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Highlights 

 Gold nanoparticles of 16 nm diameter were synthesised, and their ordered 

monolayers were achieved by wet-chemical methods. 

 Nanoscale rippling of graphene was induced by transferring the graphene onto the 

gold nanoparticle monolayer. 

 Periodic rippling of graphene was achieved using low-fluence Ar+ ion irradiation. 

 The signatures of irradiation-induced point defects were revealed by scanning 

tunnelling microscopy and Raman spectroscopy.  
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Abstract 

 

Here we report a new method combining strain and defect engineering for the periodic 

modulation of the graphene nanoscale rippling. First, gold nanoparticles of 16 nm in 

diameter were synthesized by seed-mediated, wet-chemical approach, and thiol-terminated 

polyethylene glycol (mPEG-SH) molecules were grafted onto their surface. High-density 

monolayers of the PEGylated gold nanoparticles were successfully prepared on Si substrates 

by the Langmuir-Blodgett technique. Graphene grown by chemical vapour deposition was 

transferred onto the nanoparticle monolayer, and characterized by atomic force microscopy, 

scanning tunneling microscopy, as well as Raman spectroscopy. The induced nanoscale 

rippling of graphene was fine-tuned by Ar+ ion irradiation. 

 

Keywords: graphene ripples, gold nanoparticles, graphene-based hybrid materials, ion 

irradiation, defect engineering 
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1. Introduction 

 

Graphene is an intrinsically rippled two-dimensional crystal [1], with the highest 

known electrical [2] and thermal conductivity [3]. It can be bent and wrinkled as it tolerates 

very high strain [4,5,6]. Ripples and wrinkles can highly affect the electronic and optical 

properties of this one-atom thick carbon material; therefore, their controlled realization has 

been of high interest in the last decade. The spatially varying strain associated with 

nanoscale ripples can tune the band structure of graphene [7,8], and even open band gaps 

for specific strain combinations [9]. Corrugations can enhance the chemical activity [10] and 

functionalization [11,12] of graphene. Calculations show that a local, non-uniform strain [13], 

or the bi-axial strain associated with graphene ripples lowers the thermal conductivity [14], 

which can be of significance in increasing the efficiency of graphene-based thermoelectric 

devices [15,16,17]. Among the many interesting properties of corrugated graphene, it is worth 

mentioning that ς contrary to a flat honeycomb carbon lattice ς gas molecules can pass 

through the ripples, since there the energy barrier of permeation is smaller [18,19].  

Structural rippling in graphene can be induced for example by transferring it onto 

gold nanoparticles (NPs) of high surface coverage prepared by wet-chemical method [20] or 

by physical methods (thin film evaporation and annealing), as we reported recently [21]. Such 

graphene/gold nanoparticle hybrid material shows enhanced vapour sensing properties [22]. 

In this work, we used a different approach to achieve a more ordered rippling of graphene, 

with better defined rippling period. We applied wet-chemical methods for the preparation 

of high-density gold nanoparticle monolayers as substrate for graphene, and then 

polyethylene glycol (mPEG) molecules were attached covalently to gold NPs (PEGylation) via 

the formation of Au-S bonds. This is a commonly used approach for improving drug delivery 
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[23,24], and to control the interparticle forces between the NPs [25]. The PEG molecules are 

compatible with organic solvents, which is of crucial importance in the preparation of 

nanoparticle monolayers on solid substrates. Once the monolayer is formed, it is stable 

enough for transferring graphene on top of it. Importantly, a regular pattern is formed by 

NPs at sub-monolayer coverage (see Figure 1), which gives the possibility to fine-tune the 

structure and properties of graphene in a periodic manner. We present a new method 

combining strain engineering and ion irradiation for the realization of periodically rippled 

graphene. The effect of irradiation on the graphene cover layer was revealed by scanning 

tunneling microscopy (STM), tunneling spectroscopy (STS), and Raman spectroscopy.  

 

 

2. Experimental 

 

2.1. Gold nanoparticle synthesis and film formation 

 The nanoparticles have been synthetised according to the protocol published in Ref. 

[26]. The PEGylation of gold nanoparticles was done with thiol-functionalized methoxy-

polyethylene glycol (mPEG-SH) molecules (MW=2000 Da) from Rapp-Polymere GmbH, using 

the procedure described in our earlier work [25]. We aimed to produce the smallest possible 

nanoparticles and their monolayer, since these are the most interesting for tuning the 

graphene properties. The Langmuir-Blodgett (LB) films of the nanoparticles have been 

prepared in a KSV2000 LB-trough. For the film preparation, the PEGylated nanoparticles had 

been first transferred into ethanol by centrifuging (Eppendorf 5804R) and the alcosol of the 

nanoparticles was spread at the water/air interface. Prior to transferring the film from the 



6 
 

water/air to the Si substrate/air interface using vertical substrate withdrawal, the 

compressed monolayer was allowed to relax for 30 min. 

 

2.2. Preparation of graphene-covered gold nanoparticles 

Single-layer graphene grown on copper foil substrate was purchased from Graphenea 

Inc. We used a standard screen protector film for the transfer of graphene. An etchant 

mixture consisting of CuCl2 aqueous solution (20%) and hydrochloric acid (37%) in 4:1 

volume ratio was used to etch the copper foil. After the etching procedure, the protector 

film holding the graphene was rinsed in distilled water, then dried and pressed onto the 

PEGylated gold nanoparticles. The film was removed, while graphene remained on top of the 

gold nanoparticles. 

In order to fine-tune the nanoscale rippling of graphene, point defects were 

introduced by Ar+ ion beam of 1 keV. The irradiation of graphene-coated gold nanoparticle 

samples was carried out using an ion gun that was built in an ultra-high vacuum surface 

analytical equipment for ion sputtering purposes. The ion gun (TeleTwin gun made by 

Technoorg, Budapest) was adjusted to 30o angle of incidence and the ion beam was scanned 

over a 5 mm × 5 mm area. In order to provide low fluence irradiation, the Ar gas supply of 

the ion gun was extremely reduced (compared to its normal operation) by adjusting the Ar 

leak valve. Thus, the intensity of the Ar+ ion beam at the outlet was significantly reduced. 

The estimated fluence was Ғ1012 ions/cm2, achieved by 20 sec irradiation.  

 

2.3. Characterization 

The gold nanoparticle monolayers were imaged using a Zeiss LEO field emission 

scanning electron microscope (FE-SEM) at an acceleration voltage of 5 keV. Graphene-



7 
 

covered gold nanoparticles were investigated by tapping mode atomic force microscopy 

(AFM) measurements performed on a Bruker MultiMode 8 apparatus, as well as scanning 

tunneling microscopy (STM) and tunnelling spectroscopy (STS) measurements using a DI 

Nanoscope E equipment operating under ambient conditions. The STM measurements were 

carried out in constant current mode using bias voltages of 1 ς 1.2 V and tunneling currents 

of 0.3 ς 0.5 nA for large scale imaging. Atomic resolution was achieved with lower bias 

voltages of 50 ς 100 mV and a current of 1 nA. Inelastic light scattering spectroscopy 

measurements were performed using a confocal Raman microscope (WITec) and excitation 

laser of 532 nm. We used laser power of 1 mW, with the beam focused onto ͯρ ‘ά  area at 

the sample surface. The measurements were performed by scanning graphene-covered 

areas of ςπ ςπ ‘ά , defining ςπ scan lines and recording ςπ spectra during each scan line. 

The integration time was 1 sec for each spectrum. The background from gold nanoparticles 

was removed using the peak analyzer feature of OriginPro software (asymmetric least 

squares smoothing baseline). 

 

 

3. Results and discussion 

 

Ordered (sub)monolayer of gold nanoparticles was obtained using the LB method, as 

shown by SEM and AFM measurements in Fig. 1a and 1b, respectively. Achieving fully 

ordered state of such small nanoparticles is difficult, nanoparticle voids frequently occur on 

large-scale. These voids appear as dark-contrasted areas on both SEM and AFM images. In 

these areas, which show the bare Si substrate, typically 10 ς 50 nanoparticles are missing 

from the monolayer. Nevertheless, the Si substrate is a good reference point in AFM 
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experiments to measure the height of nanoparticles. We obtained an average nanoparticle 

height of 16.3 nm (Fig. 1c), and the nanoparticles were closely spaced in ordered clusters 

with an average interparticle distance of 18 nm. As a comparison, in our previous work [21] 

where we applied physical preparation methods, we obtained dome-like nanoparticles 

(typically with height of 15 nm and diameter of 30 nm), while here the nanoparticles are 

spherical, and the particle size shows a much lower variation. 

 

 

Figure 1. SEM (a) and AFM (b) images of the gold nanoparticle monolayer. The height 

distribution of 589 nanoparticles measured by AFM is shown in c). (A colour version of this 

figure can be viewed online.) 

 

The structure of graphene transferred onto the PEGylated gold nanoparticle monolayer can 

be observed in Fig. 2a, which shows the STM image of a completely graphene-covered area. 

The top of nanoparticles (closely spaced brighter spots), as well as nanoparticle voids (dark-

contrasted regions) are both observed.  
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Figure 2. (a) STM image of graphene as transferred onto the gold nanoparticle monolayer. 

(b) STM image of graphene supported by nanoparticle monolayer, after ion irradiation. (c) 

The height profiles corresponding to line sections 1 in a) (black line) and 2 in b) (red line). 

Dashed lines are guide for the eye denoting typical rippling amplitudes. Tunneling 

parameters: U = 0.5 V, I = 0.5 nA. (A colour version of this figure can be viewed online.) 

 

The graphene is suspended above the voids and has bowl-like shape here. The depth to 

diameter ratio of these suspended areas is between 5 and 10% (see Fig. S1, Supplementary 

material). The overall graphene cover has large, elongated ripples, which can be 

characterized with a typical amplitude of around 2.5 nm, as illustrated in Fig. 2c (height 

profile no. 1). Our goal here is to minimize these elongated ripples and to impart a rippling 

periodicity to graphene, which is as close as possible to the periodicity of the underlying 

nanoparticles. Previously, we achieved this by annealing the graphene-covered gold 

nanoparticles at 400 °C [21], which improved the adhesion of graphene to the nanoparticles. 

Here, however, this annealing step is not suitable due to the small size and the wet-chemical 

preparation method of gold nanoparticles: annealing at several hundreds of degrees Celsius 

completely impairs the regular assembly of nanoparticles and transforms them into larger, 

merged particles [27]. 
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In order to tune the nanoscale rippling of graphene to match the periodicity of Au 

NPs, we introduced point defects in the graphene structure by irradiation with 1 keV Ar+ ions 

using a fluence of the order 1012 ions/cm2. It was shown recently that both carbon vacancies 

and Stone-Wales defects induce considerable local out-of-plane deformations in the 

graphene lattice near the defect [28,29]. We presumed that sufficiently high density of point 

defects can tune the nanoscale corrugation of the whole graphene sheet. We performed 

STM investigations of the graphene/mPEG/Au NP hybrid structure after irradiation, and the 

measurements revealed that indeed, the rippling of graphene changed significantly (Fig. 2b). 

The elongated ripples disappeared, the typical amplitude of out-of-plane deformations 

decreased to 1.5 nm (Fig. 2c) and a rippling wavelength of around 30 nm can be observed 

(Fig. 2c, height profile no. 2). Although this period is larger than the one of the underlying Au 

NPs, it can be considered as a regular, periodic deformation, characterizing the entire 

irradiated graphene. Atomic resolution STM measurements revealed hillock-like protrusions, 

associated with the irradiation-induced point defects, as shown in Figs. 3a and 3b (height 

profile no. 2).  

 

 

Figure 3. (a) High resolution STM image of the irradiated graphene shown in Fig. 2b. The 

height profiles corresponding to unperturbed atomic lattice (section 1) and irradiation-

induced point defect (section 2) are shown in (b). (c) STS spectra measured on intact 
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graphene area (black) as well as on graphene area with irradiation-induced defect (red). (A 

colour version of this figure can be viewed online.) 

 

As a comparison, the atomic lattice of intact graphene is also resolved (height profile no. 1). 

Local dI/dU spectra obtained from STS measurements show increased density of states at a 

defect site (Fig. 3c, red line) for positive bias voltages (U), which is the main cause of hillock 

formation: an apparent increase of height during constant current (I) STM imaging [30].  

Finally, the gold nanoparticle-supported graphene was measured by Raman 

spectroscopy, as described in section 2.3. The άas-transferredέ graphene is characterized 

with Ὅ Ὅϳ ςȢφ  πȢπυ (see Fig. 4), where Ὅ  and Ὅ  are the intensities (heights) of the 

ςὈ and Ὃ peaks, respectively.  

 

 

Figure 4. Average Raman spectra (obtained on ςπ ςπ ‘ά  areas) of gold nanoparticle-

supported graphene “as-transferred” onto the nanoparticles (black), and after ion irradiation 

(red). For clarity, the background was subtracted, and the spectra were shifted vertically. (A 

colour version of this figure can be viewed online.) 
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It is visible in Fig. 4 that after irradiation the Ὅ Ὅϳ  ratio decreases to 1.25 ± 0.05, while the 

intensity of the Ὀ peak (Ὅ ) increases significantly. In addition, the full width at half 

maximum of both the Ὃ and ςὈ peaks increased from 25.4 to 56.7 cm-1 and from 32.3 to 

65.2 cm-1, respectively. The broadening of the peaks is a spectroscopic signature of graphene 

with structural disorder [31], including point defects, clustering of the carbon sp2 lattice, and 

bond length disorder [32]. Furthermore, the broadening of the peaks occurs also for 

increased lattice strain variations at the nanometer-scale [33]. Nanoscale strain variations 

occur for example due to the nanoparticle voids, where graphene is suspended. The 

structural deformation of such suspended graphene is different from the periodic rippling of 

graphene parts that are supported by ordered nanoparticle clusters. The low-fluence ion 

irradiation induces point defects and local strain variations at the same time, thus the 

observed broadening of the average peaks is attributed to both effects. Note that after 

irradiation Ὅ Ὅ ρϳ , as expected for low density of defects [34]. In such case we can 

estimate the crystalline domain size ὒ  of irradiated graphene (or average distance between 

defects) using [35] 

 ,      (1) 

where ὅ ‗ ρπς ὲά  for an excitation laser wavelength (‗) of 514 nm [35]. Assuming a 

similar value for ‗ υσς ὲά used in the Raman experiments, and using Ὅ Ὅϳ πȢχυ

 πȢπυ extracted from Fig. 4, we obtain ὒ ḙ ρς ὲά, which is in good agreement with the 

STM observations. 

The rippling induced by ion irradiation conveys potentially interesting sensing 

properties to graphene, since not only the strain at nanoscale, but also the induced point 

defects can enhance the sensitivity or selectivity upon exposure to gas molecules. Future 

related work may reveal new properties of such strain- and defect-engineered graphene. 
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Furthermore, as shown recently, the elastic constant of graphene can be increased by 

introducing low density of point defects [36]. Thus, combining ion irradiation with the control 

of nanoscale corrugation can open new paths also to tailor the stiffness of future graphene-

based devices. 

 

4. Conclusions 

 

 We have prepared monolayers of PEGylated gold nanoparticles with a period of 18 

nm. Graphene was successfully transferred onto the NPs. We were able to tune the 

nanoscale rippling of graphene at the cost of introducing point defects by low fluence ion 

irradiation. The signatures of irradiation-induced defects were observed by scanning 

tunneling microscopy and spectroscopy. The crystalline structure of graphene is preserved in 

domain sizes of the order of 10 nm, as inferred from Raman spectroscopy measurements. 

Such defective and corrugated graphene coating can be of interest in tailoring the band 

structure and the functionalization of graphene, as well as in the preparation of enhanced 

substrates for molecular detection with plasmonic nanoparticles. 
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