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Despite recent progress in understanding geometric structure, electronic structure, and 

transport properties in a graphene device (GD), role of point defects, edges, traps in a GD or 

a gate insulator has been poorly defined. We have studied electronic and geometric 

structures of these defects using scanning probe microscopy and try to link those with the 

transport properties of the GD. We perform scanning gate microscopy study to understand 

the local carrier scattering. It was found that geometric corrugations, defects and edges 

directly influence the local transport current. This observation is linked directly with a 

proposed scattering model based on macroscopic transport measurements. We suggest that 

dangling bonds in insulator-material SiO2 mainly used in GDs produce charge puddles and 

they work as scattering centers.  
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Graphene has been widely studied due to scientific interests and its possible application to 

high-speed devices1-4. A single graphene was first isolated mechanically2 in 2004 and a large-

scale graphene layer can now be grown by chemical vapor deposition (CVD) method. 

Graphene has many unique physical properties, such as its linear dispersion relationship in 

the electronic band structure near the Dirac point, relativistic fermionic behavior in the 

conduction and the valence bands, two-dimensional electron gas (2DEG) behavior, and back-

scatteringless tunneling5-9. These theoretical predictions have been confirmed by macroscopic 

transport measurements2,3,10. However, nature of defects and their role in the carrier scattering 

is not fully understood with a microscopic picture. For example, the mobility of graphene 

measured in a suspended graphene device (GD) is reportedly as high as 200,000 cm/V•s11-16, 

while that in a GD fabricated on a SiO2 substrate is only in the range of 5,000~10,000 

cm/V•s17-19. The difference is explained by the carrier scattering by various defects in the GD 

or at the interface between the GD and the SiO2 substrate. In this study we report scanning 

probe microscopy study of defects and try to correlate them with the carrier scattering model. 

Two custom-made atomic force microscopes (AFMs), one under argon-filled, ambient-

pressure at room temperature and the other under ultrahigh vacuum (UHV) at a cryogenic 

temperature20, and a UHV scanning tunneling microscope (STM) at a cryogenic temperature 

were used in this study. The UHV AFM or UHV STM head has a rigid three-column 

structure inside a UHV chamber, and the chamber is immersed in a liquid-helium Dewar and 

cooled by the helium exchange gas (at nearly one atmospheric pressure) to ensure optimal 

thermal and vibrational stability. In the AFM system, an objective and zooming lenses and a 

CCD detector are used to operate the optics as a long-range optical microscope. With this 

optics, a micron size GD can be aligned under the AFM cantilever using custom-made 

vacuum motors. For scanning gate microscopy (SGM) operation, the cryogenic AFM was 

used; the transport current is measured through two electrodes, source and drain, during AFM 



operation. We can map spatially-varying, modified-transport current with a tip gating bias at 

the same site where AFM topography is taken. On top of a scattering center, the transport 

current may change more than defect-free area as a bias is applied to the site. Therefore we 

can obtain local transport information with SGM. A typical total conductance value without 

the tip gate is ~ 100 μS whereas the variation in the conductance with the tip gate is ~ 1 μS.  

GDs used in this study were fabricated as reported earlier4. Mechanically exfoliated or 

chemical vapor deposition graphenes were used to fabricate GDs. For comparison, monolayer 

graphenes were transferred onto three different substrates, a SiC substrate, a thermally grown 

300-nm thick SiO2 and a 300-nm thick SiNx on a highly doped Si substrate, that were used as 

back gates later. A single layer of graphene was confirmed via image contrast of an optical 

microscope and micro-Raman spectroscopy. Source-drain metal (3 nm Cr / 30 nm Au) 

contacts were defined by conventional electron beam lithography and a lift-off process to 

fabricate a GD. For GD, a macroscopic transport measurement was performed to check the 

device characteristics, including the position of the Dirac point, the electron and hole 

mobility. A sample couldbe annealed with current through a device or annealing of the whole 

chamber could be accomplished at an elevated temperature inside STM or AFM chambers. 

Figures 1a, 1b and 1c show AFM images and a schematic illustration of a fabricated GD 

with metallic contacts. The corrugation is smaller on top of the GD than on top of SiO2 

substrate. The average corrugation on the GD is ~ 0.7 nm with the characteristic width of few 

tenth of nanometer as shown in Fig. 1b. As we measured three different graphene layers on 

SiC, SiO2 and SiNx with STM, the STM images are quite similar; they show a honeycomb 

structure with similar corrugation as shown Figs. 2a, 2b and 2c. The corrugation is smallest 

on SiC surface and largest on SiO2. There can be more geometrical defects on a SiO2 surface, 

or this corrugation may be originated from dangling bonds at the interface and it may act as 

scattering centers in a GD. In an annealed sample, the Dirac points initially move upon 



annealing but it does not move with additional annealing. The initial movement may be due 

to desorption of weakly bound water molecules on graphene, but defects created by dangling 

bonds may not be cured with additional annealing. This result is quite consistent with earlier 

scanning tunneling spectroscopy results21.   

Ando predicted unique characteristics of transport through a perfect GD only with short-

range scatters22; the conductivity should not depend on the carrier density because the 

scattering rate would be divergent as the carrier density goes to zero near the Dirac point. As 

the long-range scatters would be dominant in the low-density limit, the GD becomes 

insulating at the Dirac point. Unlike this prediction, it was found that the conductivity is 

linearly dependent on the charge density induced by the back gate bias2,3, suggesting that  

the long-range scatters are dominant in the GD transport. In addition, the carrier transport 

would be affected by scattering with charged impurities, short-range scatterers, mid-gap 

states, various phonon modes, surface corrugations, and defects in a GD17-19, 23-27. In the case 

of the charged impurity potential at a high carrier density limit, the conductance is linearly 

dependent on the induced charge density17 as that was confirmed by recent experiment in a 

potassium doped GD25, 28.  

Mapping charge puddles in a GD was pursued by many groups using scanning probe 

microscopy. That was first demonstrated in a GD fabricated on top of a SiO2 substrate using a 

scanning single-electron transistor microscope29. That experimental result showed good 

agreement with a theoretically predicted transport property near the Dirac point30. More 

recently, spatially resolved charge impurities were mapped using a spatial map in scanning 

tunneling spectroscopy (STS). In that study, the Dirac point was locally mapped from STS 

data and the charge puddle was mapped with scattering centers 20.  

In order to understand the correlation between geometric or electronic defects and local 

transport property, we performed scanning gate microscopy study on a GD. After a GD on 



top of SiO2 was installed in a cryogenic AFM-SGM chamber, it was imaged in AFM mode. 

After the corrugation was confirmed by AFM topography, SGM experiments were conducted. 

Figure 3a depicts a 450 x 450 nm AFM topography of a GD and Figs. 3b-g show SGM 

micrographs from a tip bias voltage range of –2.5, -2.0, -1.5, 2.5, 2.0, 1.5 V. The Dirac point 

of this GD was –24 V, as set by the back gate bias. All of the SGM measurements were taken 

at Dirac point by back-gating. Corrugations on graphene surface can be seen in topography 

image with lateral dimension of ~100 nm. The spatial variations of conductance change 

become more prominent as the absolute value of the tip gate bias increases in either negative 

or positive polarity. Negative (positive) polarity of electric field from the tip is related to the 

scattering dynamics of electron (hole) carriers. The small features in the SGM data are tens of 

nanometers, revealing good agreement with the AFM observation. There is strong correlation 

between the SGM signal and the topographic corrugations; the SGM peaks, indicated by 

arrows appear at the bottom of the valley in topography. This indicates excess electron 

puddle appears at the bottom of geometrical corrugation. The SGM peaks, indicated by 

arrows, appeared at positive bias, indicating hole puddles surround the electron puddles. The 

range of hole carrier puddles is extended more than that of electron carrier puddles at the 

same electric field strength. This difference is mainly due to the structure of charge puddle. 

The correlation between topographic data and SGM data implies that the charge puddles exist 

at the bottom of each ripple. The difference features in electron and hole carriers indicates 

that electrons are more locally confined at the bottom of the ripple induced by the interaction 

with substrate and hole carrier screens around confined electrons. From these results, we can 

clearly see charged puddles are main scattering center in a GD on SiO2 layer. In a GD on 

SiNx layer, the similar charge puddles could not be imaged in SGM.  

In conclusion, we show electron puddles are formed around dangling bonds on a SiO2 

substrate and hole puddles screen around the electron puddle. These puddles may work as 



carrier scattering centers in a GD. We acknowledge this work was supported by National 

Research Foundation (NRF- 2006-0093847) and (NRF-2010-00349). 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 
1.  K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos,  

Science 306, 666-669 (2004). 

2. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. Katsnelson, I.V. Grigorieva, 

Nature 438, 197-200 (2005). 

3. Y. Zhang, Y. Tan, H.L. Stormer, P. Kim, Nature 438, 201-204 (2005). 

4. K.S. Novoselov, D. Jiang, F. Schedin, T.J. Booth, V.V. Khotkevich, S.V. Morozov,  Proc. 

Nat. Acad. Sci. (USA) 102, 10451-10453 (2005). 

5. A.H. Castro Neto, F. Guinea, N.M.R. Peres, Physics World, 19, 33-37 (2006). 

6. V.P. Gusynin, S.G. Sharapov, Phys. Rev. Lett. 95, 146801 (2005). 

7. N.M.R. Peres, F. Guinea, A.H. Castro Neto, Phys. Rev. B. 73, 125411 (2006). 

8. M.I. Katsnelson, K.S. Novoselov, A.K. Geim, Nat Phys. 2, 620-625 (2006). 

9. M. Katsnelson, K. Novoselov, Solid State Communications. 143, 3-13 (2007). 

10.  A.F. Young, P. Kim, Nat Phys. 5, 222-226 (2009). 

11. K. Bolotin, K. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J. Hone, Solid State 

Communications. 146, 351-355 (2008). 

12. X. Du, I. Skachko, A. Barker, E.Y. Andrei, Nat Nano. 3, 491-495 (2008). 

13. M. Orlita, C. Faugeras, P. Plochocka, P. Neugebauer, G. Martinez, D.K. Maude, Phys. 

Rev. Lett. 101, 267601 (2008). 

14. K.I. Bolotin, F. Ghahari, M.D. Shulman, H.L. Stormer, P. Kim, Nature 462, 196-199 

(2009). 

15. X. Du, I. Skachko, F. Duerr, A. Luican, E.Y. Andrei, Nature 462, 192-195 (2009). 

16. D.L. Miller, K.D. Kubista, G.M. Rutter, M. Ruan, W.A. de Heer, P.N. First, Science 324, 

924-927 (2009). 



17.Y. Tan, Y. Zhang, K. Bolotin, Y. Zhao, S. Adam, E.H. Hwang, Phys. Rev. Lett. 99, 

246803 (2007). 

18. J. Chen, C. Jang, S. Xiao, M. Ishigami, M.S. Fuhrer, Nat Nano. 3, 206-209 (2008). 

19.J. Chen, C. Jang, M. Ishigami, S. Xiao, W. Cullen, E. Williams, Solid State Comm. 149, 

1080-1086 (2009). 

20. J. Lee, J. Chae, C.K. Kim, H. Kim, S. Oh, Y. Kuk, Rev. Sci. Instrum. 76, 093701 (2005) 

21.Y. Zhang, V.W. Brar, C. Girit, A. Zettl, M.F. Crommie, Nat Phys. 5, 722-726 (2009). 

22.  N. Shon, T. Ando, J. Phys. Soc. Jpn. 67, 2421-2429 (1998). 

23. M. Ishigami, J.H. Chen, W.G. Cullen, M.S. Fuhrer, E.D. Williams, Nano Lett. 7, 1643-

1648 (2007). 

24.  M. Katsnelson, A. Geim, Phil. Trans. Roy. Soc. (Phys. Eng. Sci.) 366, 195-204 (2008). 

25.  J. Chen, C. Jang, S. Adam, M.S. Fuhrer, E.D. Williams, M. Ishigami, Nat Phys. 4, 377-

381 (2008). 

26.  L.A. Ponomarenko, R. Yang, T.M. Mohiuddin, M.I. Katsnelson, K.S. Novoselov, S.V. 

Morozov, Phys. Rev. Lett. 102, 206603 (2009). 

27.  J. Yan, Y. Zhang, P. Kim, A. Pinczuk, Phys. Rev. Lett. 98, 166802 (2007). 

28.  C. Jang, S. Adam, J. Chen, E.D. Williams, S. Das Sarma, M.S. Fuhrer, Phys. Rev. Lett. 

101, 146805 (2008). 

29.  J. Martin, N. Akerman, G. Ulbricht, T. Lohmann, J.H. Smet, K. von Klitzing, Nat. Phys. 

4, 144-148 (2008). 

30.  E. Rossi, S. Adam, S. Das Sarma, Phys. Rev. B. 79, 245423 (2009). 

 

 

 

 



Figure Captions 

 

Fig. 1: (a) AFM topography of a GD measured in non-contact mode. (b) An AFM topography 

in non-contact mode.  Maximum vertical corrugation is ~ 1nm. The scale bars 

indicate 1 μm (a) and 50 nm (b), respectively. (c) A schematic illustration of a 

graphene device. 

 

Fig. 2: STM images of CVD grown graphenes transferred on (a) SiC, (b) SiO2 and (c) SiNx. 

The scales bars indicate 2 nm in (a) and (b), 1 nm in (c). 

 

Fig. 3: (a) An AFM topography of 450 x 450 nm area on a GD. (b)-(g) SGM data on the same 

area at tip gating bias of −2.5 V, −2.0 V, −1.5 V, 2.5 V, 2.0 V and 1.5 V respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 1 Chae et al 

 

 

 

 

 

 

 

 

 



Fig. 2 Chae et al 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chae Fig. 3  

 

 



 


