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Abstract 
 In this paper we present the comparison of a HEMT 
structure based on ternary to that of quaternary 
AlIn(Ga)N large band gap material. Band profile 
simulations have been performed to study systematically 
the formation of a two-dimensional electron gas (2DEG). 
The processed devices with 120-nm gate length based on 
quaternary material exhibit 28 % less drain current and 
30 % higher contact resistance compared to the 
AlInN/AlN/GaN HEMT. In addition, the gate leakage 
level was found to be a factor of 3 higher compared to the 
ternary material. Further reduction of leakage below 
1 mA/mm was realized with a reduced AlInN barrier 
thickness achieving, thus a high output power density of 
3.7 W/mm and a power added efficiency of 58 % at 
9 GHz. 
 
INTRODUCTION  
 
 For some time, high electron mobility transistors 
(HEMTs) based on AlGaN/AlN/GaN heterostructures have 
attracted considerable attention for high-power and high-
frequency applications [1]. Further improvement of HEMT 
performance can be reached by increasing the Al content in 
the barrier layer at the cost of strain-induced defects such as 
misfit dislocations and cracks caused by large lattice 
mismatch [2]. These effects limit the possible Al content to 
values below 40 % with barrier thicknesses above 15 nm [3]. 
To overcome such problems, the AlGaN barrier layer can be 
replaced by ternary AlInN, which can be grown lattice-
matched to GaN at an InN mole fraction of 17 %. Indeed, the 
high sheet charge densities in AlInN up to 3 x 1013 cm-2 
induced by high spontaneous polarization [4], enable the use 
of a thinner barrier layer while keeping a high sheet carrier 
concentration at the interface. In order to achieve high 
frequency performance, thin barriers are a requirement for 
GaN-based HEMTs with down-scaled gate length. It is 
important to maintain a high aspect ratio of gate length to 
barrier thickness [5]. Although impressive results on AlInN 
barrier HEMTs have been reported [6], severe challenges 
remain for AlInN epitaxy. The large difference in In-N and 
Al-N bonding energies and the lack of miscibility of InN and 
AlN result in the appearance of inhomogeneities and extended 

defects. This leads to a reduced mobility in the 2DEG 
compared to AlGaN/GaN heterostructures [7]. In spite of the 
outstanding electrical performance values that have been 
demonstrated for this material system [8], material quality can 
affect and limit device reliability. In addition, the effect of 
unintentional Ga incorporation to the AlInN layer has been 
reported [9], which has been associated with the residual Ga 
in the growth chamber or diffusion from the GaN layer [10]. 
Imprecise Ga incorporation into the barrier material can 
change the structural, morphology and material properties 
giving rise to unwanted electrical characteristics. It has been 
predicted that AlInGaN quaternaries have a narrower 
miscibility gap in the AlN-InN phase diagram than ternary 
alloys with the exception of AlGaN [11]. This narrower gap 
results in decreased surface roughness and alloy scattering 
[12]. Both barrier materials can be grown lattice-matched to 
GaN with an In to Al ratio of 1:5 [13]. Consequently, the 
lattice-matched growth of quaternary barrier material results 
in smaller band gap energies compared to AlInN [12] and a 
reduced sheet carrier concentration in the 2DEG. In this paper 
we will investigate the effect these differences in band gap 
energies and sheet carrier concentration has on the final 
device to give a recommendation for a material layer stack 
appropriate for small gate length devices. 
 
EXPERIMENTAL  
 
 In this letter we take a comparison of electrical results at 
the end of device processing for both lattice-matched 
materials and calculate systematically the band profiles of 
AlIn(Ga)N/AlN/GaN HEMT structures with different 
thicknesses of the AlIn(Ga)N barrier. The band structure and 
the quantized energy states of the heterostructures were 
modelled by self-consistently solving the Schrödinger and 
Poisson equations using Nextnano software. The 
AlIn(Ga)N/AlN/GaN heterostructures were grown on 4’’ SiC 
substrates. A thin AlN interlayer was grown between barrier 
and GaN buffer for optimized carrier mobility. The Ga 
composition in the ternary barrier was lower than 1 % 
confirmed by XPS measurements. The AlInGaN containing a 
nominal Ga content of 10 % was deposited at higher 
temperatures compared to AlInN. AFM was employed to 
evaluate the surface morphology (Fig. 1). A rather rough and 



grainy morphology could be observed for the ternary material. 
In contrast, the quaternary material showed a rather smooth 
and step-like morphology. Hall measurements from the 
epitaxy supplier result in 11 % higher electron mobility for 
the quaternary barrier and 31 % lower 2DEG density 
compared to AlInN. The miscibility of AlInN improves with 
increasing Ga concentration and enables higher deposition 
temperatures resulting in better structural quality [14]. This 
result is shown in good agreement with those shown in a 
number of papers reporting higher mobilities in quaternary 
barrier HEMTs than in ternary HEMTs with similar design [3, 
15, 16]. The low electron density in the 2DEG for the 
quaternary material can be explained by a smaller band gap 
energy for lattice- matched grown quaternary material.  
  

 
Fig. 1. 5x5 µm² AFM image of a) AlInN/AlN/GaN HEMT 
structure and b) AlInGaN/AlN/GaN HEMT structure. 
 
RESULTS AND DISCUSSION 
 
 The conduction band profiles of the AlIn(Ga)N/AlN/GaN 
HEMTs from nextnano simulations are shown in Fig. 2. The 
AlInN HEMT structure showed a stronger distortion of the 
conduction band below the Fermi level.  
 As calculated from [12] and [17], the spontaneous 
polarization of AlInGaN is 0.6 C/m² which is 12 % less 
compared to AlInN. This results in a 15 % lower 2DEG 
density for AlInGaN. This was extracted for different barrier 
thicknesses from simulations performed with Nextnano      
(Fig. 3). 

 

 
Fig. 2. Conduction band profile of the AlInN/AlN/GaN 
HEMT (dotted line) and of the AlInGaN/AlN/GaN HEMT 
(solid line). 
 
 

The higher 2DEG density calculated for AlInN was fairly 
consistent with the Hall measurement results.  
 

 
Fig. 3. Density of electrons in the 2DEG as a function of 
barrier thickness for ternary and quaternary structures. 
 
 To ensure the same surface properties a thin SiN 
passivation layer was deposited on top of the investigated 
heterostructures. Submicron GaN-based HEMTs were then 
fabricated by depositing a Ti/Al metallization sequence to 
form recessed Ohmic contacts followed by rapid thermal 
annealing. After ion implantation for device isolation, a 
transmission line measurement (TLM) was used to extract the 
Ohmic contact resistance. The transistor process was then 
completed through the realization of 120 nm T-shaped gates 
based on multi resist levels. Both material stacks were 
processed under the same conditions. To evaluate the 
influence of different materials on the transistor performance, 
the relevant electrical parameters were measured (Fig. 4).  
 

 
Fig. 4. Sheet resistance Rsheet and contact resistance RC 
extracted from TLM measurements for samples with AlInN 
and AlInGaN barriers. 
 
 The ternary material has a lower sheet resistance 
compared to the quaternary material, which is consistent with 
Hall data. Ternary material also tends to show lower contact 
resistances.  
     The maximum drain saturation current IDS and the 
maximum transconductance Gm for the ternary and quaternary 
material are shown in Fig. 5. 
 



 
Fig. 5. Maximum drain saturation current IDS and maximum 
transconductance Gm measured at VGS = -2 V and VDS = 7 V. 
 
 The lower sheet resistance observed for AlInN barrier 
material is reflected in 20 % more IDS (1.6 A/mm). At 7 V 
drain bias, the maximum extrinsic transconductance for 
AlInN is 546 mS/mm. This value is 10 % higher than the 
maximum transconductance measured for the quaternary 
material. This difference in transconductance can be 
explained by the higher source resistance RS observed for the 
quaternary material. To achieve a high extrinsic 
transconductance for this material system, the Ohmic contact 
has to be minimized. 
 

 
Fig. 6. Leakage current Ig,leak for ternary and quaternary 
barrier material for different barrier thickness t1 and t2 at     
VDS = 7 V. 
 
 Contradicting observations described in several papers 
[12, 15], the gate leakage current for AlInGaN is a factor of 3 
higher than for AlInN with the same barrier thickness t1 (see 
Fig. 6). Further, higher leakage current for compounds closer 
to lattice-matched Al0.83In0.17N was reported in [12] inducing 
a reduction of leakage current for quaternary compounds with 
increasing Ga content. In general, considering the electrical 
properties, better results were obtained as the amount of GaN 
increased in the AlInGaN alloy [18]. The discrepancy 
between these results presented in literature and this work 
may be explained with variations in, for example interface 
quality or defect density related to a non-ideal material 
quality. TEM investigations of different barrier materials 
grown on GaN were done in [18] and allocated that the quality 
of the interface between the GaN channel  and spacer, as well 
as the crystalline quality of the barrier layer are roughly 
comparable and independent of the barrier composition. One 

possible explanation for the higher leakage current for 
quaternary barrier material may lie in different surface states 
as well as in the access region or below the Schottky gate 
contact. However, pulse measurements result in similar gate- 
and drain-lag and indicate no noticeable current collapse for 
both materials.  
 To further lower the leakage level that may limit reliable 
device operation, an additional sample (t2) with 25% reduced 
AlInN barrier thickness was considered in order to reduce the 
2DEG density by about 5%. Against the expectation based on 
Nextnano simulations, the 2DEG density measured by the 
epitaxy supplier dropped by more than 30%, which is 
confirmed by a lower maximum drain current density of 
1100 mA/mm.  SIMS analysis of the material is planned to 
identify whether the reason for this strong reduction in 2DEG 
density is epitaxy or process related. For instance, the surface 
passivation during the manufacturing process could be 
affecting the Fermi level pinning which is assumed to be 
constant at 1.4 eV in our simulations. Nevertheless, sample 
(t2) provides the same maximum drain current density as the 
quaternary devices but with a factor of 5 lower leakage level, 
thus achieving the goal of leakage level reduction. 
 Continuous-wave power measurements on                     
an 8 x 75 µm device were performed at VDS = 15 V and a 
quiescent drain current density of IDS = 200 mA/mm. The 
measurement results for transducer gain Gt, power added 
efficiency PAE and saturated RF output power Pout are shown 
in Table I. 
 

TABLE I 
LOADPULL MEASUREMENT AT 9 GHZ, TRANSDUCER GAIN GT, 

POWER ADDED EFFICIENCY PAE AND MAXIMUM OUTPUT 
POWER POUT. 

Material Barrier 
thickness 

Gt (dB) PAE Pout 
(W/mm) 

AlInN t1 13.2 59 4.9 
AlInN t2 14.3 58 3.7 

AlInGaN t1 13.7 56 3.5 
 
All samples meet the minimum target at UMS for this 
technology of > 3 W/mm for the output power density. As 
expected from IDS, the sample (t2) with thin AlInN barrier 
shows the same output power as the quaternary material. In 
addition, the thinner barrier also results in an increased RF 
gain compared to both other samples. Based on the higher 
gain and the lower leakage level, sample (t2) is the most 
promising candidate out of this experiment for further 
investigation and characterization.  
  
CONCLUSIONS 
  
 The impact of ternary and quaternary barrier materials on 
the HEMT performance was studied. Band profile 
simulations have been performed using Nextnano software. 
The results are in very good agreement with Hall data and the 
experimental results. AFM measurements indicated a rather 



smooth surface morphology for the quaternary material. The 
introduction of Ga into the barrier layer led to optimized 
material quality and improved electron mobility. Despite the 
rather rough surface morphology, the AlInN/AlN/GaN 
HEMT structure showed 28 % more drain current and lower 
contact resistance compared to the quaternary material. 
Contrary to previously published results, our experiments 
showed that lattice-matched AlInN yielded a reduced leakage 
level by a factor of 3. Reducing the AlInN barrier thickness 
by 25 % results in a leakage level below 1 mA/mm which is 
expected to improve transistor robustness. At the same time, 
the RF gain increased by up to 1 dB while maintaining a good 
output power of 3.7 W/mm, which makes it the most 
promising candidate for further investigations. 
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