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SrTiO3,[15] MgZnO/ZnO,[16] and AlGaN/
GaN.[17,18] The high breakdown voltage, 
robust thermal stability, high peak elec-
tron velocity,[19] strong polarization effect, 
and large saturation velocity of III-nitrides 
make them excellent materials for hosting 
high-mobility 2DEG. GaN-based 2DEG 
have already been confirmed at the inter-
faces of AlGaN/GaN,[2] InAlN/GaN,[20] and 
AlN/GaN,[21] leading to successful high 
electron-mobility transistors (HEMTs) and 
opening the door to 5G high-speed wireless 
communication.[3,22] Another III-nitride, 
InN, has a smaller effective mass and a 
higher electron-mobility than GaN, which 
should make it a better conductive-channel 
material for HEMTs.[23] The theoretically 
predicted sheet carrier concentration is as 
high as 7.08 × 1013 and 2.12 × 1014 cm−2  
at GaN/InN and AlN/InN interfaces, 
respectively.[24] The transconductance and 
cutoff frequencies of InGaN/InN HEMTs 
are also predicted to be superior to those 

of AlGaN/GaN HEMTs.[25] However, 2DEG in the InGaN/InN 
heterostructure has remained theoretical, because it is very dif-
ficult to epitaxially grow InN and InGaN together in the same 
structure with high crystallinity and an ultra-flat surface, due 
to the giant gap between the optimal growth temperatures of 
InN and GaN.[26] The epitaxial growth of InN alone is already 

Due to the intrinsic spontaneous and piezoelectric polarization effect, III-nitride 
semiconductor heterostructures are promising candidates for generating 2D 
electron gas (2DEG) system. Among III-nitrides, InN is predicted to be the best 
conductive-channel material because its electrons have the smallest effective 
mass and it exhibits large band offsets at the heterointerface of GaN/InN or 
AlN/InN. Until now, that prediction has remained theoretical, due to a giant gap 
between the optimal growth windows of InN and GaN, and the difficult epitaxial 
growth of InN in general. The experimental realization of 2DEG at an InGaN/
InN heterointerface grown by molecular beam epitaxy is reported here. The 
directly probed electron mobility and the sheet electron density of the InGaN/
InN heterostructure are determined by Hall-effect measurements at room 
temperature to be 2.29 × 103 cm2 V−1 s−1 and 2.14 × 1013 cm−2, respectively, 
including contribution from the InN bottom layer. The Shubnikov–de Haas 
results at 3 K confirm that the 2DEG has an electron density of 3.30 × 1012 cm−2 
and a quantum mobility of 1.48 × 103 cm2 V−1 s−1. The experimental 
observations of 2DEG at the InGaN/InN heterointerface have paved the way for 
fabricating higher-speed transistors based on an InN channel.
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For decades, 2D electron gas (2DEG) systems have led to 
important experimental discoveries[1–7] and conceptual develop-
ments for high-speed and high-power electronics.[8,9] Therefore, 
searching for materials to host 2DEG has become a key area of 
research.[10,11] Researches mainly focus on the heterointerfaces of 
the heterostructure, e.g., AlGaAs/GaAs,[12,13] SiO2/Si,[14] LaAlO3/
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challenging.[26] There are plenty of point defects existing in InN 
thin film, which can also prevent high quality epitaxy of InN 
thin film. Precisely detecting the transport properties of 2DEG 
in an InGaN/InN heterostructure is also experimentally prob-
lematic, as two strong, parallel channels of conduction signifi-
cantly influence the total conductivity: the bottom layer of InN 
(which is usually degenerated with high electron mobility) 
and the surface layer of accumulated electrons (which is sepa-
rated by an InGaN barrier with a high In composition).[27]

Here, we report the experimental observation of 2DEG at 
the heterointerface of an InGaN/InN heterostructure grown 
by plasma-assisted molecular beam epitaxy (PA-MBE) on an Si 
substrate. The directly probed electron mobility of the hetero-
structure, obtained by Hall-effect measurements at room tem-
perature, was 2.29 × 103 cm2 V−1 s−1, with an electron density 
as high as 2.14 × 1013 cm−2. These values include contribution 
from the bottom InN layer, the InGaN barrier, and the surface 
layer of accumulated electrons. We measured the multi-fre-
quency Shubnikov–de Haas (SdH) oscillations of the 2DEG at 
3 K, and derived a quantum mobility of 1.48 × 103 cm2 V−1 s−1 
with an electron density of 3.30 × 1012 cm−2. We determined 
the corresponding quantum scattering time and effective mass 
of the electrons in the 2DEG at 3 K to be 8.92 × 10−14 s and 
0.106 m0, respectively.

The InGaN/InN heterostructures were grown on high resis-
tivity GaN/Si(111) templates by radio-frequency PA-MBE; a 
schematic is shown in Figure 1a. The high resistivity GaN/
Si(111) templates were grown by metalorganic vapor-phase epi-
taxy. First, the AlN buffer layer was deposited on the Si substrate, 
followed by an intermediate layer of low Al-content AlGaN, and 
then a 3 µm thick layer of GaN was deposited.[28] Next, the GaN/
Si(111) template was transferred to the MBE chamber and a 
100 nm thick buffer layer of GaN was grown at 680 °C, followed 
by a 300 nm thick layer of Mg-doped InN to suppress the large 
parallel conductivity of the InGaN/InN heterostructure. Finally, 
a 70 nm thick layer of undoped InN and a 10 nm thick barrier 
layer of InGaN were grown at 500 °C with a 96% In composi-
tion. The Mg cell temperature was kept at 250 °C during the 
growth of the Mg-doped InN to create a p-type conductive mate-
rial, which should reduce the contribution of the undoped InN 
layer to the conductivity of the total heterostructure.[29] Atomic 
force microscopy (AFM) measurements revealed an atomically 
flat surface with step terraces, as shown in Figure 1b. The root 
mean square roughness was as small as 0.7 nm in a scanned 
area of 1 × 1 µm2. The InGaN/InN heterostructure was also 
characterized by X-ray diffraction (XRD), with the fitting curve 
compared to the measured spectrum (Figure S1, Supporting 
Information) verifying that the In content was about 96%, in 

Adv. Sci. 2018, 5, 1800844

Figure 1. Schematic of the heterostructure and surface morphology. a) Sketch of the InGaN/InN heterostructure with the band profile at the InGaN/
InN interface. b) AFM topography (1 × 1 µm2) of the InGaN/InN heterostructure. c) Reciprocal space map of the InGaN/InN heterostructure for (105) 
plane reflection. d) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the InGaN/InN heterostructure; 
magnified and spatially resolved EELS mapping of Ga shows that the InGaN layer is 10 nm thick.
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good agreement with our design. Figure 1c shows the XRD 
reciprocal space map for the (105) reflection of the InGaN/InN 
heterostructure. Both the InGaN and InN diffraction peaks 
are located in the same position of reciprocal lattice vector 
Qx, indicating that the InGaN layer was coherently grown on 
the underlying InN layer. This 10 nm thick, coherent epitaxial 
growth of InGaN on InN was possible due to the small lattice 
mismatch (0.4%) between InN and high In-content InGaN. To 
characterize the heterostructure of InGaN/InN directly, we per-
formed high-resolution scanning transmission electron micros-
copy experiments. The image in Figure 1d was obtained on an 
aberration-corrected scanning transmission electron micro-
scope (STEM). To further confirm the epitaxial growth and 
structure, electron energy-loss spectroscopy (EELS) mapping 
was performed for Ga in the region marked with a red dashed 
square in Figure 1d. The thickness of the InGaN barrier was 
about 10 nm, in good agreement with the thickness designed 
during MBE.

In order to obtain information about the 2DEG in the hetero-
structure, Hall-effect measurements were performed at different 
temperatures with van der Pauw geometry and the four-probe 
AC technique on a physical property measurement system 
(PPMS). Figure 2 shows the temperature dependence of the 
electron sheet concentration and mobility across a temperature 
range of 3–300 K. The electron mobility was as high as 2.29 ×  
103 cm2 V−1 s−1 at 300 K, and reached a maximum value of 4.80 × 
103 cm2 V−1 s−1 at 3 K. The weak temperature dependence of the 
electron mobility in the temperature range of 3–100 K strongly 
indicates that the electric conductivity was dominated by 2DEG 
at low temperatures. The low temperature mobility of 2DEG  
in the InGaN/InN heterostructure is smaller than AlGaN/GaN 
heterostructure because InGaN/InN heterostructure with ultra-
thin InN thin film is accompanied by high dislocation densities. 
We have roughly estimated dislocation densities of InN in the 
InGaN/InN heterostructure from the full width at half maximum  
(FWHM) of the rocking curves on InN (002) and (102) planes. 
The density of screw- and edge-type threading dislocation 
of InN is 5.88 × 108 cm−2 and 7.23 × 1010 cm−2, respectively  
(see Figure S1b, Supporting Information). Those high density 

threading dislocations definitely limit the mobility of the 2DEG 
in the InGaN/InN heterostructure as well since the threading  
dislocations extend to the barrier with growth. Therefore, the 
mobility of 2DEG in the InGaN/InN heterostructure is strongly 
affected by the high dislocation densities. In addition, the residual 
electron concentration for the InN layer is about 3.6 × 1018 cm−3.  
It indicates that a large density of ionized impurities exists in 
the sample, which greatly limits the mobility of the 2DEG as 
well. The mobility of heterostructure can definitely be enhanced 
if we are able to reduce the ionized impurity and ionized disloca-
tion density. To exclude the possibility that the high mobility of 
the InN layer was responsible, we measured the transport prop-
erties of bare InN film (without the InGaN barrier). The electron 
mobility of InN decreases rapidly with decreasing temperatures 
when T < 115 K (see Figure S2, Supporting Information), which 
is a typical behavior of InN thin film materials but not 2DEG, 
and in contrast to the behavior shown in Figure 2. Therefore, at 
low temperatures, the electric conduction of the heterostructure 
was indeed dominated by 2DEG. A weak temperature depend-
ence was also obtained for the sheet electron concentration, 
which gradually decreased from ≈2.14 × 1013 cm−2 at room tem-
perature to 1.64 × 1013 cm−2 at 3 K. This suggests that the defect 
levels responsible for generating the carriers become degener-
ated at low temperatures.[30]

To fully characterize the electric transport properties of 
2DEG in the heterostructure, we performed magnetoresist-
ance measurements using a standard lock-in technique, with 
an AC excitation of 100 µA and magnetic fields applied per-
pendicular to the surface. Curves representing the resistance 
versus the magnetic field at different temperatures are shown 
in Figure 3a. Overall, the magnetoresistance increased with 
the magnetic field, and did not show trends of saturation up to 
14 T, which might be ascribed to the parallel conductive chan-
nels in the heterostructure.[31] The magnetoresistance depend-
ence of magnetic field Rxx(B) curves exhibit some oscillations 
at low temperatures. As temperature increases, the oscillations 
become weaker until they vanish at 50 K. By fitting the experi-
mental data, we found that the Rxx(B) curves reflect a positive 
magnetoresistance background at low temperatures, which can 
be described by a B3 polynomial function.[32] We found that the 
B3 polynomial function worked best to subtract the background. 
The magnetoresistance SdH oscillation value of ΔRxx = Rxx  
(B) – αB3 is shown in Figure 3b, where Rxx(B) represents the 
data presented in Figure 3a and α > 0 is a fitting parameter.

Some of the SdH oscillations were likely caused by 2DEG. To 
confirm their origin, we studied the behavior of the SdH oscil-
lations following the application of magnetic fields at different 
orientations. The derivative of the magnetoresistance (dRxx/dB) 
is shown in Figure 3c,d as a function of 1/B and 1/B⊥, respec-
tively (B⊥ = Bcosθ, where the angle θ = 0° corresponds to a 
magnetic field applied perpendicular to the film plane). As we 
increased the angle θ, the peak positions shifted to lower values 
of 1/B, i.e., larger values of B (Figure 3c). When we increased 
the angle θ to 70°, we observed no oscillation with fields up 
to B = 14 T. However, when dRxx/dB was plotted as a func-
tion of 1/B⊥ (Figure 3d), all of the well-defined peaks appeared 
at the same position in curves of θ ≤ 30°, indicating that the 
oscillations depend only on the perpendicular application of 
the magnetic fields. The results in Figure 3d unambiguously 
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Figure 2. Temperature-dependent electronic properties of the InGaN/
InN heterostructure. The low-field Hall mobility and carrier density as 
functions of temperature with magnetic fields ranging from −0.5 to 0.5 T; 
the mobility reaches 4.80 × 103 cm2 V−1 s−1 at 3 K.
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demonstrate that the electron gas in our sample is 2D. Evidence 
of the 2D nature of the SdH oscillations is also revealed by the 
change in magnetoresistance at different angles (see Figure S3, 
Supporting Information).

We performed more detailed analysis on the data to more 
deeply understand the properties of the 2DEG in the InGaN/
InN heterostructures. We carried out a fast Fourier transform 
(FFT) analysis of the SdH oscillation data from Figure 3b, 
shown in Figure 4a. We observed four peaks with frequencies 
of 30.20, 68.08, 97.68, and 147.74 T. The relationship between 
carrier density and oscillation frequency can be described by 
the formula: ni = eBFi/πh̄(BF is SdH oscillation frequency). The 
carrier densities corresponding to those four peaks are nα = 
1.47 × 1012 cm−2, nβ = 3.30 × 1012 cm−2, nγ = 4.74 × 1012 cm−2,  
and nδ = 7.17 × 1012 cm−2, respectively, which we calculated 
using the free electron approximation model, assuming 
that the electrons were spin-degenerated.[33] We ascribed the 
discrepancy between the carrier densities deduced from the 
Hall-effect measurements (2.09 × 1013 cm−2) and the SdH 
oscillations (1.19 × 1013 cm−2) to the parallel conductive chan-
nels in the InGaN/InN heterostructure. Also, the sheet car-
rier density deduced from the Hall effect is based on averaged 
values, whereas the sheet carrier density obtained from the 
SdH oscillation is based on electron moves on the surface of 
the Fermi sphere. We also calculated the carrier effective mass, 
m*, and the quantum scattering time, τq, using the temperature 

dependence of the SdH oscillation amplitudes, ΔR,[34,35] with 
the formula ΔRxx∝e−αTDαT/sin h(αT), where α = 2π2kBm*/h̄eB, 
kB is the Boltzmann constant, m* is the effective mass of the 
carriers, and αT/sinh(αT) is the thermal damping. The Dingle 
temperature factor, TD = h̄/2πkBτq, corresponds to the level of 
disorder and can be used to obtain the quantum scattering time 
τq through the following formula
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However, as shown in Figure 3b, all of the main peaks 
were amplified by the overlapping peaks of different frequen-
cies, which prevented us from obtaining the amplitudes of the 
original SdH oscillations. Therefore, we analyzed the tempera-
ture-dependent SdH oscillations instead, shown in Figure 4b, 
which were constructed from the inverse fast Fourier trans-
form (IFFT) of the β peak (Figure 4a).[36] The deviation of the 
magneto-transport traces between 0.1 and 0.15 1/T mainly 
results from two aspects: 1) the β peak shape slightly changes 
with increasing temperature and, 2) the β peak is partially 
overlapped with the side peaks (γ peak and α peak) rather 
than being a completely independent peak. The related works 
reported by other groups also show similar behavior over the 
IFFT.[5] The most essential issue is that the magneto-transport 
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Figure 3. Temperature and angle-dependent SdH oscillation. a) Magnetoresistance (Rxx) as a function of the magnetic fields at different temperatures. 
b) Oscillation amplitude as a function of the reciprocal magnetic fields at different temperatures. c,d) Amplitude of the SdH oscillations of the first 
derivative, dRxx/dB, at different angles θ versus the reciprocal magnetic field c) and the reciprocal perpendicular magnetic field d), respectively. The 
SdH oscillations depend mainly on the reciprocal perpendicular magnetic fields component, particularly for θ = 0°–30°, which suggests a 2D nature 
of conduction at the interface of the InGaN/InN heterostructure. Inset: Measurement configuration.
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traces for different temperatures can match well with the oscil-
lation peak. Thus, we obtained mβ = (0.106 ± 0.003) m0 for the 
β peak from the temperature-dependent amplitudes of the SdH 
oscillations (Figure 4c).

The resulting Dingle plots for the β peak at different temper-
atures are shown in Figure 4d. The quantum scattering time,  
τβ = 8.92 × 10−14 s, was deduced from the slope of the linear 
dependence of ln[ΔRxxsinh(αT)/αT] on 1/B. The quantum 
mobility, µβ = eτ/m* = 1.48 × 103 cm2 V−1 s−1, was obtained using 
τβ = 8.92 × 10−14 s. The classical scattering time obtained from the 
Hall-effect measurement was τ0 = 1.91 × 10−13 s. Thus, the ratio 
τ0/τβ ≈ 2 suggests that the short-range alloy-disorder scattering 
and the rough-interface scattering are the dominant factors lim-
iting electron mobility at low temperatures.[37] The quantum  
mobility and the Hall mobility are different in the InGaN/InN 
heterostructure, which may be caused by the different scattering 
times, i.e., the transport scattering time and the total scattering 
time, respectively. Therefore, in order to achieve high-mobility 
2DEG in the InGaN/InN heterostructure, it is important to con-
trol the interface roughness and alloy-disorder scattering. As 
a ternary alloy, InGaN layer exhibits alloy-disorder scattering. 
Dislocation scattering is also an important mobility-limiting 
scattering mechanism in 2DEGs when the dislocation density 
is high.[38] Therefore, low dislocation density is vital to high-
performance InN thin film and InN-based 2DEG. The effec-
tive masses and quantum scattering lifetimes of the other three 
peaks were also obtained using the same methodology: mα = 
(0.079 ± 0.003) m0, mγ = (0.089 ± 0.002) m0, and mδ = (0.102 
± 0.001) m0; and τα = 5.14 × 10−14 s, τγ = 4.63 × 10−14 s, and  

τδ = 2.78 × 10−14 s, respectively. The detailed calculations are 
shown for each peak in Figures S4, S5, and S6 (Supporting 
Information), respectively.

To reveal the mechanism behind the quantum oscillations 
in the InGaN/InN heterostructure, we determined the origin 
of the four oscillation frequencies. The effective mass of peak  
α, mα = 0.079 m0, is similar to that of InN, mInN = 0.070 m0.[39] 
Therefore, peak α most likely originated from the InN layer. 
For confirmation, we measured the transport of a bare InN 
film without the InGaN barrier. After removing the positive 
magnetoresistance background described above from the exper-
imental data, we observed a clear SdH oscillation at 2 K. An 
FFT analysis of the SdH oscillation revealed that this SdH oscil-
lation corresponded to a frequency of 34.30 T (see Figure S7,  
Supporting Information), which is almost the same as the fre-
quency of peak α observed in the InGaN/InN heterostructure. 
Therefore, we ascribe the origin of peak α in the InGaN/InN 
heterostructure to the underlying InN layer. The electron effec-
tive mass mβ of peak β was heavier than mα; hence, it probably 
originated from 2DEG at the InGaN/InN interface. The heavier 
mβ compared to mα could be ascribed to both the nonpara-
bolicity of the conduction band in the triangular quantum well 
and to the penetration of the electron wave function into the 
barrier.[40] Peak γ was the sum of peaks α and β (BFγ = BFα + BFβ), 
indicating the existence of the magnetic breakdown effect.[41] 
Peak δ, which had the highest frequency, most likely arose from 
the top InGaN layer, given its high electron sheet density of 
7.17 × 1012 cm−2, which included contribution from the surface 
layer of accumulated electrons.[27] Four peaks observed at FFT  

Adv. Sci. 2018, 5, 1800844

Figure 4. β peak IFFT process and carrier effective mass. a) FFT spectra of the SdH oscillations from Figure 3b. Arrows indicate the different peaks, 
α, β, γ, and δ. b) IFFT curves for the β peak from the FFT spectra. c) Temperature dependence of the normalized oscillation amplitude at B = 10.99 T, 
giving an electron effective mass of 0.10 m0. d) Dingle plots of ln[ΔRxxsinh(αT)/αT] versus B−1 at different temperatures (θ = 0°).
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spectra of the SdH oscillations actually originated from InN 
bulk, 2DEG, 2DEG+InN bulk, and InGaN barrier, respectively.

We also simulated the subband occupation of the 2DEG in 
the InGaN/InN heterostructure. We carried out the simulations 
based on the Schrödinger and Poisson equations and advanced 
physical models using Crosslight Software, Inc.’s APSYS 
program. The numerical results (Figure S8, Supporting Infor-
mation) indicate that only one subband was occupied below 
the Fermi energy level and that the gap between the Fermi 
energy level and the subband was 68.84 meV, which is close to 
the aforementioned experimental fitting result of ≈74.99 meV. 
The discrepancy between these two values might be due to the 
unexpected InGaN accumulation of electrons on the surface 
that was not taken into account during the simulation. In addi-
tion, as was reported for InN,[42] the energy level differences 
between the Fermi level and the corresponding subbands 
induced by electron accumulation on the surface were 511 and 
797 meV, respectively, which are much larger than those that 
originate from 2DEG. Therefore, we exclude the possibility 
that the electron accumulation on the heterostructure surface 
induces a subband occupation. This result further confirms 
that the β peak is originated from 2DEG at the InGaN/InN 
heterointerface.

In conclusion, we clearly observed quantum magnetoresist-
ance oscillations at low temperatures in the InGaN/InN hetero-
structures that stemmed from 2DEG formed at the InGaN/InN 
heterointerface. We found that at 3 K, the quantum mobility 
and electron density of the 2DEG were 1.48 × 103 cm2 V−1 s−1 
and 3.30 × 1012 cm−2, respectively. This experimental observa-
tion of 2DEG at the InGaN/InN heterointerface invites further 
investigation of III-nitride semiconductor materials for higher-
speed transistors.

Experimental Section
Sample Growth and Transport Measurements: All heterostructures 

were grown by plasma-assisted molecular beam epitaxy (PA-MBE, 
SVTA). Gallium (Ga), and indium (In) fluxes were evaporated from 
pure elemental sources. Reactive atomic nitrogen (N) was generated 
by radio frequency plasmas to dissociate the N atoms with 1.20 sccm. 
The chamber pressure was kept at 7.00 × 10−6 Torr during growth. The 
InN and InGaN layers were grown at a substrate temperature of 500 °C, 
during which the growth process was monitored in situ by reflection 
high-energy electron diffraction. The Ga content was controlled by 
the Ga/In flux ratio. The transport properties were measured using 
the four-probe van der Pauw method, with copper (Cu) wires as the 
electrodes and In as the ohmic contact. The Hall effect was measured 
in the magnetic field range of −0.5 to 0.5 T. Electrical measurements 
were performed using a PPMS DynaCool system (temperatures from  
50 mK to 400 K, and magnetic fields up to 14 T) with a standard lock-in 
technique.

Heterostructure Characterization Analysis: The surface of the InGaN/
InN heterostructures was characterized with a Bruker Dimension 
FastScan AFM in the tapping mode. Aberration-corrected STEM 
measurements were performed with an FEI Titan 80–300 Probe TEM. 
The high-angle annular dark-field imaging (HAADF) images were 
acquired at 200 kV. A cross-sectional sample was cut by an FEI Helios 
DualBeam FIB system. STEM electron energy-loss spectroscopy (STEM-
EELS) was used to investigate the spatial distribution of the Ga elements 
on the InGaN surface. In order to improve the signal-to-noise ratio of 
the EELS spectra, principal components analysis was used to reduce the 
noise.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
This work was partly supported by the National Key R&D Program 
of China (No. 2016YFB0400100), the Science Challenge Project  
(No. TZ2016003-2), the National Natural Science Foundation of China 
(Nos. 61734001, 61521004, 61674010), NSAF (No. U1630109), and by 
the King Abdullah University of Science and Technology (KAUST). The 
authors are grateful to Prof. Yanwu Xie, Yan Wen, and Lixian Wang for 
fruitful discussions.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
2D electron gas, InGaN/InN, molecular beam epitaxy

Received: May 29, 2018
Published online: June 27, 2018

[1] F. A. Ponce, D. P. Bour, Nature 1997, 386, 351.
[2] M. Asif Khan, A. Bhattarai, J. Kuznia, D. Olson, Appl. Phys. Lett. 

1993, 63, 1214.
[3] O. Ambacher, J. Phys. D: Appl. Phys. 1998, 31, 2653.
[4] N. O. Weiss, H. Zhou, L. Liao, Y. Liu, S. Jiang, Y. Huang, X. Duan, 

Adv. Mater. 2012, 24, 5782.
[5] Y. Kozuka, M. Kim, C. Bell, B. G. Kim, Y. Hikita, H. Hwang, Nature 

2009, 462, 487.
[6] Y. Z. Chen, N. Bovet, T. Kasama, W. W. Gao, S. Yazdi, C. Ma, 

N. Pryds, S. Linderoth, Adv. Mater. 2014, 26, 1462.
[7] A. Brinkman, M. Huijben, M. Van Zalk, J. Huijben, U. Zeitler, 

J. C. Maan, W. G. V. Der Wiel, G. Rijnders, D. H. A. Blank, 
H. Hilgenkamp, Nat. Mater. 2007, 6, 493.

[8] U. K. Mishra, P. Parikh, Y.-F. Wu, Proc. IEEE 2002, 90, 1022.
[9] B. Gil, Group III Nitride Semiconductor Compounds: Physics and 

Applications, Clarendon Press, Oxford, England 1998.
[10] U. K. Mishra, L. Shen, T. E. Kazior, Y.-F. Wu, Proc. IEEE 2008, 96, 

287.
[11] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, 

M. I. Katsnelson, I. V. Grigorieva, S. V. Dubonos, A. A. Firsov, 
Nature 2005, 438, 197.

[12] S. Gwo, K.-J. Chao, C. Shih, K. Sadra, B. Streetman, Phys. Rev. Lett. 
1993, 71, 1883.

[13] L. Pfeiffer, K. West, H. Stormer, K. Baldwin, Appl. Phys. Lett. 1989, 
55, 1888.

[14] K. von Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 1980, 45, 494.
[15] A. Ohtomo, H. Hwang, Nature 2004, 427, 423.
[16] A. Tsukazaki, A. Ohtomo, T. Kita, Y. Ohno, H. Ohno, M. Kawasaki, 

Science 2007, 315, 1388.
[17] O. Ambacher, B. Foutz, J. Smart, J. Shealy, N. Weimann, K. Chu, 

M. Murphy, A. Sierakowski, W. Schaff, L. Eastman, J. Appl. Phys. 
2000, 87, 334.

[18] X. Wang, R. Yu, C. Jiang, W. Hu, W. Wu, Y. Ding, W. Peng, S. Li, 
Z. L. Wang, Adv. Mater. 2016, 28, 7234.

Adv. Sci. 2018, 5, 1800844



www.advancedsciencenews.com

1800844 (7 of 7) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

[19] S. K. O’leary, B. E. Foutz, M. S. Shur, L. F. Eastman, J. Mater. Sci.: 
Mater. Electron. 2006, 17, 87.

[20] J. Kuzmík, A. Kostopoulos, G. Konstantinidis, J.-F. Carlin, 
A. Georgakilas, D. Pogány, IEEE Trans. Electron Devices 2006, 53, 422.

[21] T. Zimmermann, D. Deen, Y. Cao, J. Simon, P. Fay, D. Jena, 
H. G. Xing, IEEE Electron Device Lett. 2008, 29, 661.

[22] W. Chen, K.-Y. Wong, W. Huang, K. J. Chen, Appl. Phys. Lett. 2008, 
92, 253501.

[23] A. G. Bhuiyan, A. Hashimoto, A. Yamamoto, J. Appl. Phys. 2003, 94, 
2779.

[24] M. T. Hasan, A. G. Bhuiyan, A. Yamamoto, Solid·State Electron. 
2008, 52, 134.

[25] S. M. Muhtadi, S. Sajjad Hossain, A. G. Bhuiyan, K. Sugita, 
A. Hashimoto, A. Yamamoto, M. Mofazzal Hossain, Phys. Status 
Solidi C 2011, 8, 2292.

[26] Y. Nanishi, Y. Saito, T. Yamaguchi, Jpn. J. Appl. Phys. 2003, 42, 2549.
[27] J. Yim, R. Jones, K. Yu, J. AgerIII, W. Walukiewicz, W. J. Schaff, J. Wu, 

Phys. Rev. B 2007, 76, 041303.
[28] J. Cheng, X. Yang, L. Sang, L. Guo, A. Hu, F. Xu, N. Tang, X. Wang, 

B. Shen, Appl. Phys. Lett. 2015, 106, 142106.
[29] L. Guo, X. Wang, X. Zheng, X. Yang, F. Xu, N. Tang, L. Lu, W. Ge, 

B. Shen, L. Dmowski, Sci. Rep. 2014, 4, 4371.
[30] V. Lebedev, V. Cimalla, T. Baumann, O. Ambacher, F. Morales, 

J. Lozano, D. Gonzalez, J. Appl. Phys. 2006, 100, 094903.
[31] S. Contreras, W. Knap, E. Frayssinet, M. Sadowski, M. Goiran, 

M. Shur, J. Appl. Phys. 2001, 89, 1251.

[32] T. Inushima, M. Higashiwaki, T. Matsui, T. Takenobu, M. Motokawa, 
Phys. Rev. B. 2005, 72. 085210.

[33] W.-T. Wang, C. Wu, J. Chiang, I. Lo, H. Kao, Y. Hsu, 
W. Pang, D. Jang, M.-E. Lee, Y.-C. Chang, J. Appl. Phys. 2010, 
108, 083718.

[34] T. Ando, A. B. Fowler, F. Stern, Rev. Mod. Phys. 1982, 54, 437.
[35] J. Cao, S. Liang, C. Zhang, Y. Liu, J. Huang, Z. Jin, Z.-G. Chen, 

Z. Wang, Q. Wang, J. Zhao, S. Li, X. Dai, J. Zou, Z. Xia, L. Li, F. Xiu, 
Nat. Commun. 2015, 6, 7779.

[36] M. Kim, C. Bell, Y. Kozuka, M. Kurita, Y. Hikita, H. Hwang, 
Phys. Rev. Lett. 2011, 107, 106801.

[37] C. Skierbiszewski, K. Dybko, W. Knap, M. Siekacz, W. Krupczyński, 
G. Nowak, M. Bońkowski, J. Łusakowski, Z. R. Wasilewski, 
D. Maude, T. Suski, S. Porowski, Appl. Phys. Lett. 2005, 86, 102106.

[38] D. Jena, A. C. Gossard, U. K. Mishra, Appl. Phys. Lett. 2000, 76, 
1707.

[39] J. Wu, W. Walukiewicz, W. Shan, K. Yu, J. AgerIII, E. Haller, H. Lu, 
W. J. Schaff, Phys. Rev. B 2002, 66, 201403.

[40] A. Kurakin, S. Vitusevich, S. Danylyuk, H. Hardtdegen, N. Klein, 
Z. Bougrioua, A. Naumov, A. Belyaev, J. Appl. Phys. 2009, 105, 
073703.

[41] D. Shoenberg, Magnetic Oscillations in Metals, Cambridge University 
Press, Cambridge, England 1984.

[42] L. Colakerol, T. D. Veal, H.-K. Jeong, L. Plucinski, A. DeMasi, 
T. Learmonth, P.-A. Glans, S. Wang, Y. Zhang, L. Piper, 
Phys. Rev. Lett. 2006, 97, 237601.

Adv. Sci. 2018, 5, 1800844


