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ABSTRACT 

We investigate local doping concentration modulation of graphene flakes on a SiO2/Si 

substrate that has been exposed to the same chemicals in device fabrication using 

tip-enhanced Raman spectroscopy (TERS). By spectral line scanning across the edge of 

graphene, it is observed that the D peak enhancement is localized in the vicinity of the 

edge boundary, and the TERS spatial resolution of ~228 nm is obtained. In the TERS 

spectra significant peak shifts of both the G and 2D peaks are observed more than 

7 cm
-1

 across the hump on graphene within the distance of 1 μm, while both G and 2D 

peaks are shifted less than 2 cm
-1

 in the far-field spectra. This indicates that the 

modulation of hole doping concentration in close proximity on graphene/SiO2/Si can be 
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probed by using TERS surpassing the resolution of a laser diffraction limit of 

conventional micro Raman spectroscopy. 

 

1. INTRODUCTION 

 Graphene is a two-dimensional material composed of sp
2
 bonded carbon atoms with a 

hexagonal arrangement [1,2]. Because of its excellent mechanical and electrical 

properties, graphene has been expected for various applications, such as 

nanoelectromechanical systems [3], flexible thin film transistors [4], and radio 

frequency transistors [5]. It is known that electrical characteristics of graphene are 

influenced by defects [6], strain [7,8], and doping concentration modulation [9-12]. As 

those could be induced either intrinsically in the growth of graphene or extrinsically 

during the device fabrication process, a method to evaluate the quality of the graphene 

with high spatial resolution down to nanoscale must be very useful for detailed analysis 

of graphene nanoelectronic devices. 

 Raman spectroscopy has been extensively used as a non-destructive method to obtain 

various properties in graphene [13], such as the number of layers [14], edge [15], 

disorder [16], defect [6,17,18], strain [19-24], and doping [24-27]. However, 

conventional Raman spectroscopy only gives the averaged signal over the microscale 

laser spot size and its spatial resolution is limited by laser diffraction. 

 Tip-enhanced Raman spectroscopy (TERS) is a variant of Raman spectroscopy and is 

able to achieve better spatial resolution than conventional Raman spectroscopy via 

near-field effect by surface plasmon resonance [28]. Since the first TERS measurement 

for graphene in 2008 [29], TERS has been intensively used for investigating local 

material properties of various types of graphene, such as mechanically-exfoliated 



graphene on glass [30-38], on Au [39], chemical vapor deposition (CVD)-grown 

graphene on glass [38] or on Cu [39], epitaxially-grown graphene on SiC [40-42], and 

polymerized graphene [43]. On the other hand, there has been little TERS works for 

graphene nanodevice analysis. 

 In this study, we focus on using exfoliated graphene on SiO2/Si substrates because (1) 

extrinsic effects caused by device fabrication processes become more prominent thanks 

to its high crystal quality and (2) comparative study is possible by evaluating electrical 

characteristics of fabricated devices on the same platform at the same time. In the 

following, we demonstrate enhancement of the edge boundary signal on graphene on 

SiO2/Si and high TERS spatial resolution beyond laser diffraction limit. Significant 

peak shifts are observed in line-scanned TERS spectra taken across a hump structure on 

graphene, while only slight peak shifts are found in the far-field ones. The results 

suggest that TERS can pick up the modulation of local hole doping concentration with 

nanoscale resolution. 

 

2. EXPERIMENTAL 

 Graphene flakes were mechanically exfoliated from a highly oriented pyrolytic 

graphite by using an adhesive tape and 290-nm-thick SiO2 layer grown on an n-doped 

Si substrate. The number of graphene layers was identified by the contrast between 

graphene and SiO2 in the optical image [44], and by micro Raman spectroscopy. 

 An optical image and Raman spectrum of a monolayer graphene are shown in Figs. 

1(a) and (b). The number of graphene layers was identified by the contrast between 

graphene and SiO2 in the optical image and by fitting of the Raman peaks. The peak at 

~1590 cm
-1

, called G peak, is caused by the doubly-degenerated E2g vibration mode at 



the Brillouin zone center in the first-order Raman scattering process. The D peak 

located ~1345 cm
-1

 originates in the double resonance of the second-order process 

between different valleys around K and K´ in the Brillouin zone (intervalley scattering), 

which corresponds to the A1g breathing mode at K, the in-plane transverse optical 

phonon [16]. This peak is activated by defects, disorders or edges with armchair 

geometry [15,45]. The peak at ~2685 cm
-1

 is the 2D peak (or called G´ peak), which 

arises from triple resonant process of the second-order intervalley scattering. Although 

the 2D peak corresponds to the overtone of the D peak, it is not required neither defects 

nor disorder for activation. We discriminate the number of graphene layers by fitting to 

the 2D peak, which has different profile shape with respect to the number of layers [14]. 

The 2D peak in Fig. 1(b) can be fitted with a single Lorentzian function whose full 

width at half maximum (FWHM) is 30.8 ±0.2 cm
-1

, indicating monolayer graphene 

[14]. 

 Note that we have fabricated graphene nanoribbon devices on the same substrate but 

on the other flakes before all TERS measurements. The fabrication process is 

summarized in Fig. 1(c). Using a Poly(methyl methacrylate) (PMMA) resist, electron 

beam (EB) lithography and O2 plasma dry etching were performed to pattern 

nanoribbon structures. Metal contacts of Cr/Au (2/40 nm) were then fabricated by EB 

lithography with PMMA/MMA resists, EB deposition and lift-off processes. In 

consequence, graphene flakes we used in this study for TERS measurements on the 

same substrate were affected by this process so that they were no longer pristine. The 

topographic image of a fabricated device taken by atomic force microscopy (AFM) is 

shown in Fig. 1(d). The channel length and width are ~3 μm and ~140 nm, respectively. 

In electrical measurements, two-point resistance was measured by using a 



semiconductor device analyzer (Agilent B1500A) in an atmospheric environment at 

room temperature. Backgate modulation characteristics were measured by applying via 

the n-doped Si substrate under the constant source-drain bias voltage Vds = 10 mV. 

 

 

Fig. 1 - (a) The optical image of the monolayer graphene flake investigated in the this 

study. The yellow arrow points to the location of the flake. (b) The Raman spectrum of 

the monolayer graphene flake. The black line is experimental data, and the red line on 

the 2D peak is the fitted Lorentzian curve. (c) The device fabrication process flow. 

(d) The AFM topographic image of the graphene nanoribbon device on the same 

substrate. (e) The electrical measurement configuration for graphene devices. 

 



 For the TERS measurements, we used the integrated system comprised of the 

Nanonics Multiview 4000 AFM system and Renishaw InVia Raman spectrometer. As 

shown in Fig. 2(a), the sample is exposed to laser from the top (top-illumination 

configuration), and the Raman spectrum is collected through the same objective lens 

(50× magnification, NA = 0.45). The Nd-doped Y-Al-garnet laser with the wavelength λ 

of 532 nm was used for excitation. For feedback on AFM imaging and near-field 

excitation, a quartz tuning fork with a commercial probe tip was used (Nanonics 

Imaging Ltd.). This tip is coated with Au, and the diameter of an Au nanoparticle on top 

of the tip is about 200 nm. The laser power at the sample was kept less than 0.4 mW to 

avoid damage to the graphene and tip by heating. During scanning measurements, the 

in-plane position (x, y) of the sample was controlled by the sample piezo stage, and the 

tip height (z) was controlled by the tuning fork feedback, so as not to misalign the laser 

spot and the tip location. The first Raman spectrum at the selected point was taken when 

the tip was approached and then second one when retracted from the sample with the 

distance between tip and sample of ~10 μm. The spectrum with the tip approached 

contains both near-field and far-field effects, while the one with the tip retracted only 

the far-field effect. The result of the near-field effect was obtained by subtracting the 

tip-retracted spectrum from the tip-approached one. Figure 2(b) exhibits tip-approached 

and retracted spectra at the same point on the monolayer graphene flake. The 

enhancement of each peak has been confirmed in the subtracted spectrum shown in 

Fig. 2(c). 

 



 

Fig. 2 - (a) The schematic of the TERS measurement setup with the top-illumination 

configuration. (b) The Raman spectra of the monolayer graphene by the TERS 

measurement. The red and black lines represent the spectrum acquired when the tip is 

approached and retracted, respectively. (c) The subtracted Raman spectrum shown in (b) 

(i.e., Approached - Retracted). 

 

3. RESULTS 

3.1 Electrical measurements 

 First, electrical characteristics for the graphene nanoribbon transistors were measured 

to evaluate the doping concentration of the graphene via the position of the charge 

neutrality point (CNP) in resistance vs backgate voltage Vg curves. The CNP is the point 

where the electron and the hole density become same, a shift of the CNP to the positive 

(negative) in Vg means that Fermi energy in graphene moves far in the valence 



(conduction) band, i.e., hole (electron) doping concentration is enhanced. Figure 3 

shows the measured resistance as a function of Vg, and the CNP appears in the positive 

Vg range. The carrier density n is estimated by the following equation; 

𝑛 =
𝐶g𝑉CNP

𝑒
          (1) 

where Cg is the gate capacitance per area, VCNP is the gate voltage at the CNP, and e is 

the elemental charge [1,9,10]. Based on the parallel plate capacitor model, Cg is 

calculated to be ~11.9 nF cm
-2

 for the dielectric SiO2 of 290 nm. Then, the doped hole 

density is estimated to be ~2.32 × 10
12

 cm
-2

. Note that, all 15 devices fabricated on the 

same substrate show VCNP > 0 V suggesting our device fabrication process is ended up 

with hole doping. 

 

 

Fig. 3 - The resistance of the graphene nanoribbon transistor as a function of Vg at room 

temperature. The maximum resistance appears at the CNP of Vg = 31.2 V. The inset 

illustrates the band structure of the hole-doped graphene with Fermi energy at the 

valence band. 

 



3.2 TERS scanning across the edge boundary 

 Figure 4(a) shows an AFM topographic image of a monolayer graphene flake on the 

same substrate where the nanoribbon devices are fabricated. Spectral line scanning is 

performed across the edge of the flake along the dotted arrow drawn in Fig. 4(a). At the 

outside of the graphene flake marked by the cross mark shown in Fig. 4(a), both D and 

G peaks have not been enhanced, so the subtracted spectrum does not show any peaks 

(Fig. 4(b)). In contrast, both of peaks are enhanced at the edge marked by the circle in 

Fig. 4(c). At the triangle mark graphene region, the G peak is enhanced while the D 

peak not as shown in Fig. 4(d). In the height profile along the scanning line shown in 

Fig. 4(e), the edge of graphene is identified at the position x ~1000 nm. The G peak 

intensity starts to increase around the edge boundary, and remain constant when 

x > 1000 nm (Fig. 4(f)). The D peak enhancement is observed only around the edge 

boundary of x ~1000 nm as shown in Fig. 4(g). From the G peak intensity profile, the 

TERS spatial resolution is extracted using the following equation [33]; 

𝐼G = √
𝜋

8
𝐴1𝑤1 [1 − erf {

√2(−𝑥 + 𝑥edge)

𝑤1
}]

+ √
𝜋

8
𝐴2𝑤2 [1 − erf {

√2(−𝑥 + 𝑥edge)

𝑤2
}]          (2) 

where IG is the G peak intensity in the subtracted spectrum, A1 and A2 are scaling factors, 

xedge is the position of edge, w1 and w2 are the spatial resolution of far-field and 

near-field spectra, respectively. The far-field resolution is calculated based on the laser 

spot size to be w1 ≅ 1.22 λ/NA ~1.44 μm, and then, the TERS resolution is extracted to 

be w2 ~228 nm, which is comparable to the Au particle size at the tip. The D peak 

intensity profile can be fitted by a Gaussian curve with the FWHM of ~268 nm. 

 



 

Fig. 4 - (a) The AFM image of the monolayer graphene flake. The spectral line scanning 

is performed along the dotted arrow. (b) The subtracted Raman spectra acquired at the 

cross (outside of the graphene flake), (c) the circle (edge), (d) and the triangle (inside) 

marks (shown in (a)), respectively. (e) The AFM height profile, (f) the intensity profile 

of the subtracted spectra for the G peaks and (g) the D peaks along the arrow shown in 

(a). The tail of the arrow corresponds to x = 0 nm. The red lines in (f) and (g) are fitting 

curves using the equation (2) and the Gaussian function, respectively. 

 

3.3 Raman peak variation inside graphene 

 We have also conducted spectral line scanning inside the graphene flake along the 

arrow shown in Fig. 5(a). In the topological profile along the arrow in Fig. 5, a hump is 

identified at x ~950 nm. Line shapes of the G peak in far-field Raman and in TERS 

taken at five different positions on the line are plotted in Figs. 5(c) and (d), respectively. 

There is almost no change in the far-field Raman spectra, whereas the shift of the peak 

positions is clearly identified in TERS. Clear difference between the far-field and 

tip-enhanced Raman spectra is also observed in monitoring the 2D peak as shown in 

Figs. 5(e) and (f). The peak center and FWHM of each peak are extracted using single 

Lorentzian curve fitting and plotted with respect to the position along the line in Figs. 

5(g)-(j). For the far-field spectra, overall peak shift of the G and 2D peaks is less than 



2 cm
-1

 in the whole range of x. On the other hand, the G peak center in TERS is 

1590.47 ±0.28 cm
-1

 at x ~0 nm and then shifted to 1598.14 ±0.23 cm
-1

 at x = 950 nm. 

The 2D peak center is observed to be 2675.26 ±1.09 cm
-1

 at x = 0 nm, and then, shifted 

to 2682.32 ±0.25 cm
-1

 at x = 950 nm. For the FWHM, again almost no change in the 

far-field spectra whereas the FWHM of the G peak is changed from 20 cm
-1

 at around 

x = 300 ~ 800 nm to 15.69 ±0.75 cm
-1

 at x = 950 nm. The 2D peak FWHM is ~30 cm
-1

 

around x ~100 nm, that broadens to be 41.56 ±1.04 cm
-1

 at x = 950 nm. 

 

 

 

 

 

 

 

 

 

 



 

Fig. 5 - (a) The AFM image of the graphene flake. The spectral line scanning is 

performed along the yellow dotted arrow. (b) The AFM height profile along the arrow 

shown in (a). The tail of the arrow corresponds to x = 0 nm. (c)-(f) The tip-retracted 

Raman spectra and the subtracted one around the G peak (c),(d) and the 2D peak (e),(f), 

respectively, at each position along the arrow shown in (a). The subtracted data 

(symbols) are fitted with the Lorentzian curve (solid line). Each plot has the offset to be 

seen clearly. The black and green plots correspond to the spectrum at x = 0 nm and 

950 nm, respectively. The vertical dotted lines in (c),(d) and (e),(f) point to 1595 cm
-1

 

and 2685 cm
-1

, respectively, for eye guides. (g),(h) The center and the FWHM of the G 

peak along the arrow shown in (a), respectively. (i),(j) The center and the FWHM of the 

2D peak along the arrow shown in (a), respectively. In (g)-(j), the black and blue color 

plots are the results of the Lorentzian function fitting to the tip-retracted and the 

subtracted data, respectively. The error bars indicate fitting error. 

 

4. DISCUSSION 

 First we briefly discuss the results of the electrical measurements that suggest all the 



graphene on the same substrate are hole-doped. Considering the transfer process and the 

fact that the flakes are directly placed on SiO2, this hole doping can be attributed to 

chemical charge transfer from physisorbed O2, H2O molecules, and polymer residues on 

the graphene surface [9-11]. 

 Next we discuss the results of the line scanning across the edge. As shown in Fig. 4(f), 

the G peak is enhanced from the edge boundary and remained constant beyond. Taking 

account of the origin of the G peak that corresponds to the E2g mode, its intensity would 

increase with increasing the number of excited sp
2
 bonded carbon rings within the laser 

spot. Thanks to the near-field effect the increase of the intensity of G peak in the 

vicinity of the edge is clearly observed. The intensity does not largely change inside the 

graphene flake because the exposed area is constant. On the other hand, the D peak 

intensity is enhanced only around x ~1000 nm. This indicates that the D mode is 

strongly localized in the vicinity of the edge, which is consistent with the previous 

reports [33,35]. Actually in x <1000 nm, the D and the G peaks are observed both in the 

far-field and tip-approached Raman spectra as the laser spot (~1 μm) is overlapped with 

the graphene region. However, the spectra are hardly enhanced in x <1000 nm as shown 

in Fig. 4(b), implying that the near-field spot does not reach to the graphene region. We 

have obtained two comparable spatial resolutions by two different two ways by curve 

fitting to the G peak and the D peak intensity profile. Clearly both spatial resolutions of 

our TERS measurements are over the diffraction limit of light. The extracted values are 

mainly due to the size of the Au nanoparticle on top of the tip. The message from this 

analysis is that TERS is also applicable for device structure analysis with a good level 

of the spatial resolution which is comparable to the previous TERS studies for materials. 

 The results of line scanning inside the graphene are next discussed by focusing on 



significant peak variation observed in the TERS spectra. In normal Raman spectroscopy, 

such behavior could be explained by considering (i) doping and (ii) strain effects. 

Doping causes an up-shift for the G peak, and the G peak FWHM narrows as increasing 

both carrier doping as a result of the nonadiabatic Kohn anomaly [25,26,46]. The 2D 

peak down-shifts or up-shifts by electron or hole doping, respectively, due to charge 

transfer [26], and the 2D peak FWHM broadens as increasing doping [27]. Strain effects 

can be discriminated either uniaxial or biaxial, and then, tensile and compressive strain. 

Uniaxial strain splits the G peak into G
-
 and G

+
 with down-shifting, and it splits or 

broadens the 2D peak [21,22], while biaxial one does not affect the FWHM of both G 

and 2D peaks [23]. Tensile strain causes down-shift due to phonon softening, and 

opposite for compressive one owing to phonon stiffening [13,19,20]. According to Ref. 

24, the ratio of the 2D peak shift to the G peak shift is a good index to evaluate which 

effect is more dominant on the Raman shift. Our result of ~0.87 at 0 < x < 950 nm is 

much closer to 0.75, a typical value for the case that the doping effects are dominant, 

than to 2.2 for strain effects. Therefore, it can be interpreted that the main contribution 

of peak shift observed within x = 0 ~ 950 nm is doping concentration modulation. 

Comparing the peak center at x = 950 nm to that at x = 0 nm, the 2D peak up-shifts as 

approaching from x = 0 nm to x = 950 nm suggesting that the position x = 950 nm has 

higher hole doping concentration than x = 0 nm. As is shown in the AFM image and the 

height profile (Figs. 4(a), (b)), a hump structure with ~1.5 nm in height and ~100 nm in 

width is clearly observed around x = 950 nm, where the enhancement of hole doping 

concentration is suggested by the analysis of TERS spectra. Here we discuss how this 

hump structure is associated with the local doping concentration modulation. One 

possible explanation is that this hump structure could attract molecules to adsorb onto 



its surface due to the larger effective surface area than the flat region, and the adsorbates 

come from an ambient environment, such as moisture and O2 molecules acting as 

acceptors for graphene [9,10]. In addition, use of solvent and water during fabrication 

can intercalate inside the wrinkle (i.e., between graphene and SiO2), resulting in 

inducing hole doping into graphene [47]. In contrast, the strain caused by this structure 

is considered very small because the aspect ratio of the height to the width is 

significantly small of ~0.015. The small peak shift observed in the far-field spectra is 

interpreted as that local doping is averaged within ~1 μm of the entire laser spot. Note 

that, Ref. 25 mentioned that the scale of charge inhomogeneity is less than 1 μm, which 

also agrees with our interpretation. 

 

5. CONCLUSION 

 We have investigated the modulation of local hole doping concentration in graphene 

supported on the SiO2/Si substrate by using TERS. In the electrical measurements of the 

graphene nanoribbon transistors, we confirmed heavily hole doping in almost graphene 

on the same substrate. By spectral line scanning across the edge of graphene, we 

observed the localization of the D peak enhancement in the vicinity of the edge 

boundary, and the TERS spatial resolution of ~228 nm was obtained. The TERS results 

of being scanned inside the graphene flake which experienced the device fabrication 

process also show the distinct peak shift at different positions within ~1 μm range, thus 

resolving the local doping concentration modulation with nanoscale resolution. Even 

though the fabrication technology has been highly developed, it is inevitable that 

unintentional, distortion and contaminations can contribute to the doping effect through 

microfabrication processes [24,27]. TERS scanning measurements can show the critical 



position of process-induced disorder, strain, and doping concentration, and hence, one 

can select the region with the ideal quality of graphene for device fabrication. Our study 

demonstrates a way to analyze the local properties associated with Raman spectroscopy 

in nanoscale on graphene devices based on graphene/SiO2/Si architectures and also on 

opaque substrates. 
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