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Abstract: Silicon carbide (SiC) has already found useful applications in high-power electronic
devices and light-emitting diodes (LEDs). Interestingly, SiC is a suitable substrate for growing
monolayer epitaxial graphene and GaN-based devices. Therefore, it provides the opportunity for
integration of high-power devices, LEDs, atomically thin electronics, and high-frequency devices,
all of which can be prepared on the same SiC substrate. In this paper, we concentrate on detailed
measurements on ultralow-density p-type monolayer epitaxial graphene, which has yet to be
extensively studied. The measured resistivity ρxx shows insulating behavior in the sense that ρxx

decreases with increasing temperature T over a wide range of T (1.5 K≤ T ≤ 300 K). The crossover from
negative magnetoresistivity (MR) to positive magnetoresistivity at T = 40 K in the low-field regime is
ascribed to a transition from low-T quantum transport to high-T classical transport. For T ≥ 120 K,
the measured positive MR ratio [ρxx(B) − ρxx(B = 0)]/ρxx(B = 0) at B = 2 T decreases with increasing T,
but the positive MR persists up to room temperature. Our experimental results suggest that the large
MR ratio (~100% at B = 9 T) is an intrinsic property of ultralow-charge-density graphene, regardless of
the carrier type. This effect may find applications in magnetic sensors and magnetoresistance devices.

Keywords: silicon carbide; epitaxial graphene; magnetoresistance; PMOS; quantum hall;
resistance standard

1. Introduction

Silicon carbide (SiC) is an extremely useful semiconductor material which has already found
applications in light-emitting diodes (LEDs) [1], detectors [2], and power devices [3] that operate
at high temperatures and/or high voltages. SiC is also an excellent substrate for growing
GaN-based materials [4] and, most importantly, for preparing wafer-scale epitaxial graphene using
the high-temperature sublimation technique [5]. Therefore, it is possible to prepare not only
low-dimensional graphene-based electronic devices [5] but also high-power devices [3], LEDs [1],
and GaN-based high-electron mobility transistors (HEMTs) [6] on the same SiC substrate.

Graphene, which is a single layer of carbon atoms bonded in a honeycomb lattice, has continued
to attract great interest because of its fundamental importance as well as its practical device
applications [7–9]. Although graphene prepared by mechanical exfoliation is of high-quality [7,8,10],
the limited size of the resulting flakes may be hindered in real-world applications. Graphene prepared by
chemical vapor deposition (CVD) [11–13] can be of meter-size, yet the subsequent transfer required for
device fabrication may introduce undesired polymer residues and wrinkles, which may compromise
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its device performance. In contrast, monolayer epitaxial graphene (EG) grown on SiC [5,14–17]
can be of wafer-size, does not require any transfer process, and has already found applications in
high-frequency transistors [18] and for maintaining the quantum Hall resistance standards [15,19,20].
The epitaxial carbon interface layer that forms on SiC (0001) is a precursor to true conducting graphene,
and interfacial covalent bonding conveys strong n-type doing to the first conducting layer of EG.
To date, n-type EG grown on SiC has been extensively studied in the context of magnetic sensors [21],
the insulator-quantum Hall transition [22–25], interaction effects enhanced by disorders [26,27], and so
on. However, there is a dearth of study on p-type graphene on SiC. It is the purpose of this work to
present detailed transport measurements on ultralow-density p-type epitaxial graphene grown on SiC.
We will present resistivity measurements over a wide range of temperature 1.5 K≤ T ≤ 300 K and discuss
the pronounced positive magnetoresistivity effect, which persists up to room temperature and may
find applications in magnetic sensing and magnetoresistance devices. Our new experimental results
on ultralow-hole-density monolayer graphene may well lay the foundation for future graphene-based
complimentary metal-oxide-semiconductor (CMOS) technology, in which both n-type MOS (NMOS)
and p-type MOS (PMOS) are fabricated on the same SiC substrate.

2. Materials and Methods

Our epitaxial monolayer graphene was grown on a chemically and mechanically polished 6H-SiC
(0001) substrate at 1850 ◦C for 30 min under an Ar gas pressure at 98 kPa [17,20]. Figure 1a,b
show atomic force microscopy (AFM) results of the height and phase measurements. We could see
narrow terraces and bilayer graphene near the step edges formed on the SiC substrate. Such terrace
growing direction was almost perpendicular to the source and drain current direction since our AFM
tip scanning direction was parallel to the source and drain current direction, which was a better
contact design due to the anisotropic quantum Hall effect, in order to observe flat Hall plateau and
positive magnetoresistance [28]. Interestingly, such monolayer-bilayer junctions or carbon buffer
layer in EG typically reveal pronounced p-type or n-type doping, ranging from 1012 to 1013 cm−2,
which is highly consistent with our experimental results [29–31]. In this work, we did not get to
measure the anisotropic transport perpendicular/parallel to the terrace in our EG devices, which is
an interesting subject warranting further investigation in the future. In order to prevent contamination
from photoresist, we deposited a bilayer of 5 nm thick Pd and 10 nm thick Au on the as-grown EG [17].
We performed standard optical lithography to fabricate Hall bar devices with source and drain length
L = 600 µm and width W = 100 µm [17]. The protective metal was removed from the Hall bars using
dilute aqua regia in the final step, a process that can produce low-electron-density epitaxial graphene
devices [17]. Since air and moisture usually introduce p-doping, ultralow-hole-density graphene can be
obtained if the low-electron-density device was left in an ambient condition over a long period of time
(e.g., ~3 months). However, the carrier densities of our low-carrier-density EG devices were not stable
in air. Therefore, we needed to measure the p-type devices in a cryostat, which only exposed to helium
gas/liquid without air molecule absorption so as to keep the p-type device stable for a long period
of time (over two months). However, the carrier density in our low-carrier-density EG devices were
easily variable in the air condition. Therefore, we needed to measure all the data at once in the p-type
or n-type devices in a vacuum cryostat without air molecular absorption in a very long time period.
Four-terminal longitudinal resistivity, ρxx and Hall resistance ρxy were measured using standard ac
lock-in techniques.
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Figure 1. Atomic force microscopy (a) height and (b) phase measurements. 

3. Experimental Results 

Figure 2 shows 𝜌  and ρxy as a function of magnetic field at T = 1.5 K. From the low-magnetic 
field Hall slope, we estimate the hole density to be p = 6.7 × 109 cm−2 and the Hall mobility to be μH 
= 2600 cm2/Vs. In the high-magnetic-field regime, 𝜌  remains high so that dissipationless transport 
is not observed. ρxy does not approach the quantized value of h/(2e2) and tends to decrease with the 
increasing magnetic field. Such peculiar behaviors could be possibly attributed to the electron-hole 
puddles due to very low carrier density near Dirac’s point because of the intrinsic bilayer inclusions 
near EG terraces so as to cause strong carrier scattering and not follow dissipationless transport 
behaviors [32,33]. It is possible that the contacts introduce n-doping underneath so that the p-doped 
device does not show good quantum Hall steps (pn junction effect). 

 

Figure 2. 𝜌  and ρxy as a function of magnetic field B at T = 1.5 K (p-type). 

Figure 1. Atomic force microscopy (a) height and (b) phase measurements.

3. Experimental Results

Figure 2 shows ρxx and ρxy as a function of magnetic field at T = 1.5 K. From the low-magnetic
field Hall slope, we estimate the hole density to be p = 6.7 × 109 cm−2 and the Hall mobility to be
µH = 2600 cm2/Vs. In the high-magnetic-field regime, ρxx remains high so that dissipationless transport
is not observed. ρxy does not approach the quantized value of h/(2e2) and tends to decrease with the
increasing magnetic field. Such peculiar behaviors could be possibly attributed to the electron-hole
puddles due to very low carrier density near Dirac’s point because of the intrinsic bilayer inclusions
near EG terraces so as to cause strong carrier scattering and not follow dissipationless transport
behaviors [32,33]. It is possible that the contacts introduce n-doping underneath so that the p-doped
device does not show good quantum Hall steps (pn junction effect).
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In order to further study our p-type epitaxial monolayer graphene, we carried out extensive
low-field magneto-transport measurements over a wide range of temperature. As shown in Figure 3a,
activated behavior [34–37] was not applicable. The linear fits over a small range of temperature
suggest that Mott variable range hopping (VRH) [37] and Efros–Shklovskii VRH [38] may be applicable
to our experimental results. Some evidence for the localization transport mechanism [39], such as
ρxx, shows a lnT dependence in the low-temperature regime, as presented in Figure 3e. At present,
we cannot underpin the dominant transport mechanism (VRH or localization) in our p-doped EG
device. In order to further study this insulating behavior, we plotted lnρxx as a function of 1/T, T−1/3
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and T−1/2 in Figure 3b–d, respectively. In all cases, one could only obtain a linear fit over a small
range of temperature, suggesting that activated behavior [36], Mott variable range hopping (VRH) [37],
and Efros–Shklovskii VRH [38] may be applicable to our experimental results in a high temperature
regime. However, the transport mechanism was localization [39], as ρxx shows a lnT dependence in
the low-temperature regime, as presented in Figure 3e.
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Figure 3. (a) ρxx as a function of T. (b) lnρxx as a function of 1/T. (c) lnρxx as a function of T −1/3. The red
line shows a fit to the data over a small range of lnρxx. (d) lnρxx as a function of T −1/2. The red line
shows a fit to the data over a small range of lnρxx. (e) ρxx as a function of lnT. The red line corresponds
to a linear fit to the experimental data in the low-T regime.
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As shown in Figures 2 and 4a, negative magnetoresistivity (NMR), in the sense that ρxx decreases
with the increasing magnetic field, is observed in an ultra-low-hole carrier density regime. Such NMR
is commonly observed in monolayer epitaxial graphene and is sometimes ascribed to suppression of
weak localization (WL). However, in our case, ρxx dropped rapidly below 4 kΩ/� at 1.5 K as shown in
Figure 4a so that the conventional WL model [40] was not valid. The observed NMR, which shows
a strong temperature dependence, is tentatively ascribed to quantum transport [41]. Such quantum
transport and NMR behaviors could be described by Mott VRH, Efros–Shklovskii VRH, and localization
that were observed in our results.

As shown in Figure 4a, at T = 40 K in the low-field regime (−0.3 T ≤ B ≤ 0.3 T), there is a crossover
from NMR to positive magnetoresistivity (PMR) [41], which was also observed in an ultra-low-electron
carrier density regime [21]. By PMR we mean that the resistivity increases with the increasing magnetic
field. Interestingly, the observed PMR becomes strongest at around T = 110 K and persists up to
T = 300 K (Figure 4b), indicating that its physical origin is classical transport. In our case, the PMR is
believed to be due to density inhomogeneity in our ultralow-density monolayer graphene, since the
magnetoresistivity ratio decreases with increasing temperature, consistent with the classical Parish
and Littlewood model [26,42,43]. The observed NMR-PMR crossover can be attributed to a transition
from quantum transport to classical transport with increasing temperature [41].
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In the field of magnetic sensing devices, the magnetoresistivity (MR) ratio is defined
as [ρxx(B) − ρxx(B = 0)]/ρxx(B = 0). Figure 5 shows the MR ratio at various temperatures. We can
see that for T ≥ 120 K, the MR ratio decreases with the increasing temperature, suggesting that our
ultralow-hole density graphene serves as a better magnetic sensing device at a low temperature (MR
ratio around 30% at a T = 120 K). The respectable MR ratio (about 20%) at 2 T at room temperature
suggests that our ultralow-hole density graphene may find applications in magnetic sensing. In the
low-temperature regime (T = 40 K and T = 50 K), there is a crossover from PMR to NMR; therefore,
this device is not suitable for MR applications.
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Previously, we have shown that, for example, (in our experiment), using the low-pressure gentle
heating technique, we are able to remove air adsorbate on epitaxial graphene so that chemical doping
can be tuned [44]. By heating the graphene device at 323 K for 5 min in a subsequent cool-down to
1.5 K, a crossover from ultralow p-type to ultralow n-type (n = 8.7 × 109 cm−2 and µH = 10,400 cm2/Vs)
occurs, as shown by the ρxy data in Figure 6. Compared to the data shown in Figure 2, ρxx is now much
lower at high fields and approaches 0, and ρxy approaches a quantized value of h/(2e2) in the high-field
regime. Since the data shown in Figures 2 and 6 were taken on the same device, the MR characteristics
observed on the electron side unequivocally indicate monolayer epitaxial graphene is present (our
low-T heating technique only removes gas adsorbate and thus does not vary the graphene structure).
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Recently, we have shown that ultralow-electron-density epitaxial monolayer graphene can be
used as a magnetic sensing device and its MR ratio is around 100% at 9 T at room temperature [31].
It is therefore natural for us to see whether our ultralow-hole-density monolayer graphene can also
serve as a magnetic sensor. Despite the vast differences between the n- and p-type graphene in
the low-temperature and high-magnetic field regime, as shown in Figures 2 and 6, interestingly,
almost identical MR ratio and behavior on both the electron and hole sides are observed (Figure 7).
Our results suggest that the observed large MR ratio at room temperature is an intrinsic property of
ultralow-density graphene, regardless of its charge type.
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4. Conclusions

In conclusion, we have reported extensive magneto-transport measurements on ultralow-hole-density
epitaxial monolayer graphene grown on SiC. Interestingly, over the whole measurement range,
the resistivity of the p-type monolayer graphene shows insulating behavior. The most likely
transport mechanism is localization in the low-temperature regime. In the low magnetic field regime
(−0.3 T ≤ B ≤ 0.3 T), there is a crossover from negative magnetoresistivity to positive magnetoresistivity
at T = 40 K, which is ascribed to a transition from quantum to classical transport with increasing
temperature. The positive magnetoresistivity is most pronounced at around T = 120 K and becomes
weaker at higher temperatures; however, PMR persists up to 300 K, indicating that ultralow-hole-density
monolayer graphene may find applications in magnetic sensing and magnetoresistance devices. Simply
by gentle heating in a vacuum, we can tune our ultralow-p-type device to an ultralow-n-type one.
Interestingly, at room temperature, almost an identical magnetoresistivity ratio is observed on both
the hole and electron sides up to 9 T, indicating that the observed large MR is an intrinsic property of
an ultralow-density monolayer graphene, regardless of whether it is n-type or p-type. Our experimental
results may open the door for future graphene-based CMOS technology on SiC with hexagonal boron
nitride as a top dielectric spacer [43].
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graphene devices. C.C. and C.-W.L. carried out the low-temperature electrical measurements. C.C., W.-R.S.,
and C.-T.L. analyzed the data. C.C. and C.-T.L. wrote the manuscript with the inputs from all co-authors.

Funding: C. Chuang would like to acknowledge the Ministry of Science and Technology (MOST), Taiwan,
for financial support (Grant no. MOST 108-2112-M-033-001- MY3).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kamiyama, S.; Iwaya, M.; Takeuchi, T.; Akasaki, I.; Yakimova, R.; Syvajarvi, M. White light-emitting diode
based on fluorescent SiC. Thin Solid Films 2012, 522, 23–25. [CrossRef]

2. Tripathi, S.; Upadhyay, C.; Nagaraj, C.P.; Venkatesan, A.; Devan, K. Effect of electron and proton irradiation on
the electrical characteristics of the SiC-based fast neutron detectors. J. Instrum. 2019, 14, P02002. [CrossRef]

3. Xun, Q.; Xun, B.Y.; Li, Z.X.; Wang, P.L.; Cai, Z.D. Application of SiC power electronic devices in secondary
power source for aircraft. Renew. Sustain. Energy Rev. 2017, 70, 1336–1342. [CrossRef]

4. Liu, M.; Li, K.; Kong, F.M.; Zhao, J.; Zhao, S.L.; Meng, H.T. Analysis of the light-extraction efficiency of SiC
substrate-based flip-chip vertical light-emitting diodes with embedded photonic crystals. Jpn. J. Appl. Phys.
2016, 11, 112101. [CrossRef]

http://dx.doi.org/10.1016/j.tsf.2012.02.017
http://dx.doi.org/10.1088/1748-0221/14/02/P02002
http://dx.doi.org/10.1016/j.rser.2016.12.035
http://dx.doi.org/10.7567/JJAP.55.112101


Materials 2019, 12, 2696 8 of 9

5. Berger, C.; Song, Z.M.; Li, T.B.; Li, X.B.; Ogbazghi, A.Y.; Feng, R.; Dai, Z.T.; Marchenkov, A.N.; Conrad, E.H.;
First, P.N.; et al. Ultrathin epitaxial graphite: 2D electron gas properties and a route toward graphene-based
nanoelectronics. J. Phys. Chem. B 2004, 108, 19912–19916. [CrossRef]

6. Wu, Y.-F.; Kapolnek, D.; Ibbetson, J.P.; Parikh, P.; Keller, B.P.; Mishra, U.K. Very-high power density
AlGaN/GaN HEMTs. IEEE Trans. Electron Devices 2001, 48, 586–590.

7. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.;
Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200.
[CrossRef] [PubMed]

8. Zhang, Y.; Tan, Y.W.; Stormer, H.L.; Kim, P. Experimental observation of the quantum Hall effect and Berry’s
phase in graphene. Nature 2005, 438, 201–204. [CrossRef] [PubMed]

9. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef]
10. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.

Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef]
11. Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung, I.; Tutuc, E.; et al. Large-area

synthesis of high-quality and uniform graphene films on copper foils. Science 2009, 324, 1312–1314. [CrossRef]
[PubMed]

12. Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus, M.S.; Kong, J. Large area, few-layer
graphene films on arbitrary substrates by chemical vapor deposition. Nano Lett. 2009, 9, 30–35. [CrossRef]
[PubMed]

13. Huang, W.-H.; Lin, C.-H.; Lin, B.-S.; Sun, C.-L. Low-temperature CVD graphene nanostructures on Cu and
their corrosion properties. Materials 2018, 11, 1989. [CrossRef] [PubMed]

14. Berger, C.; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C.; Mayou, D.; Li, T.; Hass, J.; Marchenkov, A.N.; et al.
Electronic confinement and coherence in patterned epitaxial graphene. Science 2006, 312, 1191–1196.
[CrossRef] [PubMed]

15. Tzalenchuk, A.; Lara-Avila, S.; Kalaboukhov, A.; Paolillo, S.; Syväjärvi, M.; Yakimova, R.; Kazakova, O.;
Janssen, T.J.B.M.; Fal’ko, V.; Kubatkin, S. Towards a quantum resistance standard based on epitaxial graphene.
Nat. Nanotechnol. 2010, 5, 186–189. [CrossRef] [PubMed]

16. Car, S.; Liu, Z.; Zhong, N.; Liu, S.; Liu, X. Effect of growth pressure on epitaxial graphene grown on 4H-SiC
substrates by using ethene chemical vapor deposition. Materials 2015, 8, 5586–5596.

17. Yang, Y.; Huang, L.-I.; Fukuyama, Y.; Liu, F.-H.; Real, M.A.; Barbara, P.; Liang, C.-T.; Newell, D.B.;
Elmquist, R.E. Low carrier density epitaxial graphene devices on SiC. Small 2015, 11, 90–95. [CrossRef]
[PubMed]

18. Lin, Y.M.; Dimitrakopoulos, C.; Jenkins, K.A.; Farmer, D.B.; Chiu, H.Y.; Grill, A.; Avouris, P. 100-GHz
transistors from wafer-scale epitaxial graphene. Science 2010, 327, 622. [CrossRef]

19. Ribeiro-Palau, R.; Lafont, F.; Brun-Picard, J.; Kazazis, D.; Michon, A.; Cheynis, F.; Couturaud, O.; Consejo, C.;
Jouault, B.; Poirier, W.; et al. Quantum Hall resistance standard in graphene devices under relaxed
experimental conditions. Nat. Nanotechnol. 2015, 10, 965–971. [CrossRef]

20. Yang, Y.; Cheng, G.; Mende, P.; Calizo, I.G.; Feenstra, R.M.; Chuang, C.; Liu, C.-W.; Liu, C.-I.; Jones, G.R.;
Walker, A.R.H.; et al. Epitaxial graphene homogeneity and quantum Hall effect in millimeter-scale devices.
Carbon 2017, 115, 229–236. [CrossRef]

21. Chuang, C.; Yang, Y.; Elmquist, E.R.; Liang, C.-T. Linear magnetoresistance in monolayer epitaxial graphene
grown on SiC. Mater. Lett. 2016, 174, 118–121. [CrossRef]

22. Pallecchi, E.; Ridene, M.; Kazazis, D.; Lafont, F.; Schopfer, F.; Poirier, W.; Goerbig, M.O.; Mailly, D.; Ouerghi, A.
Insulating to relativistic quantum Hall transition in disordered graphene. Sci. Rep. 2013, 3, 1791. [CrossRef]

23. Huang, L.-I.; Yang, Y.; Elmquist, R.E.; Lo, S.-T.; Liu, F.-H.; Liang, C.-T. Insulator-quantum Hall transition in
monolayer epitaxial graphene. RSC Adv. 2016, 6, 71977–71982. [CrossRef] [PubMed]

24. Liu, F.-H.; Hsu, C.-S.; Chuang, C.; Woo, T.-P.; Huang, L.-I.; Lo, S.-T.; Fukuyama, Y.; Yang, Y.; Elmquist, E.R.;
Liang, C.-T. Dirac fermion heating, current scaling, and direct insulator-quantum Hall effect transition in
multilayer epitaxial graphene. Nano. Rev. Lett. 2013, 8, 360. [CrossRef] [PubMed]

25. Chuang, C.; Lin, L.-H.; Aoki, N.; Ouchi, T.; Mahjoub, A.M.; Woo, T.-P.; Bird, J.P.; Ochiai, Y.; Lo, S.-T.;
Liang, C.-T. Experimental evidence for direct insulator-quantum Hall transition in multi-layer graphene.
Nano. Rev. Lett. 2013, 8, 214. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/jp040650f
http://dx.doi.org/10.1038/nature04233
http://www.ncbi.nlm.nih.gov/pubmed/16281030
http://dx.doi.org/10.1038/nature04235
http://www.ncbi.nlm.nih.gov/pubmed/16281031
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1171245
http://www.ncbi.nlm.nih.gov/pubmed/19423775
http://dx.doi.org/10.1021/nl801827v
http://www.ncbi.nlm.nih.gov/pubmed/19046078
http://dx.doi.org/10.3390/ma11101989
http://www.ncbi.nlm.nih.gov/pubmed/30326613
http://dx.doi.org/10.1126/science.1125925
http://www.ncbi.nlm.nih.gov/pubmed/16614173
http://dx.doi.org/10.1038/nnano.2009.474
http://www.ncbi.nlm.nih.gov/pubmed/20081845
http://dx.doi.org/10.1002/smll.201400989
http://www.ncbi.nlm.nih.gov/pubmed/25136792
http://dx.doi.org/10.1126/science.1184289
http://dx.doi.org/10.1038/nnano.2015.192
http://dx.doi.org/10.1016/j.carbon.2016.12.087
http://dx.doi.org/10.1016/j.matlet.2016.03.033
http://dx.doi.org/10.1038/srep01791
http://dx.doi.org/10.1039/C6RA07859A
http://www.ncbi.nlm.nih.gov/pubmed/27920902
http://dx.doi.org/10.1186/1556-276X-8-360
http://www.ncbi.nlm.nih.gov/pubmed/23968131
http://dx.doi.org/10.1186/1556-276X-8-214
http://www.ncbi.nlm.nih.gov/pubmed/23647579


Materials 2019, 12, 2696 9 of 9

26. Liu, C.-W.; Chuang, C.; Yang, Y.; Elmquist, R.E.; Ho, Y.-J.; Lee, H.-Y.; Liang, C.-T. Temperature dependence of
electron density and electron-electron interactions in monolayer epitaxial graphene grown on SiC. 2D Mater.
2017, 4, 025007. [CrossRef] [PubMed]

27. Chuang, C.; Woo, T.-P.; Mahjoub, A.M.; Ouchi, T.; Hsu, C.-S.; Chin, C.-P.; Aoki, N.; Lin, L.-H.; Ochiai, Y.;
Liang, C.-T. Weak localization and universal conductance fluctuations in multi-layer graphene. Curr. Appl.
Phys. 2014, 14, 108. [CrossRef]

28. Schumann, T.; Friedland, K.-J.; Oliveria, M.H., Jr.; Tahraoui, A.; Lopes, M.J.; Riechert, H. Anisotropic quantum
Hall effect in epitaxial graphene on stepped SiC surfaces. Phy. Rev. B 2012, 85, 235402. [CrossRef]

29. Giannazzo, F.; Deretzis, I.; La Magna, A.; Roccaforte, F.; Yakimova, R. Electronic transport at monolayer-bilayer
junctions in epitaxial graphene on SiC. Phy. Rev. B 2012, 86, 235422. [CrossRef]

30. Nicotra, G.; Ramasse, Q.M.; Deretzis, I.; La Magna, A.; Spinella, C.; Giannazzo, F. Delaminated Graphene at
Silicon Carbide Facets: Atomic Scale Imaging and Spectroscopy. ACS Nano 2013, 7, 3045. [CrossRef]

31. Ristein, J.; Mammadov, S.; Seyller, T. Origin of Doping in Quasi-Free-Standing Graphene on Silicon Carbide.
Phys. Rev. Lett. 2012, 108, 246104. [CrossRef] [PubMed]

32. Chua, C.; Connolly, M.; Lartsev, A.; Yager, T.; Lara-Avila, S.; Kubatkin, S.; Kopylov, S.; Fal’ko, V.; Yakimova, R.;
Pearce, R.; et al. Quantum Hall effect and Quantum Point Contact in Bilayer-patched Epitaxial Graphene.
Nano Lett. 2014, 14, 3369. [CrossRef] [PubMed]

33. Connolly, M.R.; Chiou, K.L.; Smith, C.G.; Anderson, D.; Jones, G.A.C.; Lombardo, A.; Fasoli, A.; Ferrari, A.C.
Scanning gate microscopy of current-annealed single layer graphene. Appl. Phys. Lett. 2010, 96, 113501.
[CrossRef]

34. Chen, J.-H.; Lin, J.-Y.; Tsai, J.-K.; Park, H.; Kim, G.-H.; Ahn, J.; Cho, H.-I.; Lee, E.-J.; Lee, J.-H.;
Liang, C.-T.; et al. Experimental evidence for Drude-Boltzmann-like transport in a two-dimensional
electron gas in an AlGaN/GaN heterostructure. J. Korean Phys. Soc. 2006, 48, 1539–1543. [CrossRef]

35. Juang, J.R.; Huang, T.-Y.; Chen, T.-M.; Lin, M.-G.; Kim, G.-H.; Lee, Y.; Liang, C.-T.; Hang, D.R.; Chen, Y.F.;
Chyi, J.-I. Transport in a gated Al0.18Ga0.82N/GaN electron system. J. Appl. Phys. 2003, 94, 3181–3184.
[CrossRef]

36. Melinda, E.; Han, Y.; Brant, J.C.; Kim, P. Electron transport in disordered graphene nanoribbons. Phys. Rev.
Lett. 2010, 104, 056801.

37. Mott, N.F. Conduction in non-crystalline materials III. Localized states in a pseudogap and near extremities
of conduction and valence bands. Philos. Mag. A J. Theor. Exp. Appl. Phys. 1968, 19, 835–852.

38. Efros, A.L.; Shklovskii, B.I. Coulomb gap and low temperature conductivity of disordered systems. J. Phys.
C: Solid State Phys. 1975, 8, L49–L51. [CrossRef]

39. Uren, M.J.; Davies, R.A.; Kaveh, M.; Pepper, M. Logarithmic corrections to two-dimensional transport in
silicon inversion layers. J. Phys. C: Solid State Phys. 1981, 14, 5737–5762. [CrossRef]

40. McCann, E.; Kechedzhi, K.; Fal’ko, V.I.; Suzuura, H.; Ando, T.; Altshuler, B.L. Weak-localization
magnetoresistance and valley symmetry in graphene. Phys. Rev. Lett. 2006, 97, 146805. [CrossRef]

41. Hughes, R.J.F.; Nicholls, J.T.; Frost, J.E.F.; Linfield, E.H.; Pepper, M.; Ford, C.J.B.; Ritchie, D.A.; Jones, G.A.C.;
Kogan, E.; Kaveh, M. Magnetic-field-induced insulator-quantum Hall-insulator transition in a disordered
two-dimensional electron gas. J. Phys. Condens. Matter 1994, 6, 4763–4770. [CrossRef]

42. Parish, M.M.; Littlewood, P.B. Non-saturating magnetoresistance in heavily disordered semiconductors.
Nature 2003, 426, 162–165. [CrossRef] [PubMed]

43. Chuang, C.; Liang, C.-T.; Kim, G.-H.; Elmquist, R.E.; Yang, Y.; Hsieh, Y.P.; Patel, K.D.; Watanabe, K.;
Taniguchi, T.; Aoki, N. Large, non-saturating magnetoresistance in single layer chemical vapor deposition
graphene with an h-BN capping layer. Carbon 2018, 136, 211–216. [CrossRef]

44. Chuang, C.; Yang, Y.; Pookpanratana, S.; Hacker, C.A.; Liang, C.-T.; Elmquist, R.E. Chemical-doping-driven
crossover from graphene to “ordinary metal” in epitaxial graphene grown on SiC. Nanoscale 2017, 9,
11537–11544. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/2053-1583/aa55b9
http://www.ncbi.nlm.nih.gov/pubmed/28775850
http://dx.doi.org/10.1016/j.cap.2013.10.004
http://dx.doi.org/10.1103/PhysRevB.85.235402
http://dx.doi.org/10.1103/PhysRevB.86.235422
http://dx.doi.org/10.1021/nn305922u
http://dx.doi.org/10.1103/PhysRevLett.108.246104
http://www.ncbi.nlm.nih.gov/pubmed/23004296
http://dx.doi.org/10.1021/nl5008757
http://www.ncbi.nlm.nih.gov/pubmed/24848806
http://dx.doi.org/10.1063/1.3327829
http://dx.doi.org/10.1002/pssc.200565196
http://dx.doi.org/10.1063/1.1594818
http://dx.doi.org/10.1088/0022-3719/8/4/003
http://dx.doi.org/10.1088/0022-3719/14/36/015
http://dx.doi.org/10.1103/PhysRevLett.97.146805
http://dx.doi.org/10.1088/0953-8984/6/25/014
http://dx.doi.org/10.1038/nature02073
http://www.ncbi.nlm.nih.gov/pubmed/14614501
http://dx.doi.org/10.1016/j.carbon.2018.04.067
http://dx.doi.org/10.1039/C7NR04155A
http://www.ncbi.nlm.nih.gov/pubmed/28767112
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Results 
	Conclusions 
	References

