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Abstract — Scattering mechanisms that limit the mobility of two-dimensional electron gas 
(2DEG) in AlInGaN/GaN heterojunctions with three different barrier layer thicknesses of 37.2 
(sample A), 10.6 (sample B) and 4.30 (sample C) nm were studied. Hall measurements were 
performed between 12 and 350 K. Mobilities limited by scattering due to acoustic and optic 
phonons, dislocation, interface roughness, and alloy disorder were used in the calculation. It was 
found that scattering, predominantly due to interface roughness, determine the Hall mobility for 
all samples at different strengths. The highest electron mobility of 492 cm2V-1s-1 at room 
temperature is obtained for sample B with a high sheet density of about 4.43×1013 cm-2 and a 
corresponding sheet resistance of 287 Ω. 
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I. INTRODUCTION1 

Due to the need for improved performance in higher frequency and high-power microwave applications, 
different barrier/channel alternatives have been implemented in nitride-based polarization-induced two-
dimensional electron gas (2DEG). [1]-[6]. The conventional structure usually consists of a thick layer of 
GaN channel and a thin layer of AlGaN barrier with, possibly, a thin layer of AlN spacer at the interface 
[7]-[10]. Mobility and carrier density are key parameters for higher device performance. In the literature, 
many studies have been carried out to improve these two parameters by using lattice-matched or slightly 
mismatched AlInN [11]-[16] as a barrier, and a thin layer of InGaN [17]-[20] or dual channel configurations 
as a channel [21]-[23]. Quaternary AlInGaN layers have recently been introduced as an alternative barrier 
in nitride-based heterostructures [24]-[36]. Since AlInGaN quaternary alloys are expected to have narrower 
immiscibility gaps compared to their ternary counterparts other than AlGaN [10], higher mobilities can be 
realized in such structures. In addition, lattice constants and band gap energies of barrier layer can be more 
freely controlled by adjusting the alloy composition to reduce the strain-induced defect densities and thus 
improve the device performance [36]. The reported electron mobilities of AlInGaN/GaN heterostructures 
with different alloy compositions vary widely from 689 to 2200 cm2V−1s−1 [37], [38]. As the transport 
properties are closely related to growth parameters and design of layered structure, their optimization 
should be addressed systematically as needed. Therefore, it is important to understand the scattering 
processes that limit the electron mobility of these heterostructures. Scattering due to alloy disorder in 
quaternary barrier structures is expected to be the dominant mechanism determining the transport properties 
of AlInGaN/GaN HEMTs. Similarly, relatively large differences in growth temperatures optimized for the 
channel and barrier/spacer layers, with possible growth interruption, could distort the surface morphology 
and subsequently restrict the mobility through interface roughness scattering. For samples with higher sheet 
carrier densities, the scattering is even more severe. Therefore, to achieve higher mobility in AlInGaN/GaN 
heterostructures, improvement and control of the interface qualities should also be considered. 

This study is dedicated to investigating the transport properties of a relatively low interface quality 
AlInGaN/GaN heterojunction using temperature-dependent (12-350 K) Hall effect measurements. Three 
samples referred as A, B, and C with nearly the same alloy compositions (AlInGaN) but different barrier 
thicknesses were grown on sapphire substrate by Metal Organic Chemical Vapor Depositions (MOCVD). 
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Alloy compositions, layer thicknesses, dislocation densities, and interface and structural parameters were 
extracted from X-ray photoelectron spectroscopy (XPS), high resolution x-ray diffraction (HR-XRD), 
scanning electron microscope (SEM), and atomic force microscope (AFM) measurements. The results from 
these measurements were used to calculate the scattering-limited mobilities mainly due to optical phonon, 
acoustic phonon, interface roughness, dislocation, and alloy disorder. These calculated mobilities were 
applied to the Hall data taken in the 12-350 K temperature range to analyze the transport properties and 
identify the prominent scattering mechanisms. 

 

II. EXPERIMENTAL DETAILS 

Three AlxInyGa1-x-yN/GaN heterojunctions were grown on (0001) sapphire substrates in a low-pressure 
MOCVD reactor. Triethylgallium (TEGa), trimethylaluminum (TMAl), trimethylindium (TMIn), and 
ammonia were used as Ga, Al, In, and N precursors, respectively. All samples were grown under the same 
growth conditions except for the thicknesses of barrier layer, following the procedure given below. The 
surfaces of the substrates were first prepared for growth by baking under H2 ambient at 1150°C for 10 min. 
A low-temperature GaN (LT-GaN) buffer layer with a thickness of about 50 nm was grown on baked 
surfaces at 515°C. Growth of the GaN template layer was carried out in two stages under different growth 
conditions. First, 1 µm thick high-temperature GaN (HT-GaN) template layers were grown at 1040°C and 
300 mbar. Additional layers of undoped HT-GaN nominally 2 µm thick were deposited at 1060°C and 150 
mbar as a second part of the GaN template layer. The growths were completed by growing the  
AlxInyGa1-x-yN barrier layers at 1150°C and 30 mbar. 

Prior to device fabrication, the AlxInyGa1-x-yN epilayer thicknesses were found out by SEM images. 
Similarly, the molar fractions of In, Al, and Ga in the AlxInyGa1-x-yN epilayers and structural properties of 
samples were obtained from XPS and HR-XRD measurements. The surface morphologies of  
AlxInyGa1-x-yN epilayers were obtained by AFM run in contact mode. 

After characterization, the wafers were cut into several 8x8 mm pieces to provide ohmic contact 
formation on samples in Van Der Pauw geometry. Before fabrication, all samples were subjected to the 
following surface cleaning processes given below. First, the samples were placed in acetone in an ultrasonic 
bath for surface cleaning. The samples removed from the ultrasonic bath were immersed in isopropyl 
alcohol and rinsed in 18 MΩ resistive deionized (DI) water. The cleaned samples were placed in HCl:H2O 
(1:1) solution for 30 seconds to remove surface oxides and then rinsed again in DI water for a certain period 
of time. Ohmic contacts were obtained by depositing Ti/Al/Ni/Au (45/120/55/300 nm) on the AlxInyGa1-x-

yN surface and then annealing at 800°C in N2 environment for 45 sec. The final structure of device is shown 
schematically in Fig. 1. 

Temperature-dependent Hall measurements were done for all samples in the temperature range of 12-
350 K with a sensitivity better than ± 0.1 K. Carrier mobilities and densities were deduced from the Hall 
data at each temperature. By using these Hall data in conjunction with other data obtained from the above-
mentioned measurements, the transport properties of the samples were determined and evaluated in the 
light of analytical calculations. 

 

 
Fig. 1. The schematic representation of AlxInyGa1-x-yN/GaN heterojunction grown on sapphire substrate. 
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III. EXPERIMENTAL RESULTS AND CALCULATIONS 

Surface quality and morphology of AlxInyGa1-x-yN epilayers was examined by optical microscopy and 
AFM imaging. It was determined from the optical microscope image that the surfaces of the samples were 
crack-free and in a mirror-like form. As shown in Fig. 2, the AFM images of the samples have a smooth 
surface morphology with low roughness and low defect density. Root mean square (rms) roughness values 
were determined as 0.70, 0.32, and 0.31 nm for sample A, B, and C, respectively. Since the surface is 
strongly influenced by the layers beneath it, (rms) roughness values can be considered as the interface 
parameter (lateral dimension) used to calculate the mobility limited by interface roughness scattering. 

HR-XRD measurements were done to determine the phases and crystal qualities of the samples. The ω-
2θ scans for all three samples are shown in Fig. 3. In the spectrum, the diffraction peaks corresponding to 
(002) plane of the GaN layers were observed at 34.501º, 34.506º, and 34.524º for samples A, B, and C 
respectively. Diffraction peaks observed at 35.725º, 35.694º, and 35.702º are due to (002) plane of the 
AlxInyGa1-x-yN epilayers for samples A, B, and C, respectively. 

Al, In, and Ga contents in AlxInyGa1-x-yN epilayers were determined by XPS and HR-XRD by applying 
2θ-scan simulations on measured diffraction patterns. The contents were found to be approximately 88.3% 
(Al), 3.2% (In), and 8.5% (Ga) for sample A. The other two samples have also almost the same composition 
content in their respective barrier layers. 

The dislocation densities (screw and edge), representing the crystal quality of samples can be deduced 
from the full width at half maximums (FWHM) of the rocking curves (i.e. the symmetrical (002) and 
asymmetrical (102) plane reflections) [39]. The total (edge and screw) dislocation densities were calculated 
as 2.44×108, 2.31×108 and 2.22×108 cm-2 for sample A, B and C, respectively. These data were used to 
calculate the mobilities constrained by the dislocation scattering. 

The temperature dependent Hall measurements were carried out at a magnetic field of 0.5 T between 12-
350 K temperature range using standard square Van der Pauw geometry. Hall mobilities, sheet carrier 
densities and resistances obtained from Hall measurements at low and room temperature and the barrier 
thicknesses obtained from SEM are given in Table I. 

 
 

  
  

 
 

Fig. 2. AFM images of sample A, B and C respectively. 
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Fig. 3. HR-XRD ω–2θ scan spectra of AlxInyGa1-x-yN/GaN heterojunction structure grown on sapphire substrate. 

 
TABLE I: HALL MOBILITY, SHEET CARRIER DENSITY, SHEET RESISTANCE AT 12 K AND 300 K TEMPERATURE 

AlInGaN Thickness (nm) Mobility (𝑐𝑚!𝑉"#𝑠"#) 
Sheet Carrier Density 

(×1013 cm-2) 
Sheet Resistance (Ω/�) 

12K 300K 12K 300K 12K 300K 
37.2 1,161 419 0.37 0.77 1,455 1,937 
10.6 883 492 3.86 4.43 183 287 
4.30 876 452 1.74 2.13 410 649 

 
The sheet carrier densities and sheet resistances as a function of temperature are given in Fig. 4. The 

sheet carrier densities for all samples increase monotonically at different rates as the temperature increases, 
probably due to the temperature-induced thermal excitation of impurities in bulk GaN and AlInGaN barrier 
layers [40]. 

This temperature behavior implies that total conduction could be the combination of both 3D and 2D 
transport of carriers. Therefore, temperature dependent mobilities and carrier densities from bulk and 2D 
channels were first separated using an approach called as Parallel Conduction Extraction Method (SPCEM) 
[41]. Then, the main scattering mechanisms, including acoustic and optical phonon, dislocation alloy 
disorder, and interface roughness, which determine the total mobility via the Matthiessen rule [44] were 
applied to the extracted Hall mobility data. The calculations details are given in [42], [43]. The parameters 
used in calculations are taken from [6] and given in Table II. 

 
 

  
a. b. 

Fig. 4. a) Sheet carrier densities and; b) corresponding sheet resistance of samples as a function of temperature. 
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TABLE II: SOME PARAMETERS OF GAN USED TO CALCULATE THE SCATTERING MECHANISMS 
Electron effective mass (𝑚$) 𝑚∗ = 0.22 

High frequency dielectric constant (𝜀$) 𝜀& = 5.35 
Static dielectric constant (𝜀$) 𝜀' = 8.9 

LO-phonon energy (𝑚𝑒𝑉) ℏ𝜔 = 92 
Longitudinal acoustic phonon Velocity (𝑚 𝑠⁄ ) 𝜐( = 6.56 × 10) 

Density of the crystal (𝑘𝑔 𝑚)⁄ ) 𝜌 = 6.15 × 10) 
Deformation potential (𝑒𝑉) 𝐸* = 8.3 

The electromechanical coupling coefficient 𝐾! = 0.039 
Electron wave vector (m-1) 𝑘 = 7.27 × 10+ 

Effective Bohr radius in the material >Å@ 𝑎, = 23.1 
Lattice constant in the (0001) direction >Å@ 𝑐$ = 5.185 
The 2D Thomas Fermi wave vector (𝑚"#) 𝑞-. = 8.68 × 10+ 

 
The temperature-dependent Hall and calculated mobilities are shown in Fig. 5. Comparison of the 

mobilities and carrier densities measured at room temperature is also given in the Fig. 5 As can be seen 
from the Fig. 5, the measured Hall mobilities decrease at different rates as the temperature increases. The 
calculated total mobilities match the experimental results quite well for all samples. This agreement reveals 
that Hall mobilities are predominantly determined by interface roughness scattering at low and moderate 
temperatures. It has been observed that optical and acoustic phonon scattering together with the interface 
roughness above 250 K are collectively effective in determining the overall mobilities for all sample with 
different strengths. The influence of the optical phonon component on the total mobility increases with 
increasing temperature and reaches an almost similar strength with interface roughness scattering above 
room temperature. Since interface roughness scattering (IFR) is the predominant scattering mechanisms, it 
should be investigated in detail. IFR scattering strongly depends on the roughness between the well and 
barrier interface where the tow-dimensional electron gas formed [45]. Since the roughness can only be 
estimated by experiments, it must be carefully included into the carrier transport calculations. 
 

  
a. b. 

  
c. d. 

Fig. 5. The measured and calculated mobilities including major scattering mechanisms for sample: a) A; b) B; and c) C;  
d) Comparison of room temperature mobilities and carrier densities. 
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In general, there are two parameters known as the correlation length Λ and the lateral size Δ (roughness 
height) at the heterointerface used to calculate the mobility limited purely by interface roughness scattering. 
The mobility limited by IFR scattering increases as Δ decreases and Λ increases. In the mobility calculation, 
since the surface roughness of the barrier layer is assumed to mimic the roughness of the AlInGaN/GaN 
interface layer, the rms roughness values obtained from the AFM scans were used as the lateral dimension 
parameter (Δ). Therefore, Δ parameters were used as 0.70, 0.32, and 0.31 nm for sample A, B, and C, 
respectively. However, the correlation length was taken as a free parameter in the range of 5-30 nm [46] to 
fit the experimental data. 

Considering the structural parameters and growth conditions obtained from the measurements, it is seen 
that the only difference between these three samples is the thickness of the AlInGaN barrier layer. In a 
theoretical study reported in the literature [47], it was shown that as the AlInGaN barrier thickness 
increases, the mobility and sheet carrier density increase. However, no clear correlation was observed 
between the sheet carrier density and the thickness of the barrier layers in our samples. The room 
temperature Hall mobility and the sheet carrier density of sample C with 4.30 nm barrier thickness are 
452 cm2/V.s and 2.13×1013 cm-2, respectively. They increase to 492 cm2/V.s and 4.43×1013 cm-2 for sample 
B with a larger barrier thickness of 10.6 nm. Although the carrier density of sample B is about twice that 
of sample C, their mobility is close at room temperature. Sample A, which has the largest barrier thickness 
of 37.2 nm among the samples, has the lowest carrier density with 0.77×1013 cm-2 and corresponding 
mobility of 419 cm2/V.s. These differences observed in sheet carrier density of samples with different 
AlInGaN layer thicknesses may be due to strain relaxation, which reduces the charges induced by 
piezoelectric polarization at the heterointerface. The sheet carrier density affects the strength of the 
scattering mechanics differently. Increasing the carrier density increases the mobility limited by optical 
phonon scattering while decreasing the mobility limited by IFR and acoustic phonon scattering. The fact 
that these three scattering mechanisms are effective at different strengths may explain the results observed 
in our samples. 

 

IV. CONCLUSION 

The transport properties of a quaternary AlxInyGa1-x-yN/GaN heterojunction with three different barrier 
layer thicknesses of 37.2, 10.6 and 4.30 nm were determined using Hall measurements in the temperature 
range of 12-350 K. The effect of the AlInGaN epilayer thickness on measured mobilities and sheet carrier 
densities was discussed within the framework of major scattering mechanisms including optical phonon, 
acoustic phonon (through both deformation potential and piezoelectric), dislocation, alloy disorder and 
interface roughness. The sample parameters, some of which are used in the calculation of scattering rates, 
have been obtained by various characterization techniques. It has been realized that scattering due to 
interface roughness limits electron mobility in all samples at low and medium temperatures. As the 
temperature rose toward room temperature and above, predominantly optical, and less effectively acoustic 
phonon scatterings came into play together, along with the IFR, in the determining total mobilities of the 
samples. All samples were claimed to suffer from poor interface quality, particularly the correlation length 
Λ with higher carrier densities. 
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