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Abstract

In this paper, a performance comparison between sub-micron thick
AlGaN/GaN and AIN/GaN HEMT devices are reported. Various
gate lengths have been employed in order to analyze the impact on
DC and RF performances. Electrical characteristics of these
structures for 100 nm gate length show a higher maximum drain
current, extrinsic transconductance Gm and RF performance with
the AIN barrier as expected. An excellent electron confinement
with a low leakage current below 10 pA/mm is achieved up to Vbs
=30 V on both structures and can be combined with low trapping
effects despite the thin total growth thickness of less than 1 um on
silicon. These results demonstrate the interest of sub-micron thick
AIN/GaN-on-Si heterostructures for high frequency applications.

Introduction

GaN based High Electron Mobility Transistors (HEMTSs) have
drawn great attention due to their potential for high power
millimeter-wave applications [1, 2]. Usually, thick buffer layers
(several um) are used to minimize growth defect/dislocation
density due to the large lattice mismatch between GaN and the
substrate. However, thick buffer layers degrade the thermal
dissipation and increase the epi-wafer cost. Recent results proved
that AIGaN/GaN HEMTs with sub-micron total thickness grown
on Silicon Carbide (SiC) can show competitive DC and RF
characteristics [3]. However, the use of Silicon (Si) substrate
would further decrease the cost although more challenging to
achieve due to the large thermal expansion mismatch between
GaN and Si potentially leading to cracks / defects. Moreover, even
though AlGaN/GaN based HEMTs is the most mature technology
[4], short channel effects must be mitigated in order to improve
their frequency performances while shrinking the device
dimensions. Thus, the gate length scaling must be linked to the
reduction of the gate to channel distance in order to avoid short
channel effects [5]. Ultrathin barrier AIN/GaN heterostructure is
promising for mm-wave range because of the possibility to highly
scale the epitaxial structure while benefiting from a high current
density. In this work, a comparison of device performances of
ultrathin sub-micron thick GaN-on-Si HEMT structures using
AlGaN versus AIN barrier layer is reported.

Experimental Details

The epitaxial layer structures are based on two sub-micron thick
AlGaN/GaN and AIN/GaN heterostructures grown by ammonia-
Molecular Beam Epitaxy (NHs-MBE) on 4 inch high-resistivity
Si(111) substrates (p > 5 kQ.cm) using a RIBER MBE49 growth
reactor. Figure 1 shows the cross section of the HEMT structures.
It consists of a high quality, lower than 100 nm, AIN nucleation
layer (NL), followed by a three step-graded AlxGaixN buffer
layers (Alo.osGao.92N/Alo30Gao.70N/ Alo.soGao.40N) and a 150 nm
thick undoped GaN channel layer. Two different barrier layers of
14 nm thick Alo32GaossN and 4 nm thick AIN have been used in
order to check the impact on the device performances. Finally, the
structures were capped by a SiN layer. The total stack thickness is
less than 1 pm in both structures. The step-graded AlxGaixN
buffer is used both as a back barrier to enhance the electron

confinement in the 2DEG under high electric field and the
breakdown voltage by increasing the overall bandgap.

Device processing started with the formation of the source and
drain ohmic contacts. The AlGaN barrier layer was partially etch
with BCls/SFe plasma in an Inductively Coupled Plasma (ICP)
reactor prior to the metallization while the contacts were directly
deposit on the AIN barrier. A Ti/Al/Ni/Au metal stack was used
and annealed at 800°C for both structures yielding contact
resistances of 0.6 Q.mm in both cases. The devices were isolated
using Nitrogen implantation. Then, Ni/Au T-gates of 100, 150, 250
and 500 nm gate lengths (Lc) were defined by e-beam lithography.
Finally, the devices were passivated with 200 nm PECVD SisN4
prior to the Ti/Au pads deposition. The 2DEG properties have been
extracted at room temperature by Hall effect measurements and
showed a charge density of 1.1 x 1013 cm2and 1.7 x 10 cm2with
an electron mobility of 940 cm2/V.s and 715 cm?/V.s for the
AlGaN/GaN and the AIN/GaN structures, respectively.
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Fig. 1. Sub-micron thick AlGaN/GaN and AIN/GaN HEMTs grown on
Si(111) substrate using a step-graded Al Ga; <N buffer layers.

Results and Discussion

DC measurements have been carried out with a Keysight A2902A
static modular and source monitor. Figures 2 and 3 shows typical
output and transfer characteristics of 2 x 50 pm transistors with Lc
=100 nm and a gate-to-drain distance (Lep) of 500 nm. The gate
source voltage was swept from —6 to +2 V with a step size of 1 V.
A maximum drain current Ipmax of about 0.74 A/mm and 1.0
A/mm have been measured for the AlGaN and AIN barrier,
respectively (Figure 2.a) despite the rather limited electron
mobility and high contact resistances that still need to be
optimized. A pinch-off voltage Vv =-3.4 V for the AlGaN barrier
and Vtn=-2.2 V for the AIN barrier (shown in Figure 2.c and 2.d)
are observed with a drain leakage current lower than 10 pA/mm
for both structures. Figure 2.c and 2.d displays the transfer
characteristics with a compliance fixed at 150 mA/mm and swept
from Vbs = 2 to 30 V using a step of 1 V. A low threshold voltage
shift as a function of Vs are observed under high electric field up
to 30 V, which confirms a proper electron confinement within the
2DEG reflected by a low drain-induced barrier lowering (DIBL)
of 12 and 13 mV/V for the AlGaN and AIN barrier devices,
respectively. A transconductance (Gm) of 200 mS/mm for the
AlGaN barrier and 311 mS/mm for the AIN barrier have been
measured (Figure 2.b). However, these values can be significantly
increased by reducing the access resistances and improve the
electron mobility.

Figure 3 shows some basic DC parameters as a function of the gate
length for Lep = 500 nm. As expected, an increase of Ip,max and
Gmmax are observed by reducing the gate length (Figure 3.a and
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3.d) with about 50% improvement owing to the AIN barrier. As
mentioned previously, the leakage current shown in Figure 3.b, is
well below 1 pA/mm at Vos = 10 V for all gate lengths, which
reflects the high material and processing quality of both structures.
However, the AlGaN barrier shows a higher drop of VtH when the
gate length is shrinked due to short channel effects (Figure 3.c).
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Fig. 2. (a) Output and (b) extrinsic transconductances characteristic of
AlGaN/GaN and AIN/GaN HEMT. Transfer characteristics of a sub-
micron thick 2 x 50 um (c) AlGaN/GaN HEMT, (d) AIN/GaN HEMT
with Lgp =500 nm and Lg =100 nm up until Vps =30 V.
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Fig. 3. (@) lomax: (b) Ipieak, (€) V1, and (d) Gm max @s a function of gate length
with Lgp = 500 nm of sub-micron thick 2 x 50 pm AlGaN/GaN and
AIN/GaN HEMTs.

Pulsed Io—Vos characteristics revealing the charge trapping effects
when using various quiescent bias points are depicted in Figure 4.
The open channel DC pulsed measurements are shown at Vs = +2
V with various quiescent drain voltages at room temperature. 2 x
50 pm transistors with Lep of 500 nm and Le = 100 nm show low
charge trapping effects despite the thin total growth thickness of
the AIN/GaN HEMT.
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Fig. 4. Open channel pulsed Ip-Vps output characteristics of a sub-micron
thick 2 x 50 pm AIN/GaN HEMT with Lgp = 500 nm and Lg = 100 nm.
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The S-parameters have been measured from 250 MHz to 67 GHz
with a Rhode and Schwarz ZVA67GHz network analyser as
shown in Figure 5. The current gain extrinsic cut-off frequency
(FT) is not only higher in the case of AIN but also more scalable
for short Le (shown in figure 5.a) owing to the reduced short
channel effects enabled by the ultrathin barrier. The maximum
oscillation frequency (Fmax) increases as function of Vs for both
structures (figure 5.b). Fr/Fmax of 37/153 GHz and 44/164 GHz are
achieved at Vps= 20V with Lep =500 nm and Ls=100 nm for the
AlGaN and AIN barrier, respectively. The Fmax/Fr ratio close to 4
for the AIN/GaN HEMT is attributed to the highly favourable
aspect ratio: gate length / gate-to-channel distance.
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Fig. 5. (8) Current gain extrinsic cut-off frequency and (b) maximum
oscillation frequency of a sub-micron thick 2 x 50 um AlGaN/GaN HEMT
(left) and AIN/GaN HEMT (right) with Lgp = 500 nm for various gate
lengths.

Conclusions

In this work, we investigated sub-micron thick AlGaN/GaN and
AIN/GaN HEMTSs grown on Si(111) substrate for high frequency
applications. The MBE grown thin heterostructures show
promising and unique features such as low off-state leakage
current under high electric field up to 30 V for a gate length of 100
nm combined with high carrier density and low trapping effects.
This achievement is attributed to the optimization of the sub-
micron thick step-graded AlxGaixN buffer layer enabling a high
electron confinement under high electric field and a proper surface
passivation. Small signal characteristics reveals the benefit of the
thin AIN barrier in order to reduce short channel effects and
improve the frequency performance. There is a large room for
improvement by both reducing the contact resistances and
increasing the 2DEG electron mobility. This is part of the future
work aiming to demonstrate high RF power performances with
ultrathin GaN-on-Si HEMTs in the millimeter-wave range.
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