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In order to improve the thermal stability and ohmic contact resistance in 

AlGaN-channel two-dimensional electron gas heterostructures, we newly designed 

strain-controlled quaternary AlGaInN barrier layers, and then we grew them by metalorganic 

chemical vapor deposition.  A 2DEG density as high as 2.5 × 1013 cm-2 and a good surface 

morphology were obtained for an (Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure, in 

which in-plane tensile strain in the barrier layer was estimated to be 0.51%.  It was also 

confirmed that the (Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure showed an excellent 

thermal stability in its 2DEG properties even at high temperatures up to 900°C.  As a result 

of a high temperature treatment, the contact resistance was drastically improved to be 10.5 

Ωmm.  Although this value is still high, we believe that there is a room to be improved by 

combining some technique such as the in-situ or ex-situ impurity doping. 
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Introduction 

Heterostructure field-effect transistors (HFETs) utilizing two-dimensional electron 

gases (2DEGs) caused in, for example, AlGaN/GaN or AlInN/GaN heterointerfaces have 

been viewed as a promising candidate for next generation high-power/high-frequency 

electronic devices.1-3)  In addition to conventional GaN-channel heterostructures, 

AlGaN-channel heterostructures have also been attracting much attention due to their 

extremely high breakdown voltages4-10) and less temperature dependence compared to 

conventional GaN-channel heterostructures.11-17)  Our research group have also reported 

research results on AlGaN-channel heterostructures and HFETs for the past few years.  First, 

a nearly lattice-matched AlInN/AlGaN heterostructure was grown by metalorganic chemical 

vapor deposition (MOCVD), and it showed a high 2DEG density of greater than 2.5 × 1013 

cm-2.18)  Then, their 2DEG mobility was theoretically analyzed, and it was found that there 

was room for improvement in its heterointerface roughness.19)  Then, it was confirmed that 

2DEG mobility for an AlInN/AlGaN heterostructure was improved with an atomically 

smooth heterointerface.20)  In addition to these, AlInN/AlGaN HFETs were fabricated and 

their electrical characteristics including off-state breakdown voltages were evaluated.  

Eventually, our theoretical analyses have predicted that AlGaN-channel HFETs can show 

higher device performance than in conventional AlGaN/GaN HFETs with an optimized 

field-plate electrode by achieving an ohmic contact resistance lower than 1 × 10-5 Ωcm2.21)  

Therefore, our first priority for the research on AlGaN-channel HFETs is now put on the 

improvement in their contact resistance.  In order to achieve good ohmic contacts for 

wide-bandgap nitride heterostructures, a high-temperature annealing (RTA) is 

indispensable.22-24)  In our recent work, however, it has become clear that a thermal 

instability of AlInN/AlGaN heterostructures limited their applicable process temperatures and 
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thereby restricted the improvement in their contact resistance.  Thus, we considered that 

novel barrier structures with high thermal stability are needed to reduce their ohmic contact 

resistance for AlGaN-channel heterostructures.  In this study, we therefore attempted to 

utilize strain-controlled quaternary AlGaInN barrier layers instead of nearly lattice-matched 

AlInN barrier layers for AlGaN-channel heterostructures.  Because the quaternary AlGaInN 

layers can be grown at higher temperatures compared to AlInN layers, they are expected to 

show better thermotolerance. 

 

2. Experimental procedure 

Samples were grown by metalorganic chemical vapor deposition (MOCVD), where 

trimethyl gallium (TMGa), trimethyl aluminum (TMAl), and trimethyl indium (TMIn) were 

used as group-III sources, and NH3 was used as a nitrogen source.  A 2-in.-diameter 

AlN/sapphire template, which had a 1-μm-thick epitaxial AlN film on a c-face sapphire, was 

used as an underlying substrate.  The typical X-ray rocking curve (XRC) full widths at half 

maxima (FWHMs) for the epitaxial AlN film were approximately 100 s and 1,500 s for the 

(0002) and (101̅2) reflections, respectively.  Fig. 1 shows schematic of an AlGaInN/AlGaN 

2DEG heterostructure employed in this study.  The heterostructure consisted of, from 

bottom to top, a 2-µm-thick AlGaN channel layer, a 1-nm-thick AlN interfacial layer, and a 

25-nm-thick AlGaInN barrier layer.  The layer thicknesses were estimated from the growth 

rate, and their structural characteristics were evaluated by X-ray diffraction (XRD) 

measurements and atomic force microscopy (AFM).  Hall effect measurements based on 

van-der Pauw method were carried out for evaluating their 2DEG properties, where ohmic 

contact metals (Ti/Al = 15/60 nm) were formed using electron-beam (EB) evaporation and 

were then annealed at different temperatures ranging from 550°C and 900°C in a N2 flow 
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ambient.  Transfer length measurement (TLM) was carried out for investigating contact 

resistance, where EB-evaporated Ti/Al/Ni/Au (=15/80/12/40 nm) films were used as ohmic 

contact metals. 

 

3. Results and discussion 

3.1. Design concept for quaternary AlGaInN barrier layers 

Here, we describe a design concept for quaternary AlGaInN barrier layers yielding 

high-density 2DEGs even without a large lattice strain.  Fig. 2 shows the relationship 

between polarization-induced sheet charge density ρ/e and in-plane lattice strain εxx for 2DEG 

heterostructures employing an Al0.2Ga0.8N channel and quaternary (AlxGa1-x)1-yInyN barrier 

layers.  We here utilized ρ/e because it determines the great part of 2DEG density in nitride 

heterostructures.  In this figure, black solid lines and open circles represent calculation 

results for barrier layers with ternary alloy compositions of y = 0 (AlxGa1-xN) and of x = 1 

(Al1-yInyN).  Here, the εxx values were derived by assuming that the barrier layers were 100% 

coherently grown for the underlying Al0.2Ga0.8N channel layer.  The ρ/e values were derived 

by considering the spontaneous and piezoelectric polarization effects in the heterostructures.  

The spontaneous polarization charges PSP in the ternary and quaternary alloys were estimated 

according to their alloy compositions using material constants of binary alloys.25)  The 

piezoelectric polarization charges PPE were calculated according to an equation26) 

𝑃PE = 2
𝑎 − 𝑎0
𝑎0

(𝑒31 − 𝑒33
𝐶31
𝐶33

) ,       (1) 

where e31 and e33 are piezoelectric constants, C31 and C33 are elastic stiffness constants, a0 and 

a are in-plane lattice constants for free-standing crystals and actual crystals, respectively, and 

(a – a0)/a0 corresponds to the in-plane lattice strain εxx.  The material constants for ternary 
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and quaternary alloys were derived by using those for binary alloys listed in Table I.25,27) in 

accordance with their respective composition ratios.  In addition, a relaxation rate of 0.9 was 

applied for the Al0.2Ga0.8N channel layer, taking into account that AlGaN layers are 

partially-strained for the underlying AlN layers.18) 

As obvious in results for AlGaN barrier layers shown in Fig.2, introduction of a large 

in-plane tensile strain caused by a large x value in AlxGa1-xN is necessary for achieving large 

ρ/e values.  However, increased in-plane tensile strains generally tend to cause crystal 

deterioration or microcracks on their surfaces.  In the case of conventional AlGaN/GaN 

heterostructures, for example, we empirically know that the in-plane tensile strain in barrier 

layers needs to be less than approximately 0.6% for obtaining the good 2DEG and crystal 

properties at the same time.28,29)  From this, it seems difficult for AlGaN barrier layers to 

achieve high ρ/e values exceeding 2 × 1013 cm-2 with a good layer quality.  On the other 

hand, AlInN barrier layers can yield a high ρ/e value greater than 2.5 × 1013 cm-2 even with no 

in-plane tensile strain, y ≃ 0.13 in Al1-yInyN, owing to their large spontaneous polarization.  

Therefore, AlInN barrier layers were considered appropriate for lowering sheet resistance of 

AlGaN-channel heterostructures.  Through our past researches, however, it has been 

difficult to achieve a low contact resistance in AlInN/AlGaN heterostructures.  We 

understand that this is due to not only their wide bandgap nature but rather a thermal 

instability resulting from their low growth temperatures.  Compared to these, 

strain-controlled AlGaInN barrier layers may overcome the above-described weaknesses in 

ternary alloy barrier layers. 

Red lines and round dots seen in Fig.2 were drawn by assuming quaternary AlGaInN 

barrier layers with specific alloy compositions.  That is, they show calculation examples 

obtained by varying the InN molar fraction y in (AlxGa1-x)1-yInyN barrier layers at a constant x 
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value of 0.65.  As seen in the calculation results, the εxx value can be reduced by 

incorporating InN component, for example, from approximately 0.91% at y = 0 to 0.59% at y 

= 0.025.  Moreover, the (Al0.65Ga0.35)0.975In0.025N barrier layer yields a large ρ/e value of 

approximately 2.3 × 1013 cm-2, when it is formed on the Al0.2Ga0.8N channel layer.  In 

addition, the low InN molar fraction of y = 0.025 in (AlxGa1-x)1-yInyN is also promising for 

improvements in thermal stability.  In accordance to the above design concept, we attempted 

to form the strain-controlled AlGaInN barrier layers on AlGaN channel layers. 

 

3.2. MOCVD growth and characterization of AlGaInN/AlGaN 

heterostructures 

Based on the design concept descried above, we grew AlGaInN/AlGaN 

heterostructures with different alloy compositions.  Figs. 3(a)-3(c) show surface AFM 

images of the three samples, and Figs. 3(d)-3(f) show the corresponding XRD reciprocal 

space maps (RSMs) taken around (101̅5) reflections.  The growth temperatures for the 

barrier layers of the samples seen in Figs. 3(a), 3(b), and 3(c) were 1000°C, 1000°C, and 

900°C, respectively.  For reference, the growth temperatures for the conventional AlInN 

barrier layers in our previous work were approximately 800°C.  In the XRD-RSMs, Qx and 

Qy correspond to the reciprocal number of the lattice constant a and c, respectively.  The 

XRD-RSMs confirmed that the quaternary AlGaInN barrier layers were almost 100% 

coherently grown for the underlying AlGaN channel layers for the all samples.  For the 

barrier layer in the sample shown in Figs. 3(a) and 3(d), which was grown without TMIn 

supply, the alloy composition and the in-plane lattice strain εxx were determined to be x = 0.64 

in ternary AlxGa1-xN and 1.3%, respectively, from the XRD-RSM.  The other two samples 

were grown by supplying TMIn gases under the same flow rates of TMGa and TMAl as those 
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shown in Figs. 3(a) and 3(d).  By considering (Al0.64Ga0.36)1-yInyN as their alloy 

compositions, the y and εxx values were determined to be 0.008 and 0.78% for the sample 

shown in Figs. 3(b) and 3(e), and 0.024 and 0.51% for the sample shown in Figs. 3(c) and 

3(f), respectively.  The structural information mentioned above was summarized in Table II. 

From Fig. 3, the surface morphologies and their variation for AlGaInN barrier layers 

seemed to be closer to those for AlGaN layers29) rather than granular surface morphologies 

for AlInN barrier layers.30)  Further, it is obvious that the microcracks generated in the 

barrier layers decreased with the increase in the InN molar fraction.  Simultaneously, it was 

also confirmed that surface smoothness was improved from 1.3 nm up to 0.6 nm in the 

root-mean-square (RMS) surface roughness.  This quality improvement was probably 

caused by the reduced in-plane tensile strain.  Thus, we conclude that the in-plane tensile 

strain in the AlGaInN barrier layers were intentionally controlled by varying the InN molar 

fraction, and it resulted in a smooth surface morphology.  2DEG properties of the 

AlGaInN/AlGaN heterostructures were evaluated by Hall effect measurement, and the results 

are summarized in Table II with calculated ρ/e values.  The measured 2DEG densities did 

not show large contradiction compared to the calculated ρ/e values.  A relative large 2DEG 

density of 2.5 × 1013 cm-2 was achieved for the (Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N 

heterostructure.  As shown in Table II, the measured 2DEG mobilities decreased with the 

increase in in-plane lattice strain εxx.  This is probably because the microcracks generated in 

barrier layers reached the heterointerfaces resulting in the deterioration of the 2DEG 

mobilities.29)  Further, the measured sheet resistance was confirmed to be comparable with 

that for nearly lattice-matched AlInN/AlGaN 2DEG heterostructure we reported before.18) 

In order to confirm its thermal stability, a strain-controlled 

(Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure was annealed at different temperatures 
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in a N2 flow ambient and their 2DEG properties were repeatedly evaluated by Hall effect 

measurements.  Figs. 4(a) and 4(b) show the annealing temperature dependence of the 

measured sheet resistance, 2DEG densities, and 2DEG mobilities, respectively, for the 

(Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure, the same sample as shown in Figs. 3(c) 

and (f).  For comparison, the results for a nearly lattice-matched Al0.88In0.12N/Al0.21Ga0.79N 

heterostructure grown in our previous work are also plotted.  As seen in these results, it is 

obvious that 2DEG properties for the AlInN barrier heterostructure drastically deteriorated 

even at relative low-temperature treatments.  In contrast, the strain-controlled AlGaInN 

barrier heterostructure showed almost-unchanged 2DEG properties in a wide temperature 

range up to 900°C.  As for the annealed samples, moreover, there are observed no 

conspicuous changes in the alloy compositions or the surface morphologies. 

Finally, the contact resistance for the strain-controlled 

(Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure was evaluated by TLM technique.  

The result showed a contact resistance value of 10.5 Ωmm, which corresponds to the specific 

contact resistivity of 9.5 × 10-4 Ωcm2.  In the case of an AlInN/AlGaN HFET structure we 

previously reported, the ohmic contact resistance dominated a very large part for the total 

device resistance.  Although its contact resistance was difficult to estimate owing to their 

non-linear current-voltage characteristics, it was roughly estimated to be higher than 2 × 10-3 

Ωcm2 at lowest.21)  Thus, in comparison with our previous result, it is clear that the 

strain-controlled (Al0.64Ga0.36)0.976In0.024N barrier layers surely contributed to the 

improvement in contact resistance of AlGaN-channel heterostructures.  In future, there is a 

possibility that further improvements will be achieved by applying the in-situ or ex-situ 

impurity doping techniques to AlGaInN barrier layers. 
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4. Conclusions 

Based on a design concept for AlGaN-channel 2DEG heterostructures employing 

strain-controlled quaternary AlGaInN barrier layers, samples were grown by MOCVD and 

their structural and electrical characteristics were investigated.  From the XRD-RSM and 

AFM measurements, it was confirmed that the increased InN molar fraction in AlGaInN 

barrier layers contributed to strain reduction and improvement in the surface morphology and 

roughness.  A strain-controlled (Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure 

showed a high 2DEG density of 2.5 × 1013 cm-2.  Further, its excellent thermal stability was 

confirmed in 2DEG properties including 2DEG density, 2DEG mobility and sheet resistance.  

Consequently, the strain-controlled AlGaInN/AlGaN heterostructure exhibited a lowered 

contact resistance of 10.5 Ωmm. 
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Table I. Physical constants used in this study.25,27) 

 

Item AlN GaN InN 

Intrinsic lattice constant    

a0 (Å) 27) 3.112 3.188 3.54 

Elastic stiffness constants    

C13 (GPa) 25) 94 68 70 

C33 (GPa) 25) 377 354 205 

Spontaneous polarization charge    

PSP (C/m2) 25) -0.09 -0.034 -0.042 

Piezoelectric constants    

e31 (C/m2) 25) -0.62 -0.37 -0.45 

e33 (C/m2) 25) 1.50 0.67 0.81 
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Table II. Sample structures, in-plane lattice strain (εxx) in a barrier layer estimated by 

XRD-RSMs, and room-temperature 2DEG density Ns, mobility μ, and sheet resistance Rsh 

obtained by Hall effect measurements for the different-alloy-composition AlGaInN/AlGaN 

heterostructures.  Calculated εxx and ρ/e values are also listed. 

 

 

Sample structure 
εxx 

(%) 

Calculation Measured by Hall effect 

εxx 
(%) 

ρ/e  

(cm-2) 
Ns 

(cm-2) 

μ 

(cm2/Vs) 

Rsh 

(Ω/sq.) 

Al0.64Ga0.36N/Al0.15Ga0.85N 1.3 1.0 2.9 × 1013 4.7 × 1013 129 1028 

(Al0.64Ga0.36)0.992In0.008N /Al0.17Ga0.83N 0.78 0.85 2.6 × 1013 3.9 × 1013 172 932 

(Al0.64Ga0.36)0.976In0.024N /Al0.19Ga0.81N 0.51 0.58 2.2 × 1013 2.5 × 1013 216 1158 
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Figure captions 

 

Figure 1. Schematic cross section of an AlGaInN/AlGaN 2DEG heterostructure. 

 

Figure 2. (Color online) The relationship between polarization-induced sheet charge density 

ρ/e and in-plane lattice strain εxx for 2DEG heterostructures employing an Al0.2Ga0.8N channel 

and quaternary (AlxGa1-x)1-yInyN barrier layers. 

 

Figure 3. (Color online) Surface AFM images with a scanning area of 1 μm × 1 μm for (a) 

AlGaN/AlGaN heterostructure without InN incorporation, (b) AlGaInN/AlGaN 

heterostructure with a low InN molar fraction, and (c) AlGaInN/AlGaN heterostructure with a 

high InN molar fraction.  (d), (e) and (f) XRD-RSMs taken around (101̅5) reflection for the 

same samples as seen in (a), (b) and (c).  The measured root-mean-square (RMS) values are 

also shown in AFM images.  The InN molar fractions y and in-plane lattice strains in 

(Al0.64Ga0.36)1-yInyN barrier layers are also shown in XRD-RSMs. 

 

Figure 4. (Color online) Annealing temperature dependence of (a) sheet resistance Rsh, (b) 

2DEG mobility μ and 2DEG density Ns,  measured by Hall effect for a strain-controlled 

(Al0.64Ga0.36)0.976In0.024N/Al0.19Ga0.81N heterostructure.  For comparison, round dots 

represented results for a nearly lattice-matched Al0.88In0.12N/Al0.21Ga0.79N heterostructure 

grown at low temperature of 800°C. 
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Figure 3 
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Figure 4 
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