the aspect ratio and thickness within plain hierarchically crumpled graphene. For gold particle-

coated periodically crumpled graphene, the presence of reflective particles at the surface induces 

electric field confinement, which becomes the dominant mechanism behind changes in absorbance 

within the UV-NIR region. Changes which increase the presence of gold particles, either by 

enlarging their size or decreasing the distance between them, will considerably improve 

confinement of electric field and thus solar absorbance. In the MIR region, changes in optical 

properties mainly consists of shifts in wavelength, offering broadband response which enables 

wavelength-specific applications. Thermal analysis using MATLAB shows a modest reduction in 

sample temperature with decreasing solar absorbance, identifying potential designs for graphene-

based subambient cooling solutions. 
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APPENDIX A 

SUPPLEMENTARY 

Figure S1: (a-c) Reflectivity, transmittance, and absorbance of biaxially-strained randomly crumpled graphene in the 
near-infrared region with varying correlation lengths (ξ = 0.25, 0.75, 1.50 µm) and RMS amplitudes (α = 0.25, 0.75, 
1.50 µm) obtained through FDTD simulations. (a) As α decreases and ξ increases, surface roughness is reduced, and 
reflectivity increases due to the enhancement in specular reflection. (b) Simultaneously, one observes a minor decrease 
in transmittance between 0.2 and 0.25 μm. Beyond 0.25 μm, transmittance drops to zero when ξ exceeds 0.75 μm. (c) 
Absorbance is reduced and is attributed the reduction in internal scattering with decreased surface roughness. 
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Figure S2: (a-f) Reflectivity of gold particle-coated periodically crumpled graphene in the near-infrared region with 
varying amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) for six fixed pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) obtained 
through FDTD simulations. Note that the modulation in reflectivity is more significant with smaller pitch values due 
to the larger change in aspect ratio when the amplitude is varied. 
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Figure S3: (a-f) Transmittance of gold particle-coated periodically crumpled graphene in the near-infrared region with 
varying amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) for six fixed pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) obtained 
through FDTD simulations. Note that the modulation in transmittance is more significant with smaller pitch values 
due to the larger change in aspect ratio when the amplitude is varied. 
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Figure S4: (a-f) Absorbance of gold particle-coated periodically crumpled graphene in the near-infrared region with 
varying amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) for six fixed pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) obtained 
through FDTD simulations. Note that the modulation in absorbance is more significant with smaller pitch values due 
to the larger change in aspect ratio when the amplitude is varied.  
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Figure S5: (a-d) Reflectivity of gold particle-coated periodically crumpled graphene in the near-infrared region with 
varying pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) for four fixed amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) 
obtained through FDTD simulations. Note that the increase in reflectivity is more significant with smaller amplitude 
values due to innate limitations imposed by this structure. 

.  
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Figure S6: (a-d) Transmittance of gold particle-coated periodically crumpled graphene in the near-infrared region with 
varying pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) for four fixed amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) 
obtained through FDTD simulations. Note that the increase in transmittance is more significant with smaller amplitude 
values due to innate limitations imposed by this structure. 
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Figure S7: (a-d) Absorbance of gold particle-coated periodically crumpled graphene in the near-infrared region with 
varying pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) for four fixed amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) 
obtained through FDTD simulations. Note that the increase in absorbance is more significant with smaller amplitude 
values due to innate limitations imposed by this structure. 
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Figure S8: (a-c) Spectral average transmittance and reflectivity of gold particle-coated periodically crumpled graphene 
in the ultraviolet-near-infrared (UV-NIR, 0.05–1 μm) region as a function of aspect ratio for six different fixed pitch 
values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 µm). The various points of the same color correspond to changing amplitudes (A 
= 0.025, 0.05, 0.1, 0.2 µm). (a) Average transmittance is reduced from 0.74 to 0.55 by minimizing A and P due to the 
diminished exposure of underlying transmissive graphene. It can be noted that the increase in transmittance is more 
significant with smaller pitch values due to the larger change in aspect ratio when the amplitude is varied. For a pitch 
of 0.14 μm, the spectral average transmittance decreased by 0.118, compared to 0.001 for a pitch of 1 μm, when A 
decreased from 0.2 to 0.025 μm. (b) Average reflectivity is marginally improved by as much as 0.05 with decreasing 
A and P due to the closer proximity of gold particles. It can be noted that the increase in reflectivity is more significant 
with smaller pitch values due to the larger change in aspect ratio when the amplitude is varied. For a pitch of 0.14 μm, 
the spectral average reflectivity increased by 0.045, compared to 0.0002 for a pitch of 1 μm, when A decreased from 
0.2 to 0.025 μm. (c) Inset plot of (b) showing cases with P equal to or larger than 0.4 μm. 

 

Figure S9: (a,b) Spectral average reflectivity and transmittance of gold particle-coated periodically crumpled graphene 
in the ultraviolet-near-infrared (UV-NIR, 0.05–1 μm) region as a function of particle radius for the two different pitch 
values (P = 0.4, 1 µm) obtained through FDTD simulations. (a) For a pitch of 0.4 μm, as r was lowered from 33.5 
(2R) to 8.375 nm (R/2), average reflectivity decreased from 0.06 to effectively zero. For a pitch of 1 μm, as r was 
lowered from 67 (4R) to 4.1875 nm (R/4), average reflectivity decreased from 0.09 to zero. The reduction in 
reflectivity with smaller r is due to the decreased presence of reflective gold particles. (b) For a pitch of 0.4 μm, as r 
was lowered 2R to R/2, average transmittance increased from 0.55 to 0.74. For a pitch of 1 μm, as r was lowered from 
4R to R/4, average transmittance increased from 0.49 to 0.74. The improve in transmittance with smaller r is due to 
the increased exposure of underlying transmissive graphene. 
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Figure S10: (a-d) Effect of  pitch (P) on radiative cooling performance of gold particle-coated periodically crumpled 
graphene for four fixed amplitudes (A = 0.025, 0.05, 0.1, 0.2 µm) obtained through MATLAB. With an amplitude of 
0.025 μm, increasing the pitch from 0.14 to 1 μm reduced the daytime temperature by 7.1 oC. It can be noted that the 
temperature reduction is more significant with smaller amplitudes. When the pitch exceeds 0.8 μm, near-ambient 
cooling was achieved during the day under the specified simulation conditions. 
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Figure S11: (a-f) Effect of  amplitude (A) on radiative cooling performance of gold particle-coated periodically 
crumpled graphene for six fixed pitch values (P = 0.14, 0.2, 0.4, 0.6, 0.8, 1 μm) obtained through MATLAB. With a 
pitch of 0.14 μm, increasing the amplitude from 0.025 to 0.2 μm reduced the daytime temperature by 3.9 oC. It can be 
noted that the temperature reduction is more significant with smaller pitch values due to the larger change in solar 
absorbance and becomes marginal when the pitch exceeds 0.4 μm.  

 

 

 

 

 




