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AlScN/GaN HEMTs Grown by Metal-Organic
Chemical Vapor Deposition With 8.4 W/mm
Output Power and 48 % Power-Added
Efficiency at 30 GHz

Sebastian Krause
Peter Brickner

Abstract—We report on DC and RF measurement
results of AIScN/GaN high electron mobility transistors
(HEMTs) grown by metal-organic chemical vapor deposition
(MOCVD). Comparing the properties with those of a wafer
grown with the same MOCVD tool but featuring an AlGaN
barrier, the sheet carrier density (ns) of 1.50 x 1013 cm—2
measured on the AIScN/GaN wafer is around 60 % higher.
This translates to a power density (Pout) of 8.4 W/mm at
a frequency of 30 GHz and a drain bias of 30 V. Also,
a high power-added efficiency (PAE) of 48.9% and 46.1%
is reached, when biased at 25 V and 30 V, respectively.
These early results illustrate the great potential AIScN/GaN
devices carry for improving on the achievable output power
on device level at millimeter-wave (mmWave) frequencies.

Index Terms— AIScN, ScAIN, GaN, MOCVD, HEMTs,
millimeter-wave, Ka-band, small-signal, large-signal,
dispersion.

|. INTRODUCTION

EXT-generation wireless communication networks will

make use of millimeter-wave (mmWave) range frequency
bands with the intent of boosting data rates. However, due
to the matching-bandwidth limitations of electronic devices,
the Bode-Fano limit [1], challenges in the design of RF
components, in terms of efficiency, output power, and linearity
arise. Certain distributed power amplifier (PA) topologies can
exceed this limit, e.g. traveling-wave amplifiers (TWAs) [2],
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[3], [4], [5] and non-uniform distributed power amplifiers
(NDPAs) [6], [7], [8]. Still, the obtained efficiency levels are
lower than those typically reached with reactively-matched
PAs [9], [10], [11], [12].

Whereas the Bode-Fano limit can be improved by supply-
voltage reduction, this also limits the achievable output power.
Raising both, Bode-Fano limit and output power, can be
achieved by providing a higher saturation drain current density
(Ip,sar), which can be expressed as Ip s = e ng Vefs,
where e, ny and v,y are the elementary charge, sheet carrier
density and effective velocity of electrons, respectively [13].
Consequently, Ip g4 can be increased by either raising ng
or verr. At high electric fields, however, v.rr is close to
the saturation drift velocity (vs4;), rendering it impossible to
substantially improve on that. Instead, increasing ny can be
accomplished by engineering the hetero junction accordingly.

Due to the high polarization charge in AIScN/GaN
heterostructures, n; can become as high as 5 x 1013 cm—2
[14], [15], which is around a factor of four greater than
what has been reported for single-channel AlGaN/GaN
structures [16], [17]. Values up to 5.2 X 10'3 ¢cm—2 have
so far only been shown for vertically stacked multi-channel
AlGaN/GaN heterostructures [18]. Besides, the ability to grow
a lattice-matched AIScN barrier on GaN prevents excessive
strain in the films, promising enhanced reliability [19].

Encouraging results of AIScN/GaN and AlGaScN/GaN high
electron mobility transistors (HEMTs) grown by molecular
beam epitaxy (MBE) have been published [20], [21], [22],
[23]. Commercialization of Sc-based HEMT technologies is
certainly difficult when relying on MBE growth, due to slow
growth rates, low growth yields and high cost of operation.
In contrast, growth by means of metal-organic chemical
vapor deposition (MOCVD) would allow to greatly boost
manufacturability.

We report on DC and RF performance of MOCVD-grown
AlScN/GaN HEMTs. For reference, also data of a AlGaN/GaN
wafer, grown with the same MOCVD tool, is given.

[1. EPITAXIAL GROWTH AND DEVICE FABRICATION

Epitaxial growth of the AIGaN/GaN and AIScN/GaN stacks
was performed in house using the same MOCVD tool. First,
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a thin AIN nucleation layer is grown on top of a 100-mm
semi-insulating 4H-SiC substrate, followed by an Fe-doped
GaN buffer and n.i.d. GaN channel. For the baseline stack,
a 14-nm-thick Alp31GapgeN barrier and 4 nm of GaN
cap are subsequently grown. The layer thicknesses and
stoichiometric compositions were verified by high-resolution
X-ray diffraction (HRXRD) measurements and subsequent
model fitting. For the wafer with Sc-based barrier, a different
layer stack has been used. On top of the identical GaN
buffer and channel layer stack, an AIN interlayer with a
nominal thickness of 0.7 nm is deposited before the growth
of an 8.5-nm-thick AIScN barrier which is capped with
8 nm of in-situ SiN,. The choice of the capping layer is
based on findings from earlier growth experiments showing
a non-coalescent cap when using GaN on top of an AIScN
barrier [24]. In comparison to previous publications [24],
[25], [26], a different precursor with higher vapor pressure
was used. This enabled a substantially higher growth rate
to be obtained which also translated to a better surface
morphology and higher mobility () over a wider range of
growth temperatures [27].

Examining the exact composition of the AIScN barrier
as well as the determination of its thickness is challenging
and not as straight forward as for AlGaN barriers. This
is due to the indistinct interfaces and Sc gradients that
typically occur during MOCVD growth of AIScN [24]. A best
possible determination of the thickness, including the AIN
interlayer and the amorphous SiN, cap layer was achieved
from a combination of HRXRD and X-ray reflectivity (XRR).
Moreover, the HRXRD reciprocal space mapping shows that
AIN interlayer and barrier are grown fully strained on GaN.
The average Sc composition of the barrier was determined by
secondary-ion mass spectrometry (SIMS) and amounts to 5 %.

Device processing for both wafers was identical and
incorporated an advanced version of our GaNI5 0.15-um
GaN-on-SiC technology. First, ohmic contacts were formed
using Si implantation underneath the subsequently deposited
ohmic metal stack, followed by an annealing step. For the
AIScN/GaN wafer a dry etch is performed beforehand for
complete removal of the in-situ SiN,. After deposition of a
Si-rich SiN, film, the 0.15-um gate openings are defined by
e-beam lithography before optically defining the dimensions
of the asymmetrical gate head with integrated gate field
plate. Pt-Au gates are then evaporated to define the Schottky
contacts, followed by a gate-head passivation and formation
of the source-terminated field plates. The dual-field-plate
configuration allows for enhanced field control on the drain
side, leading to an increased breakdown voltage [28]. The
Gate-to-source and gate-to-drain spacings are 0.7 um and
1.2 pum, respectively.

I1l. STATIC AND PULSED DC MEASUREMENT RESULTS

Median ohmic contact resistance was 0.90 Q - mm and
0.25 Q - mm for the AlScN/GaN and AlGaN/GaN wafer,
respectively. Clearly, the contact resistance of the wafer with
Sc-based barrier is higher than desired. Si implantation has
proven to form low-resistance contacts, also when employing
AIN barriers [29]. However, the AIN layers have been
considerably thinner, in the range of 3 nm to 5 nm, than the
AlScN barrier used in this work. Alternative processes might
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Fig. 1. (a) Semi-log IV curves and (b) DC transfer characteristics
of 6 x 50-um AIScN/GaN and AlGaN/GaN HEMTs, measured
at VDS =7V
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Fig. 2. Pulsed DC-IV data of 2 x 25-um AIScN/GaN and AlGaN/GaN
HEMTs, measured with a pulse width of 1 us and a duty cycle of 0.1%,
respectively. The devices were measured for Vgg ranging from
—5Vto2Vinstepsof 1 V.

yield better results for thick Al-rich barriers, e.g. ohmic recess
and regrowth of n* GaN [20], [22].

Hall data of the fully SiN,-passivated wafers reveal an ng
of 1.50 x 10" cm™2 and 0.93 x 10"® cm™2 and a (u) of
920 cm?/(V - s) and 1660 cm?/(V - s), for the AIScN/GaN
and AlGaN/GaN wafers, respectively. Despite a 60 % higher
ng, the lower x4 of the AIScN/GaN wafer leads to a higher
sheet resistance (Ryj) of 452 Q/sq than the 405 Q/sq obtained
for the wafer with AlGaN barrier.

Fig. 1 shows DC transfer characteristics of 6 x 50-um
devices, measured at a drain-source voltage (Vps) of 7 V.
Ipsar of the AIScN/GaN device measures to 1.7 A/mm,
extracted at a gate-source voltage (Vgs) of 3 V. This is around
20 % higher than the 1.4 A/mm achieved on the AlIGaN/GaN
epi stack. The difference in Ip s4; is notably smaller than that
in ng, which can be attributed to the roughly three-times higher
ohmic contact resistance for the AIScN/GaN wafer. Still, the
transconductance (g, ) for the AIScN/GaN device peaks at
490 mS/mm, whereas the AlGaN/GaN device shows a lower
maximum g, of 400 mS/mm. Hard off-state breakdown occurs
at 75 V for the AIScN/GaN and 95 V for the AlGaN/GaN
wafer. The SCAIN/GaN devices show a sudden onset of buffer
leakage current at a gate-drain voltage (Vg p) of around 30 V,
which stays constant up to the breakdown voltage. The origin
of this is not fully understood, yet. Though, we believe that
ensuring a better carrier confinement, e.g. by reducing the GaN
channel thickness, can help to eliminate that.
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Fig. 3. Current gain as well as maximum stable and available gain

of 6 x 50-um AIScN/GaN and AlGaN/GaN HEMTs, measured at
Vps =7 V with Vgg set for maximum gp,.

Fig. 2 shows pulsed DC performance (1 us pulse width,
0.1 % duty cycle) for 2 x 25-um devices from both wafers.
Vs was swept from —5 V to 2 V in steps of 1 V. Again,
the AIScN/GaN device shows a higher pulsed Ip s4; than the
AlGaN/GaN device for the (0 V, 0 V) condition as well as
lower gate and drain lag. The total current collapse, when
extracted at Vps = 5 V, amounts to 17 % and 29 % at
(=7 V, 15 V) and to 25 % and 37 % at (=7 V, 30 V)
for the AIScN/GaN and AlGaN/GaN device, respectively.
As stated before, the AIScN/GaN wafer features a higher
ohmic contact resistance than the AlGaN/GaN one. This is
also seen in the on-resistance (R,;) of 2.9 Q - mm, whereas
the device from the baseline AlIGaN/GaN wafer features a low
R,, of 1.6 Q - mm.

IV. RF MEASUREMENT RESULTS

A. Small-Signal Measurement Results

Small-signal performance of 6 x 50-ym AlScN/GaN and
AlGaN/GaN HEMTs is given in Fig. 3, respectively. The
devices were biased for maximum g,, at a Vpg of 7 V. When
fitting a 20-dB/dec slope to the measured current gain (|42 12),
a transition frequency (f7) of 52 GHz and 45 GHz is obtained
for the AIScN/GaN and AlGaN/GaN device, respectively.
Despite the low drain bias, both devices reach a maximum
stable gain (MSG) of 10 dB at 40 GHz.

B. Load Pull Measurement Results

Class-AB Continuous-wave (CW) power performance
at 30 GHz was evaluated by active load pull. Fig. 4 shows the
performance for optimal power density (P,,;) tuning as well
as the tuning yielding maximum power-added efficiency (PAE)
of 6 x 50-um devices from both wafers. The quiescent drain
current was 125 mA/mm for the AIScN/GaN and 35 mA/mm
for the AlIGaN/GaN device.

The AIScN/GaN device shows a roughly 15-% higher
P,y than the device from the AlGaN/GaN wafer, reaching
4.2 W/mm at 3 dB of power gain (G p) compression. However,
at 55.3 % an around ten-percentage-points higher PAE is
reached for the AlGaN/GaN device due to the lower R,;,.

Further measurements of the AIScN/GaN device, as given
in Fig. 5, show a P,,; of 7.4 W/mm and 8.4 W/mm with an
associated PAE of 44.3 % and 42.0 %, when biased at 25 V
and 30 V, respectively. With a 25 V bias applied the PAE tops
out at 48.9 % for a P,,; of 5.0 W/mm, whereas at 30 V a
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Fig. 4. 30-GHz CW load pull of 6 x 50-um AIScN/GaN and AlGaN/GaN
devices ata Vpg of 15V, given for optimal Py as well as PAE tuning.
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Fig. 5. 30-GHz CW load pull of a 6 x 50-um AIScN/GaN device at a
Vps of 25 V and 30 V, given for optimal P, as well as PAE tuning.

maximum PAE of 46.1 % at a P,,; of 6.7 W/mm is achieved.
The performance is close to best reported results of Ga-polar
devices in terms of P,,; and PAE at 30 GHz [17], [30], [31],
[32], [33]. Although, individually better performance in terms
of P,,; and PAE has been achieved by other groups, the
combination of a P,,; of 8.4 W/mm and a PAE of 42.0 %
is the highest reported to date for Ga-polar devices, operated
in CW at or below 30 V at Ka-band frequencies.

V. CONCLUSION

We reported on DC and mmWave RF performance results
of MOCVD-grown AlScN/GaN HEMTs. For reference, the
results were benchmarked against an AlGaN/GaN wafer,
grown in the same MOCVD tool. In comparison, the
AlScN/GaN devices featured a higher Ip s4; at 1.7 A/mm than
the AlGaN/GaN one. Large-signal performance at 30 GHz
is well comparable with that of the best reported Ga-polar
devices, reaching a PAE of 48.9 % and a P,,; of 8.4 W/mm
at a Vpg of 25 V and 30 V, respectively.
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