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Abstract: We report on the electron transport properties of two-dimensional electron gas confined in
a quaternary barrier InAlGaN/AlN/GaN heterostructure down to cryogenic temperatures for the
first time. A state-of-the-art electron mobility of 7340 cm2¨ V´1¨ s´1 combined with a sheet carrier
density of 1.93 ˆ 1013 cm´2 leading to a remarkably low sheet resistance of 44 Ω/˝ are measured
at 4 K. A strong improvement of Direct current (DC) and Radio frequency (RF) characteristics is
observed at low temperatures. The excellent current and power gain cutoff frequencies (f T/f max) of
65/180 GHz and 95/265 GHz at room temperature and 77 K, respectively, using a 0.12 µm technology
confirmed the outstanding 2DEG properties.
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1. Introduction

Al(In)GaN/GaN-based high-electron-mobility transistors (HEMTs) have shown great promise
for high frequency and high power microwave applications owing to their highly conductive two
dimensional electron gas (2DEG) combined with a high breakdown field. In order to achieve
high-speed GaN devices, lattice-matched InAlN barrier layers were proposed, with which 2DEG carrier
density is much higher than AlGaN barrier HEMTs, namely due to the spontaneous polarization [1,2].
However, the growth of InAlN is limited by the high immiscibility between AlN and InN, which
results in alloy scattering and elevated interface roughness due to clustering in InAlN. Despite the
implementation of an ultrathin AlN spacer to reduce the alloy scattering and enhance the 2DEG
confinement [3], the growth of the ternary alloy remains challenging. On the other hand, a quaternary
InAlGaN compound is attractive as a barrier layer since it allows easier adjustment of the band gap
and strain state with suitable Al/In ratios [4–10]. Recently, we have reported InAlGaN/AlN/GaN
heterostructure HEMTs with a sub-10-nm ultrathin quaternary barrier with a state-of-the-art electron
mobility of 1800 cm2¨ V´1¨ s´1 and a sheet carrier density of 1.9 ˆ 1013 cm´2 at room temperature [11].
In this paper, the 2DEG properties of this specific heterostructure are investigated for a temperature
range of 4–400 K. Furthermore, InAlGaN/AlN/GaN HEMTs using 120 nm gate lengths (LG) have
been fabricated and characterized at room temperature (RT) and low temperature (77K).
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2. Device Fabrication

The structure was grown by low-pressure metal–organic chemical vapor deposition (MOCVD)
on a 4 in SiC substrate and consists of a 1.6 µm carbon compensated buffer layer, a 150-nm-thick
GaN channel, a 1.2-nm-thick AlN interlayer, a 6.4-nm-thick In0.18Al0.70Ga0.12N layer and a 2-nm-thick
in situ SiN cap layer (Figure 1a). Transmission electron microscopy (TEM) analysis revealed a high
quality two-dimensional growth of the InAlGaN and AlN layers on GaN with smooth interfaces as
can be seen in Figure 1b. Details on growth conditions and further structural characterizations of the
SixNy/InAlGaN/AlN/GaN HEMT heterostructure can be found elsewhere [11].
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Figure 1. Schematic cross-section (a) and TEM image (b) of SixNy/InAlGaN/AlN/GaN HEMTs.

3. Results

Cryogenic temperature Hall effect measurements were assessed in a vacuum chamber by using a
helium gas closed-cycle cryostat and Lakeshore 776HMS measurement system. Figure 2 shows the Hall
electron mobility, sheet carrier density and sheet resistance of the HEMT structure over the 4–400 K
range. At liquid helium temperature (4 K), a state-of-the-art 2DEG mobility of 7340 cm2¨ V´1¨ s´1

combined with a sheet carrier density of 1.93 ˆ 1013 cm´2 was measured, resulting in a remarkably low
sheet resistance of 44 Ω/˝. For InAlN/AlN/GaN heterostructures, the carrier mobility was reported
to be determined by a temperature-independent interface roughness scattering mechanism, while
above 200 K the optical and acoustical phonon scattering become dominant [12]. Consequently, in
this study, the excellent combination of electron mobility and a high 2DEG carrier density below
200 K is attributed to very low interface roughness and optimized quaternary alloy barrier thickness.
Furthermore, the in situ SixNy cap layer, which provides handling strain relaxation as well as serving
as an early surface passivation layer, enhances the 2DEG properties.

In order to emphasize the effect of crystalline quality on 2DEG properties, Table 1 presents
a comparison of room-temperature 2DEG characteristics of the SixNy/InAlGaN/AlN/GaN
heterostructures with similar designs grown on SiC and sapphire substrates. Higher electron mobility
and sheet carrier density yielding much lower sheet resistance is observed for the HEMT structure
grown on SiC compared to those on sapphire. The better epitaxial growth quality is attributed to the
lower defect density and higher thermal conductivity [13].
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Figure 2. Sheet resistance (in blue), Hall mobility (in red) and sheet carrier density (in black) of the
SixNy/InAlGaN/AlN/GaN HEMT heterostructure as a function of temperature.

Table 1. Comparison of room temperature 2DEG properties of the SixNy/InAlGaN/AlN/GaN
heterostructures with similar designs grown on sapphire and SiC substrates.

Substrate Electron Mobility
(cm2¨ V´1¨ s´1)

Sheet Carrier Density
(cm´2) Sheet Resistance (Ω/˝)

Sapphire 1060 1.74 ˆ 1013 340
SiC 1800 1.93 ˆ 1013 191

SixNy/InAlGaN/AlN/GaN HEMTs grown on SiC were fabricated using a gate length of 120 nm
in order to reflect the remarkable 2DEG characteristics. Device processing has been performed by
using a Ti/Al/Ni/Au metal stack for ohmic contacts on an InAlGaN barrier followed by a rapid
thermal annealing at 875 ˝C, resulting in contact resistances of 0.4 Ω¨ mm. T-shaped Ni/Au gate
Schottky contacts were defined by e-beam lithography. Nitrogen quadruple implantation (20 keV,
50 keV, 100 keV and 150 keV) was used for device isolation. A 0.3 µm gate-source and 2 µm gate–drain
spacing were employed with a gate width of 50 µm.

DC and RF Characteristics at RT and 77K

Agilent E5273A and E8361A network analyzers were used in order to assess the cryogenic
temperature DC and RF characteristics of the HEMT devices in a vacuumed cryogenic probing system
equipped with a nitrogen gas closed-cycle cryostat and on-wafer probes. The drain current-voltage
and transfer characteristics of a 0.12 ˆ 50 µm2 InAlGaN/GaN HEMT at 77 K and RT are presented
in Figure 3. The saturated DC output current density at VGS = +1 V increased from 1.3 A/mm to
1.6 A/mm as the operation temperature decreased from RT to 77 K as shown in Figure 3a. In addition,
at 77 K the on-resistance (RON) decreased by 20% relative to its RT value. Similarly, at 77 K the
extrinsic transconductance (gm,ext) peak showed an increase of about 40% from its RT value and
reached 500 mS/mm (Figure 3b). As a matter of fact, the improvement in 2DEG mobility and the
decrease in sheet resistance from RT to 77 K, leading to an effective increase of the electron velocity
under the gate, results in enhanced DC characteristics at lower operation temperature [14].

Figure 4a,b reveal the current-gain (f T) and power-gain (f max) extrinsic cut-off frequencies
at RT and 77 K extrapolated from the current gain H21 and the unilateral power gain U at
VGS = ´3 V and VDS = 8 V, respectively. The values of f T/f max were derived to be 65/180 GHz
and 95/265 GHz at RT and 77 K, respectively. The frequency performances are clearly limited by the
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parasitic access resistances and thus ohmic contact resistances should be decreased in order to achieve
higher cut-off frequencies.
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Figure 3. ID-VDS characteristics (the inset shows the sub-threshold behavior up to 10 V in semi-log
scale) (a) and transfer characteristics (b) of 0.12 ˆ 50 µm2 AlInGaN/GaN HEMTs at RT (in blue) and
77 K (in black).
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0.12 ˆ 50 µm2 AlInGaN/GaN HEMTs at RT (in blue) and 77 K (in black).

The increase in both f T and f max at 77 K is in good agreement with the transfer characteristics
in Figure 3 as well as the studies reporting on low temperature behavior of GaN-based HEMTs in
the literature [15,16]. It can be pointed out that RF performances are mainly limited by the access
resistances due to rather high parasitic contact resistances.

4. Conclusions

Sub-10-nm ultrathin quaternary barrier In0.18Al0.70Ga0.12N/AlN/GaN HEMTs capped with an
in situ SixNy revealed a smooth surface and high crystalline quality. Record 2DEG mobilities of
1800 cm2V´1¨ s´1 at RT and 7340 cm2V´1¨ s´1 at 4 K were achieved with a remarkably high carrier sheet
density of 1.9 ˆ 1013 cm´2. The very high electron mobility in this ultrathin barrier heterostructure
over the 4–400 K range is attributed to the reduced interface roughness owing to the implementation
of an optimized AlN spacer layer and the use of an in situ–grown SixNy cap layer. The DC and RF
characteristics of the fabricated HEMT at 77 K reflected the outstanding high 2DEG electron mobility
and very low sheet resistance at low temperature operation.
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