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We prepared two-dimensional C70 fullerene peapod by a sequential assembly of 12C graphene, 

C70 fullerenes and 13C graphene. The local changes in the strain and doping were correlated 

with the local roughness revealing an asymmetry in the strain and doping with respect to the 

top and bottom graphene layers of the peapod. 

 

Introduction 

Fullerene peapods represent a new type of bottom-up engineered material consisting of 

fullerenes and single-walled carbon nanotubes (SWCNTs). The C60 fullerene peapods were 

first observed by Smith in 1998.1 Since their discovery, fullerene peapods have attracted 

substantial attention and peapods containing different fullerenes were prepared and 

characterised.2–4 As compared with SWCNTs, new effects can be observed in peapods, such 

as an abnormal temperature dependence of Coulomb blockade oscillations.5 Fullerene 

peapods thus extend the range of potential applications of carbon nanostructures in data 

storage,6 nanoelectronics7 or quantum computing.8 In addition, the properties of fullerene 

peapods can be further tuned by electrochemical charging9,10 or by chemical doping.11 

Fullerene peapods are considered as one-dimensional (1-D) materials because their 

dimensionality is defined by the SWCNTs. Nevertheless, it should be possible to prepare 

analogous material in two dimensions as well by encapsulating fullerenes between two layers 

of graphene. In the two-dimensional (2-D) system, the tunability of the peapod can be further 

extended and also new areas of application can be opened. However, in contrast to 1-D 
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peapods, the 2-D materials are more sensitive to the environment. In particular, the substrate 

significantly influences the properties of the 2-D nanostructures. In the case of 2-D peapods, 

the substrate is expected to interact only with one site of the 2-D peapod and thus it will create 

an asymmetry in the strain and doping. This asymmetry can be beneficial as it can provide 

another degree of freedom for the tunability of such new materials; however, it is necessary to 

be able to control and quantify such an asymmetry. 

The interactions between graphene and other nanosized objects are important, as was 

demonstrated recently for nanoparticles12,13 and fullerenes14,15 on graphene. In particular, 

fullerenes can act as p-dopants for graphene15–18 because they are good electron acceptors. 

Consequently, heterostructures consisting of graphene and fullerenes can exhibit new 

properties due to the interfacial electronic interactions and charge transfer.14 On the other 

hand, the presence of fullerenes might cause delamination of graphene from the substrate, 

which locally reduces the interaction between graphene and the Si/SiO2 substrate.19,20 

Furthermore, fullerenes may also affect the strain in the graphene layer, which can further 

modulate the electronic properties of graphene.21–23 Experimental studies on the interactions 

between fullerenes and graphene have been limited to C60 up until now. Nevertheless, it has 

been predicted theoretically that C70 interacts with graphene more strongly than C60.24 

In this work, we prepared new 2-D peapods consisting of C70 fullerenes sandwiched between 

two isotopically labelled graphene layers. Using atomic force microscopy (AFM) and Raman 

spectroscopy we studied the doping and strain in the top and bottom graphene layers. Because 

of carbon isotope labelling of graphene layers,25–27 the characteristic Raman bands can be 

easily distinguished for bottom 12C and top 13C graphene layers. This enabled us to follow 

independently the Raman features of the bottom and top layers of the 2-D peapod. 

Furthermore, we measured and analysed the atomic force microscopy (AFM) and Raman 

maps in the same area, which enabled us to relate directly the surface topography to strain and 

doping obtained from the Raman measurements. 
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Results and discussion 

The different Raman shifts of the bands of the bottom (12C) and the top (13C) graphene layers 

result from the different atomic masses of the isotopes used. The relation between the Raman 

shift of the 13C graphene (w13) compared with the 12C graphene (w12) reads: 

w13= w12√12+ c0

13+ c13
,  

where c0 is the portion of 13C in the natural methane gas (c0 = 0.0107) and c13 is the 

concentration of 13C in the enriched gas (c13 = 0.99).25 

A typical Raman spectrum of the graphene 12C/C70/graphene 13C 2-D peapod is shown in Fig. 

1. The D, G and 2D bands are the most prominent Raman modes in graphene. The D mode is 

associated with the presence of defects, the G mode originates from the doubly degenerate 

phonon mode in the centre of the Brillouin zone, and the 2D mode originates from a second-

order process involving two transversal optical (iTO) phonons.28 All of the peaks were fitted 

using a pseudo-Voigt line shape. Both of the G bands (for the 12C and the 13C isotopes) 

exhibited a clear asymmetry that could be fitted only with an additional peak located at a 

lower wavenumber. The main higher frequency G peak is denoted as G1, while the additional 

peak is denoted as G2. The appearance of the G2 peak is typically associated with the presence 

of wrinkles on graphene, as was demonstrated recently.20 The 2D Raman band of graphene 

shows an asymmetry as well, however, this asymmetry can be fully fitted with a single 

pseudo-Voigt line shape. Thus, the obtained peak parameters are the peak area (A), the Raman 

shift (w), full width at half maximum (FWHM) and the pseudo-Voigt parameter that describes 

the Lorentzian fraction of the peak. Apart from the described modes, the D′ and the G* modes 

were fitted as well, as they overlap with the G and 2D bands, respectively. Note that the 

different intensity of the 12C 2D band compared with the 13C 2D band is caused presumably 

by a different level of doping of the bottom and top graphene layers, as we discuss later. The 

AFM images addressing the spatial distribution of fullerenes at the bottom graphene layer are 

shown in Figure S1 (see Supporting Information for details). 
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The 12C graphene/C70/13C graphene peapod was measured in exactly the same sample area 

both by Raman spectroscopy and AFM to describe directly the influence of the surface 

topography on the Raman spectra. The obtained results are shown in Fig. 2. In the AFM 

topography image (Fig. 2(a)), local delamination of the 13C top graphene layer from the 12C 

graphene because of the presence of fullerenes can be observed. However, to be able directly 

to compare the data obtained from Raman spectroscopy measurements and AFM imaging, the 

AFM data have to be scaled on the grid defined by the spatial resolution of the Raman 

spectroscopy measurements (Fig. 2). Raman spectroscopy is sensitive to strain and doping of 

graphene and we assume that wrinkling of graphene induced by the presence of fullerenes 

will affect these properties. However, the spatial resolution of Raman spectroscopy is given 

by the size of the laser spot, which is about 500 nm in diameter. Therefore we transformed the 

AFM maps by calculating local roughness in terms of local root-mean-square deviations, in 

the area corresponding to the size of the laser beam (a circle with a diameter of 500 nm) in the 

points where the Raman maps were measured. In this way, we can attribute the local 

roughness in a particular spot to the particular Raman spectrum at each point of the Raman 

map (Fig. 2(b)). 

A correlation analysis of the G and the 2D Raman bands of graphene29 was employed to 

quantify strain and doping in the top and bottom graphene layers of the 2-D peapod for each 

point of the Raman map. For the analysis, we assume only a biaxial strain. In the phase space 

of the position of the G and 2D bands, p-doping causes a shift along a line with a slope of 0.7, 

while biaxial strain causes a shift along a line with a slope of 2.45. It has been shown that the 

strain sensitivity of the G position is –57 cm–1/1% of strain30 and it is linear both for small 

tensile and compressive strains.31 The quantification of the doping level is more complicated 

and was calculated according to theoretical predictions employing time-dependent 

perturbation theory.32 The calculation of both strain and doping was performed using the G1 

peak. 
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First, we calculated the median values of doping and strain from the measured Raman maps. 

The average doping of the top 13C graphene layer was estimated to be (2.3 ± 0.3) × 1012 cm–2 

while the average doping of the bottom 12C graphene layer was estimated to be (4.5 ± 0.8) × 

1012 cm–2. These results show that the top layer is efficiently isolated from the substrate by the 

bottom graphene layer and the fullerenes. The average strain of the top 13C graphene layer 

was found to be (–0.126 ± 0.006)% while the average strain of the bottom 12C graphene layer 

was found to be (–0.102 ± 0.008)%. The slight difference in the average strain values for the 

top and bottom layers is probably caused by local inhomogeneities, as we discuss later. 

Now, we focus on the 13C top graphene layer in more detail, employing a correlation analysis 

of the Raman and AFM data. In the delaminated part of the top layer we expect lower doping 

due to lower interaction of the top graphene layer with the 12C bottom graphene layer and the 

Si/SiO2 substrate. Because the characteristic size of the delaminated graphene area is small 

compared with the size of the focused laser beam, in one spot we can see a contribution both 

from graphene lying on the substrate and from the delaminated graphene. In other words, 

parts of differently doped graphene contribute to the spectrum within a Raman laser spot. 

Doping strongly affects the position of the G mode.33 For this reason, one can see one main 

peak, G1, coming presumably from the graphene lying on the surface and a smaller peak, G2, 

located at lower wavenumber, coming presumably from less doped delaminated parts of 

graphene.20 

The area of the G2 peak compared with the G1 peak of the 13C top graphene layer peak is 

plotted in Fig. 2(d). By comparing the map of the G2 peak area (Fig. 2(d)) with the root-mean-

square deviation map (Fig. 2(b)), regions of less rough surface corresponding to the lower G2 

peak area and regions of more rough surface corresponding to the higher G2 peak area can be 

clearly observed. For example, around the centre of the maps, an island of higher local 

roughness and the higher G2 area can be clearly seen. This confirms our assumption that the 

more delaminated graphene areas within the laser spot correspond to the higher area of the G2 

peak. This observation is in agreement with the previous results obtained on graphene 
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deposited over nanoparticles.20 For comparison we also measured the surface topography of a 

blank sample -graphene bilayer without fullerenes, (Fig S1 (d)). It can be clearly seen that the 

surface of the constructed graphene bilayer is relatively flat as compared with the 2-D peapod 

sample. Although there are few wrinkles on graphene bilayer, their occurrence and height is 

much smaller than in the case of the 2-D fullerene peapod.  Thus we conclude that a vast 

majority of the wrinkles present in the 2-D fullerene peapod is induced by the presence of 

fullerenes. In addition the average height and distances between wrinkles on the top graphene 

layer of 2-D peapod correspond to the size and distribution of fullerenes/ fullerene aggregates.  

  Note that few wrinkles originating from the transfer procedure can be observed also on the 

bottom graphene layer as show in Fig S1 (a). 

In order to describe the relationship between the surface roughness and the G2 mode 

qualitatively, we made a correlation plot of the local roughness obtained from AFM and the 

relative G2 peak area obtained from Raman spectroscopy (Fig S3). The raw data points are 

scattered and no clear dependence can be seen. Therefore, we binned each 100 adjacent points 

from the correlation plot of the relative G2 peak area and calculated the median value, which 

improved the statistics and the dependence became more obvious (Fig. 3 (a)). The first and 

third quartiles are depicted as well to demonstrate the degree of dispersion of the data points. 

It can be seen that with increasing surface roughness the relative G2 peak area of the top layer 

is indeed increasing. There is an area near the bottom left corner where there are no Raman 

data. This is caused by the fact that in this region the 12C bottom and the 13C top graphene 

layers are oriented close to AB stacking, which gives rise to an additional band between 12C 

2D and 13C 2D, involving phonons from both layers.28,34 Because of the presence of this 

additional band, it was impossible to fit properly the positions of the 12C 2D and 13C 2D 

bands, which is necessary for the estimation of the strain and doping in both graphene layers. 

Fig. 2(c) shows the strain distribution at different points of the 13C top layer calculated from 

the correlation analysis of the positions of the G1 and 2D bands. The overall strain of the 

graphene top layer is compressive over the whole measured area. We again binned each 100 
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adjacent points in the correlation plot of the strain of the top 13C graphene layer and calculated 

the median value with corresponding local surface roughness. The correlation of strain in the 

top graphene layer and the local roughness in the measured maps reveals a clear trend (Fig. 

3(b), S4(b)). The analysis of the correlation plot of strain and the local roughness shows that, 

with increasing local surface roughness, the absolute value of strain is decreasing. In other 

words, the more fullerenes that are locally present, the more efficiently is the strain in 

graphene relaxed. Because our correlation analysis takes into account only the G1 peak, we 

can conclude that the strain is released in an area large enough that it affects the whole Raman 

laser spot. 

The analysis of the doping at different Raman spots for the 13C top graphene layer of the 2-D 

peapod, obtained from the correlation analysis of the positions of the G1 and 2D bands, did 

not reveal any obvious correlation of the doping with the local roughness, which is also 

apparent from the correlation plot of doping and roughness (Fig. 3 (c), S4(c)), where no 

tendency is observed. Thus, we concluded that the weaker doping of the 13C top graphene 

layer is localized only in the delaminated part, while the graphene lying on the 12C bottom 

graphene layer is doped from the substrate. Therefore, doping calculated from the main, G1, 

peak does not show correlation with the roughness magnitude and thus a weaker doping in the 

delaminated part of graphene is solely mirrored in the intensity of the G2 peak, as shown in 

Fig. 3(a). 

The correlation of the local surface roughness and Raman parameters of the 12C bottom 

graphene layer of the 2-D peapod is obviously not so straightforward. The area of the G2 peak 

of the bottom layer of the 2-D peapod is slightly higher overall compared with the top layer, 

and it is independent of the local surface roughness Fig. 3(d), which is expected because the 

bottom layer should not be delaminated by fullerenes. A slightly larger intensity of the G2 

band for the 12C bottom graphene layer as compared with the 13C top layer can be caused by 

fitting artefacts resulting from an overlap of the 12C G2 mode with the 13C D′ graphene band. 
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There is a systematic tendency in the correlation of the local surface roughness and both strain 

and doping of the bottom graphene layer of the 2-D peapod. In particular, the surface 

roughness is higher in areas where the bottom graphene layer is more doped and less strained, 

Fig. 3(e,f). Hence, it seems that fullerenes tend to aggregate preferentially on less-strained 

graphene areas. This is reasonable result, because the relaxed parts presumably correspond to 

the local minima. We note that in the case of doping of the bottom graphene layer, no 

competition between delamination of the graphene layer from the substrate and electronic 

interaction with fullerenes is expected because they are deposited on the bottom layer. 

We assume that the wrinkling of the 13C top graphene layer induced by fullerenes can be 

described by local roughness, expressed as a root-mean-square deviation. The effect of the 

presence of fullerenes on the graphene layer covering the fullerenes is clear. The more 

fullerenes that are located in a single laser spot, the higher relative G2 peak area is observed. 

This validates the concept of sub-micron doping inhomogeneities within a single laser spot, 

which assumes that part of the irradiated graphene is more doped (graphene lying on the 

surface) while the other part (delaminated graphene) is not in contact with the substrate and 

therefore it is significantly less doped. Our results are also in agreement with the Raman study 

on graphene covering iron oxide nanoparticles,20 where a higher concentration of 

nanoparticles induced a higher relative area of the G2 peak. 

In general, both of the graphene layers of the 2-D peapod are compressed. This strain 

probably comes from the transfer process onto the Si/SiO2 substrate and also from the 

presence of fullerenes. The magnitude of the compression is comparable with the strain in 

transferred chemical vapour deposition (CVD) graphene (without fullerenes).35 From the 

correlation analysis of strain and local surface roughness, it follows that strain in the 13C top 

graphene layer tends to be smaller with a higher amount of fullerenes. This means that a high 

concentration of fullerenes can release the strain in the covering graphene layer. This property 

of fullerenes is expected as they have been used for their lubricant behaviour.36 No systematic 

tendency in the correlation of local surface roughness and doping calculated from the 
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positions of the G1 and the 2D peaks was observed. Local changes of doping induced by the 

presence of fullerenes are localized in the delaminated areas of graphene only. In a single 

laser spot there are several delaminated areas, therefore this effect is fully described by the 

relative area of the G2 peak. The fullerenes tend to aggregate on the bottom graphene layers in 

spots with lower compression. The presence of fullerenes expressed as local roughness 

increases the p-doping of the bottom graphene layer, as can be expected from the electronic 

interactions between graphene and C70. 

 

 

 

Conclusion 

In summary, we prepared a 2-D peapod consisting of C70 fullerenes sandwiched between two 

isotopically labelled graphene layers. We compared directly the Raman and AFM maps 

measured in the same area by calculating the local roughness from AFM corresponding to the 

scale of a Raman spot size. This enabled us to describe local effects of the presence of 

fullerenes on both graphene layers. We concluded that the presence of fullerenes induces 

delamination of the top graphene layer from the bottom layer, which is demonstrated by a 

local decrease of doping on a sub-micron scale. We also found that fullerenes enable local 

release of strain in the top graphene layer. 

 

Experimental 

The heterostructure consisted of C70 fullerenes sandwiched between two graphene layers. 

First, the bottom 12C graphene was grown using the CVD process37,38 on a copper substrate 

and subsequently transferred onto a clean Si/SiO2 substrate (pre-treated in oxygen plasma) 

using poly(methyl methacrylate) (PMMA) according to procedures reported previously.37 The 

majority of PMMA was removed by acetone and the PMMA residuals were eliminated by a 

careful heating at 300 °C. Fullerenes were spin-coated from a hexane solution onto the 
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substrate with the 12C graphene layer. Finally, the top 13C graphene was grown using CVD 

with 13C methane as a reaction precursor and transferred using PMMA in the similar way as 

the bottom layer over the deposited fullerenes. 

The AFM images were measured with a Bruker Dimension Icon using Scanasyst-air silicon 

nitride probes. The measurements were performed in the PeakForce tapping mode with the 

peak force setpoint of approximately 1 nN and with a resolution of 512 lines. The images 

were further processed using Gwyddion software.39 

The Raman spectra were measured using a WITec alpha300 R spectrometer equipped with a 

piezo stage with 532 nm excitation wavelength. The laser power was kept below 1 mW to 

avoid any heating effects. The laser was focused on the sample with a 100× objective to a spot 

with a diameter of around 500 nm.  
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Figures and captions: 

 

Fig. 1 A typical Raman spectrum of the 12C graphene/C70/13C graphene heterostructure (grey dots). 

The red lines represent the fits of individual Raman bands of both isotopes. In the region around the G 

peaks, the D′ bands had to be fitted as well, as they overlap with the G peaks (green lines). The blue 

lines represent the G2 peaks that were fitted because of the asymmetry of the main, G1, peaks. 

 

Fig. 2 The measured surface topography AFM map (a) and calculated local roughness from the AFM 

map spatially mapped onto the measured Raman data points (b). The map of strain in the 13C top 

graphene layer calculated from the measured Raman data (c) and the map of the relative area of the G2 

peak of the 13C top layer (d) . 
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Fig. 3  A correlation plot of the local roughness (σrms) obtained by AFM and the parameters obtained 

from Raman mapping. Each adjacent 100 points of the correlation plot were binned together. The 

median (blue points) together with the first and third quartile (pink area) are depicted for the relative 

area of the G2 peak (a), strain (b) and doping (c) of the 13C top layer. For the bottom 12C graphene 

layer, the relative area of the G2 peak (d), strain (e) and doping (f) are shown as well. 
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