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1. Nanosphere assembly 

SiO2 nanospheres were purchased from nanoComposix. Product numbers are SISN20, SISN50, 

SISN100, and SISN200 for the 20 nm, 50 nm, 100 nm, and 200 nm spheres, respectively. The 

NSs are dispersed in water, with a concentration of 5 – 10 mg/mL. The NS surface is free of 

ligands, and terminated with hydroxyl groups, the same species that exist on normal SiO2 thin 

film surfaces in air.
1
 300 nm SiO2 / Si substrates were cleaned via sonication in acetone and IPA, 

and oxygen plasma, following which SiO2 NSs were spin-coated. The samples were then baked 

at 170 °C for 20 minutes on a hotplate to remove the residual water. The NSs form close packed 

monolayer regions with a size ranging from a few microns to a few tens of microns (which tends 

to be larger for larger spheres). A large area scanning electron microscopy (SEM) image of the 

20 nm NSs, shown in Figure S1, reveals micron-scale monolayer regions and flat regions nearby. 

For the four NS monolayer systems with varied sizes, high-resolution SEM images all show 

polycrystalline hexagonal close packing structures (Figure S2), where each single crystalline 

domain consists of 10s to 100s of nanospheres.  

 

 

Figure S1. A large-area SEM image of 20 nm SiO2 NS monolayer. We can see two micron-scale 

monolayer regions with polycrystalline hexagonal close packed structure. Between the 

monolayer regions the surface is mostly flat, where single particle or few-particle clusters are 

sparsely distributed. 
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Figure S2. High-resolution SEM images of the SiO2 nanosphere monolayers. (a, b, c, d) 

corresponds to NSs with diameter 20 nm, 50 nm, 100 nm, 200 nm, respectively. 

 

2.  Graphene transfer 

CVD Graphene grown on copper foil was purchased from ACS Material, LLC, and was 

transferred to the NS substrates using a standard wet transfer technique.
2
 Briefly, PMMA was 

spin-coated to one side of the graphene/copper substrate, dried in air, and the other side (also 

covered by graphene) was etched using oxygen plasma. The PMMA/graphene/copper stack was 

placed on ammonium persulfate solution (0.1 M) to etch away the copper. After copper is 

completely etched away, the ammonium persulfate solution was exchanged with DI water a few 

times. NS coated substrates were cleaned by oxygen plasma, and used to scoop out 

PMMA/graphene from water. The PMMA/graphene/NS samples were put in acetone for 1 hour 

to remove the PMMA, rinsed in IPA, and dried in a critical point dryer.   

Atomic force microscopy (AFM) was performed using an Asylum Cypher AFM; the AFM tips 

were obtained from BudgetSensors with model number Tap150-G. For high-resolution STEM 

imaging, we fabricated a cross-sectional lift-out sample from the Gr-20 system using an FEI 

Helios NanoLab 600i dual-beam focused ion beam system. STEM imaging was carried out with 

a JEOL 2200FS spherical aberration corrected STEM operated at 200 kV, with a 25.6 mrad 

convergence angle. 

 

3. Raman spectroscopy and strain analysis  
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3.1 Experimental setup 

Confocal Raman spectroscopy was performed at room temperature, in ambient conditions, using 

Nanophoton Raman 11. Excitation wavelength is 532 nm, and power is 0.5 – 1 mW. 100 × 

objective was used. All the spectra were fine calibrated using the reference emission lines of a 

neon lamp. 

3.2 Peak position correlation analysis 

Spatially averaged areal strain and doping can be extracted from correlation maps of 2D peak 

position (𝜔2𝐷) and G peak position (𝜔𝐺). As shown in Figure 2c and Figure S3a, with (𝜔𝐺
0 , 𝜔2𝐷

0 ) 

= (1581.6, 2676.9) as the starting point, we can draw a vector to each point (𝜔𝐺, 𝜔2𝐷); this 

vector can be decomposed to the strain axis (green line) and doping axis (cyan line). A 

downward (upward) projected vector along the strain line (length: lS) corresponds to tensile 

(compressive) strain, while along the doping line the vector (length: lD) is projected towards the 

right, whether the doping is n- or p-type. Following the analysis in Refs. 3,4, the strain 𝜀 (in %) 

and doping n (in 10
12

 cm
-2

) can be obtained as: 

𝜀 =
𝑙𝑆

56.8
= 0.02(𝜔𝐺 − 𝜔𝐺

0) − 0.028(𝜔2𝐷 − 𝜔2𝐷
0 ),                                (1) 

𝑛 =
𝑙𝐷

1.75
= 1.03(𝜔𝐺 −𝜔𝐺

0) − 0.47(𝜔2𝐷 − 𝜔2𝐷
0 ).                                 (2) 

Equations (1) (2) are used to calculate the average areal strain shown in Figure 2d, and average 

doping in Figure S3b. A positive value of 𝜀 corresponds to tensile strain, while doping is 

assumed to be p-type (it is well known that SiO2 gives rise to p-type doping in graphene). Here 

we assumed that the strain is uniaxial, the same assumption used in Refs. 4,5. The actual strain 

profile can be a combination of uniaxial and biaxial strain due to the geometric frustration of a 

flat membrane on top of spherical substrates.
6,7

 Despite this uncertainty in the strain directions, 

the strain magnitude estimation from Raman analysis is not significantly affected, since the strain 

we extract is the areal strain – the change of area, not the length along any particular direction. 

 

Figure S3. (a) Correlation map of (𝜔𝐺, 𝜔2𝐷) for different batches of samples. For each system 

(flat Gr, Gr-50, Gr-20, marked in dashed ovals), three sets of data were obtained from different 

samples, and represented with different symbols. Dashed lines represent the vector 

decomposition process, and lS and lD represents the length of the vector projected on the strain 
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and doping axes, respectively. (b) Doping density as a function of NS size, extracted from the 

(𝜔𝐺, 𝜔2𝐷) correlation analysis. The flat Gr system is also shown for comparison. 

Figure S3a shows the (𝜔𝐺, 𝜔2𝐷) correlation map for different batches of samples for Gr-20, Gr-

50, and flat Gr systems. Although variations in (𝜔𝐺, 𝜔2𝐷) exist for different areas on each 

sample, and different batches of samples for each NS size, the overall strain fluctuation is small 

enough to allow quantitative comparison of strain among Gr-NS systems having different NS 

sizes (see Figure 2d). In contrast, doping density of the systems with different NS sizes do not 

show obvious differences in the presence of large doping variations (fluctuations in carrier 

density) (Figure S3b). Note that the surface adsorbed oxygen and water molecules on graphene 

can also contribute to the extracted doping density, since the Raman measurements were 

performed in ambient conditions. 

 

3.3 Peak width analysis 

Besides the peak positions analysis, we also examined the width of the G and 2D peaks Γ𝐺 and 

Γ2𝐷. It is known that the line width of graphene’s Raman peaks depends on a few factors, such as 

the average doping, average strain, and nanoscale strain variations.
4,5,8,9

 Specifically, the G mode 

is very sensitive to doping, and a lower carrier concentration leads to significant broadening of 

the G peak due to electron-phonon interactions. Meanwhile, a larger absolute strain magnitude 

and a higher nanoscale strain variation can both broaden G and 2D peaks. 

Figure S4 shows Γ𝐺 and Γ2𝐷 as a function of the NS diameter. While Γ𝐺 does not show a clear 

size-dependence, all the Gr-NS systems have much larger Γ𝐺 than the flat Gr. Since the doping 

density is similar for all the Gr-NS and flat Gr systems (Figure S3b), and average strain 

magnitude shows a clear decaying trend as a function of NS size (Figure 2d), neither of these two 

factors explains the trend shown in Figure S4a. The third possibility, as we mentioned, is the 

nanoscale strain variations. Since the graphene on NSs experiences periodic height modulation 

and deformations (Figure 1), the local strain can exhibit large variations, as confirmed by our 

MD simulations (Figure 4f-h). In comparison, we expect the flat Gr to be mostly smooth and 

exhibit much smaller strain variations. For Gr-NS systems having different NS diameter, our 

simulations show similar levels of spatial variation in strain (though the strain gradient is 

different due to the difference in size scale) (Figure 4f-h). If Γ𝐺 is dominantly determined by the 

nanoscale strain variations, we expect Γ𝐺 to be similar for Gr-NS with different NS size, and 

smaller for flat Gr compared to Gr-NS. This agrees with the trend shown in Figure S4a.  

While the size dependence of Γ𝐺 seems complicated and indicates the presence of nanoscale 

strain variations, Γ2𝐷 shows a straightforward decaying trend vs nanosphere diameter (Figure 

S4b), similar to that of 𝜔2𝐷 (Figure 2c). This indicates that the average strain magnitude, instead 

of the local strain variations, may be playing a dominant role in Γ2𝐷 modulations.   

Caution should be noted that the line width of graphene’s Raman modes is always complicated 

by multiple factors. To more accurately measure the local strain distribution, we would need to 

perform direct atomic-resolution imaging, such as scanning tunneling microscopy, which is 

beyond the scope of this paper. 
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Figure S4. (a) and (b) show the G and 2D Raman peak width respectively, for the Gr-NS 

systems as a function of nanosphere diameter. The peak width of the flat graphene system is also 

plotted for comparison.  

3.4 Raman map of peak position and peak width 

Besides the peak position maps shown in Figure 2b, we present more peak position and width 

maps on two different Gr-20 samples (Figure S5), each covering both areas of Gr on spheres and 

Gr on flat SiO2 substrate. These results consistently show smaller 𝜔𝐺 and 𝜔2𝐷, and larger Γ𝐺 and 

Γ2𝐷, when comparing Gr-20 with flat Gr, in agreement with the results in Figure 2, Figure S3, 

and Figure S4.  

 

Figure S5. (a-d) 𝜔𝐺, 𝜔2𝐷, Γ𝐺, Γ2𝐷 maps of a sample containing two regions: Gr / 20 nm NSs on 

the left, and Gr / flat SiO2 on the right. The four maps correspond to the same region. (a) and (b) 

are the same as those in Figure 2b. Scale bar: 1 µm. (e-h) 𝜔𝐺, 𝜔2𝐷, Γ𝐺, Γ2𝐷 maps of another 
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sample containing three regions: Gr / 20 nm NSs on the left and at the top right corner, and Gr / 

flat SiO2 in the remaining areas. Scale bar: 1 µm. 

 

4.  Computational methods 

Molecular Dynamics simulations (MD) are performed using the LAMMPS package.
10

 Each 

simulation box consists of a single-layer graphene sheet and a cluster of seven identical SiO2 

nanospheres packed hexagonally together as shown in Figure 4a. The SiO2 NSs are chosen to 

have amorphous structure. The graphene sheet and NSs are generated by the Visual Molecular 

Dynamics (VMD).
11

 Four systems with different nanosphere diameters (5 nm, 10 nm, 20 nm and 

30 nm) are simulated.  The corresponding four graphene sheets, in order from smallest to largest 

clusters, have dimensions of 14 nm × 14 nm, 27 nm × 27 nm, 52 nm × 52 nm and 81 nm × 81 

nm. To model carbon-carbon interactions, the Tersoff potential with the Lindsay-Broido 

correction is employed, which has been shown to predict mechanical properties that are 

consistent with experimental results.
12

 The non-bonded interactions between atoms of graphene 

and SiO2 are modeled by the Lennard-Jones (L-J) potential. The L-J parameters are given in Ref 

13. The L-J cutoff distance is 15 Å. The interactions between atoms of SiO2 are turned off since 

they are fixed in space in experimental conditions.  

Before the simulations, the energy of each system is pre-minimized for 10,000 steps. Each 

simulation is then performed in NPT (constant pressure, constant temperature) ensemble for 10 

ns at a pressure of 1 atm. Temperature is maintained at 300 K by using the Nosè-Hoover 

thermostat with a time constant of 0.1 ps.
14,15

 By monitoring the potential energy, interaction 

energies, and atomic positions of the system, we find that the initial energy relaxation of the 

system takes ~5 ps. No significant change in structure and energy occurs during the 5 ps – 30 ps 

window, which is well before the bending and adhesion of graphene on the NSs. We take the 15 

ps configuration as the strain-free structure, which is used as a reference to track the subsequent 

area change of Gr and calculate the evolution of areal strain. Equilibrium configurations are 

reached after ~2 ns. No external force is applied in the simulations. Trajectories of graphene 

atoms are dumped to output files every picosecond. The last 2 ns of the trajectories (10 ns in 

total) are used for post-processing to extract parameters in the equilibrium state. 

 

5. Additional simulation results 

 

Figure S6. MD simulation results for Gr on 30 nm NSs. (a) Height profile. (b) Strain 
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distribution. 

 

 

Figure S7. MD simulation results of Gr / 5 nm NS systems with different numbers of spheres. 

(a) and (b) are the 3D configuration and strain distribution map of Gr on an array of 7 NSs. (b) is 

identical to Figure 4f. (c) and (d) are the 3D configuration and strain distribution map of Gr on 

an array of 19 NSs. The central hexagons in (b) and (d) mark the region where average areal 

strain is calculated, and the results are 1.0002% and 1.0251%, respectively (shown in Figure 4b). 

We conclude that both the strain distribution and average values are not affected by the limited 

number of NSs in the MD simulations, and boundary effects are negligible in regions away from 

the edge. 

 

6.  Comparison with prior work on graphene/nanoparticle systems 

Previously Gr-SiO2 nanoparticle hybrids have been demonstrated in two types of systems: 1) Gr 

on isolated nanoparticles on flat substrates;
16

 2) Gr on few-layer nanoparticle films with random 

packing structures.
17,18

  

Ref. 16 observed wrinkle formation between neighboring nanoparticles separated with large 

distances on substrates, and thoroughly explained this wrinkle phenomenon in terms of the 

energy balance between stretching energy, bending energy, and Gr-substrate adhesion energy. 

However, the adhesion energy was assumed constant for the adhered areas, which, according to 

our analysis, is insufficient in explaining the curvature-dependent strain modulation mechanisms. 

Ref. 16 did not measure the magnitude of strain and the size dependence. 
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Refs. 17,18 reported friction and deformation studies of Gr on multilayer nanoparticle films. 

Here we note that the top layer of particles in their systems consist of randomly spaced 

nanoparticles, different from our close-packed monolayer structures. Ref. 17 also performed 

Raman spectroscopy measurements, and extracted strain values of graphene from the 2D peak 

shift (G peak was not taken into account). This may not be an accurate estimate considering that 

the 2D peak position is sensitive to both strain and doping modulations.
3–5

 We used the method 

by Ref. 4 to combine the G and 2D peaks to separate the doping and strain effects (see Section 

3.2), and averaged over multiple samples and multiple areas for each sphere size to obtain the 

statistically significant plot in Fig. 2d. Ref. 17 reported a decrease in 2D peak position as the 

particle size becomes smaller, which is possibly due to strain enhancements provided that doping 

effects are independent of particle size. If this is the case, the results will be complementary to 

ours and demonstrate that this size dependence is in general true for disordered systems too. No 

molecular level force inhomogeneity mechanisms (involving L-J interactions and scaling of the 

interaction forces) were proposed in Refs. 17,18.  

“Partial adhesion” effects and wrinkle features are observed in Refs. 17,18, although the 

microscopic structural evolution (at the single sphere level) is not clear, when different 

nanosphere sizes were chosen. Wrinkle features, observed only in some of the samples in Refs. 

17,18, occur mostly near edges of the graphene flakes. In contrast, our samples show wrinkles 

everywhere in the graphene film (for spheres equal to or larger than 50 nm), and we observe a 

clear trend of evolution as we tune the size of our nanospheres (Figure 1 in the main text). The 

edge effects found in Refs. 17,18 may have similar mechanisms as observed in Ref. 19, where 

the edge of graphene on nanopillar arrays were found to have anisotropic stretching strain due to 

structural asymmetries and force imbalances. 
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