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InAlGaN/GaN with AlGaN back-barrier
HEMT technology on SiC for

Ka-band applications
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This paper presents performances achieved with InAlGaN/GaN HEMTs with o0.15 wm gate length on SiC substrate.
Technology Computer Aided Design simulations were used to optimize the heterostructure. Special attention was paid to
the design of the buffer structure. I-V measurements with DC and pulsed bias voltages were performed. CW measurements
at millimeter waves were also carried out and are detailed in the following sections. The technology, optimized for power
applications up to 45 GHz, demonstrates a current gain cut-off frequency Fr of 70 GHz and a maximum available gain
cut-off frequency Fuag of 140 GHz. CW Load-pull power measurements at 30 GHz enable to achieve a maximum PAE
of 41% associated with an output power density of 3.5 W/mm when biased at Vpg = 20 V. These devices, with an improved
buffer structure show, reduced recovery time in pulsed operating conditions. These improved characteristics should have a

positive impact for pulsed or modulated signal applications.
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. INTRODUCTION

GaN high electron mobility transistor (HEMT) technologies
demonstrate very interesting capabilities for RF and micro-
waves power applications thanks to its high breakdown
electric field and high spontaneous and piezoelectric polariza-
tions enabling high current densities [1-3]. Nevertheless,
devices still suffer from limitations of their RF performances,
especially at microwave and millimetre-wave frequencies,
when it becomes necessary to reduce short channel effects
and achieve high transconductance values to keep high micro-
wave gain. Under high drain bias voltages, these conditions
lead to high field area at the gate edge in the gate-drain
region. This contributes to increase trapping effects and to
degrade transistor performances denoted by current collapse,
power slump, or even bias current variations during oper-
ation. Preliminary studies realized in our laboratory on
InAIN-based heterostructures allowed us to achieve promising
results reaching up to 12.5 W/mm at 18 GHz, [4]. Thanks to
its high breakdown electric field and high spontaneous polar-
ization enabling high current densities with a thin lattice
matched barrier layer [2], INAIN HEMT should allow the
achievement of devices exhibiting high current densities and
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very good power performances at millimetre-wave frequencies
[5, 6]. In this paper, we present results obtained on 0.15 pm
gate length InAlGaN/GaN devices. To improve two-
dimensional electron gas (2-DEG) confinement of these
devices having a high sheet carrier density and a short gate
length, a patented AlGaN back-barrier was introduced in the
HEMT buffer structure. This buffer was designed and opti-
mized thanks to technology computer aided design (TCAD)
simulations in order to improve pinch-off characteristics and
to minimize the thermal impact added by the back-barrier
[7]. In the following sections, we present the HEMT structure
and the associated technology process, and the TCAD simula-
tions used for buffer design. Measurements presented include
I-V curves in the static and pulsed regime, small signal
S-parameters, and large signal load-pull results at 30 GHz.

II. InAlIGaN/GaN HEMT
TECHNOLOGY

A) HEMT heterostructure

The InAlGaN/AIN/GaN heterostructure studied is presented
in Fig. 1. The HEMT structure was grown by low-pressure
metal-organic vapor phase epitaxy (MOVPE) on a 3-in. SiC
semi-insulating substrate. The heterostructure consists of a
100 nm-thick AIN nucleation layer, a 1.6 pm-thick patented
highly resistive buffer layer incorporating an AlGaN
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Fig. 1. Cross-section of the heterostructure of fabricated devices.

back-barrier. Then, the structure is constituted of a 150 nm
non-intentionally doped GaN layer followed by the barrier
layer composed of a 1nm thick AIN interlayer and a
6.5 nm-thick undoped InAlGaN layer. The 2-DEG is located
at the interface of the non-intentionally doped GaN layer
and the barrier layer. The quaternary barrier InAlGaN
results from the incorporation of Ga atoms into nominal
InAIN films, without the introduction of any Ga precursor
in the growth chamber [8]. The compositional estimates of
such barrier, performed by XPS and micro-Auger, yield a
Ga content of about 8-10% and an In content ranging from
10 to 12%. Contactless resistance measurements made with
an eddy current probe system, before the beginning of the
transistor process, gave a sheet resistance and a sheet carrier
density of respectively, 270 {}/sq and 1.6.10"* cm™ .

B) HEMT process description

The first process step consists in Titanium-based alignment
marks deposition, followed by ohmic contacts formation
thanks to Ti/Al/Ni/Au/Ti/Pt multilayer metals stack based
on auto-alignment recess with chlorine plasma. The annealing
of the ohmic contacts is performed at 850°C during 6o s under
nitrogen ambient. An average 0.5 {).mm contact resistance is
routinely measured. Afterward, argon ion implantation was
used for device electrical isolation. The Pt/Au 150 nm length
mushroom gate contacts were formed by e-gun evaporation
after electron beam lithography (Fig. 2). Devices were then
passivated by a 150 nm Si;N, bi-layer deposited by soft chem-
ical vapor deposition (ICP-CVD) and plasma enhanced
chemical vapor deposition (PECVD). A Ti/Pt/Au multilayer
deposited by e-gun evaporation was used as interconnection.
Multifinger device 3D interconnections were fabricated with
plated gold bridge technology.

Fig. 2. Cross section SEM image for a 150 nm gate length HEMT device.
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Fig. 3. Simulations (TCAD) of the drain current versus the Vg voltage for a
0.15 um gate length device with or without AlGaN back barrier and for Vpg
voltages of 10 and 20 V.

1. BUFFER DESIGN BY TCAD

To avoid punch through effects [9] and maintain an efficient
control of the 2-DEG with respect to the Vg voltage, the
buffer layer should be carefully designed.

One approach consists in incorporating in the buffer layer
iron doping [10, 11]. This is a very efficient solution to obtain
a good pinch-off. Nevertheless, the temporal evolution of the
iron during the de-trapping process can be a drawback in
some applications. Another approach consists in using the
piezoelectric properties of GaN and AlGaN materials.
Several papers have been already reported where GaN
devices incorporate AlGaN back-barriers with Al contents in
the range of 4-8% [12-14].

Nevertheless, at this level of aluminum contents, the back-
barrier thickness considerably degrades the thermal conduct-
ivity of the buffer layer, which is detrimental for RF power
GaN devices [7]. In our patented approach, we took care of
this constraint from the design phase of the back-barrier in
order to minimize the thermal impact of the whole buffer.

To optimize our buffer, we used TCAD. Figure 3 shows the
simulated drain current Ips in log scale versus the Vgg gate
voltage of a o.15 wm gate length HEMT device with and
without AlGaN back-barrier, for drain voltages Vpg of 10
and 20 V. The case without back-barrier is referring to a
buffer layer constituted by GaN-Nid. In this case, the pinch-
off is poor and the drain current in off-state is very high
(>1 mA/mm). With the use of the AlIGaN back-barrier, the
Ion/Iorr ratio is strongly improved, the pinch-off voltage
is —2.6 V at a drain current density of 1 mA/mm. The
sub-threshold swing (STS) calculated from these graphs is
100 mV/decade independently of the Vpg voltages of 10
or 20 V.

V. MEASUREMENTS

A) DC characteristics

DC measurements were performed, on-wafer, on 2 X 50 X
0.15 pm® devices. Figure 4 points out a drain current Ipg,
measured at Vgs=+1V and Vps=10V very close to
1.3 A/mm (median value measured on approximately 10
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Fig. 4. DC measurements from 2 X 50 x 0.15 pm*> devices: Ips, at
Vgs=4+1V, Vps=+10V, Gate leakage current IGleak measured at
Vas = —7V, Vps =5V and pinch-off voltage V,, measured at Vps =10V
and Ipg = 1 mA/mm.

different devices). The gate reverses leakage current density
measured at Vgs= —7V and Vpg= 5V was in the range
of 200 pA/mm. The pinch-off voltage, measured at Vpg =
10V, and Ipg of 1 mA/mm, is close to —2.9 V. This value is
close to the one predicted by TCAD simulations.

Figure 5 gives the evolution of the drain current density and
extrinsic transconductance G, in linear scale, measured versus
the Vg voltage for Vg = 10 V (within the reference-plane of
the probes). The maximum extrinsic transconductance obtained
at Vgs = —2.2 V is 450 mS/mm. Given the formula eq. (1) and
the extracted value of the source resistance R, (cf Table 1) the
intrinsic maximum transconductance is Gm; 585 mS/mm. The
high value of the transconductance is another good indicator
of the efficiency of the back-barrier. Nevertheless, it is necessary
to focus on Vg values closer to the pinch-off to have a better
comparison with initial TCAD simulations.

Gm

Gpi=—7-—7.
™ (1 —Gp - Ry)

(1)

In order to do so, additional measurements were per-
formed to investigate the influence of the drain voltage on
the back-barrier efficiency. Gate and drain currents were mea-
sured versus Vg voltage and are plotted in a logarithm scale
for Vpg voltages from Vpg = 5 to Vpg = 20 V on Fig. 6.

Due to the high level of drain current density during these
DC measurements, a compliance level of the dissipated power
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Fig. 5. Drain current Ipg and transconductance G,, at Vpg = 10 V versus V.
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Table 1. Small-signal equivalent circuit elements of a 2 X 50 x 0.15 pm?
transistor biased at Vg = 20 V and I4,q = 200 mA/mm.

Extrinsic parameters

Rg Rd Rs Lg Ld Ls Cpg Cpd

((9) ((9) ((®) (pH) (pH)  (pH) (fF) (fF)

3.5 10.5 5.2 45.7 16.8 3.08 8.3 14
Intrinsic parameters

CGS CGD CDS Ri Rgd T gm gd

(fF) (fF) (fF) ()R (9)] (fs) (mS)  (mS)

88 12 52 3 3.6 773 52 2.1

(Ips x Vpg) was set to 9 W/mm. It occurred for the trace mea-
sured at Vpg = 20 V. In this case, the apparatus limited the
drain current and reduced the applied drain voltage resulting
in a decrease of the associated gate current (see the blue curve
for Vs higher than —1.5 V). Figure 6 shows that a good
pinch-off from Vpgs =5 to Vpg =20V is achieved demon-
strating the efficiency of the back-barrier to confine the elec-
trons in the channel. Nevertheless, we observe a shift of the
pinch-off voltage from —2.9 to —3.45V (at 1 mA/mm),
which is not present on TCAD simulations. This can be attrib-
uted to traps below the gate at the semi-conductor interface or
in the barrier layer below the gate, which was not taken into
account in the TCAD simulations. The gate leakage current
remains below 0.5 mA/mm.

For each curve of Fig. 6, we extracted the STS near the
pinch-off and we reported the obtained values in Fig. 7. We
also reported STS values for devices realized on the same
wafer but processed with a slightly longer gate length of
0.25 um. For the o.15 pm gate length device, at a drain
voltage of 5V, the sub-threshold swing is 140 mV/dec while
at a drain voltage of 20 V, the sub-threshold swing increases
to 220 mV/dec. Despite this increase, 220 mV/dec is still an
acceptable value taking into account the drain current
density of 1.3 A/mm and the drain voltage of 20 V. Devices
realized with a longer gate of 0.25 pm show slightly better
pinch-off ~characteristics with improved sub-threshold
swings. Even if the measured STS values are slightly higher
than simulated one (100 mV/dec was expected by simulation)
and the increase of sub-threshold swings versus Vpg was not
predicted by initial simulations, the measurements confirm
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Fig. 6. DC transfer characteristics for Vpg voltages from 5 to 20 V of 0.15 pm
gate length device.
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Fig. 7. Sub-threshold swing (STS) for 0.15 and o0.25 um gate length devices
versus Vpg voltage.

the efficiency of our back-barrier buffer layer to confine the
electrons in the 2-DEG with devices designed for gate length
as short as o0.15 wm. These results also demonstrate that
TCAD simulations are an efficient tool to improve GaN
HEMTSs performances.

B) Pulsed measurements

In order to evaluate the trapping effects, pulsed measurements
were realized for three different quiescent bias points. Starting
from the quiescent point (Vgsq, Vpsq) = (0,0)V, a maximum
drain current of 1.3 A/mm is obtained at Vgg; = 41 V. Then,
pulses were applied from the quiescent bias point (Vs
Vbsg) = (—5,0)V and (Vgsq, Vpsg) = (—5,25)V in order to
highlight current collapse phenomena (Fig. 8) related to the
variation of the gate voltage (“gate lag”) or to the drain
voltage (“drain lag”). No significant degradation of the
ON-state resistance Roy is observed and the drain current
remains very close to the one obtained from the quiescent
point (Vgsg, Vbsq) = (0,0)V indicating low trapping effects
even under a drain quiescent voltage of 25 V.

In our standard setup, pulses of 9oo ns wide were applied
associated with a duty cycle of 0.1% for both gate and drain
pulse voltages. These pulses widths correspond to a trade-off

—=—\Vgsq =0V, Vdsq =0V
—s—\/gsq =-5V , Vdsq =0V
—e—\gsq =-5V , Vdsg =25V

—E-Vgs=1V
——\Vgs=0V
—=—\Vgs=-1V
—e-\Vgs=-2V
——\Vgs=-3V
——\Vgs=-4V

Ips (A/mm)

—=—\Vgs=-5V

Vos (V)

Fig. 8. Pulsed I-V characteristics for three quiescent bias points: (Vgsq =10V,
Vpsq =0V - red curves), (Vgsq= —5V, Vpsq=0V - green curves) and
(Vgsq= =5V, Vpgq = 25 V- blue curves).

https://doi.org/10.1017/5175907871700112X Published online by Cambridge University Press

0.6,
0.5- [
1
0.4 HA o &
—_ i eas. time
3 0.3 ,' window
pel 3 |
= |
0.2 | 900ns
—— 500ns
0.1/ ‘ '
0.0{= 'S §

1.5 2 25 3 35 4

Time (s)

0 05 1

Fig. 9. Pulse widths comparisons: 500 9oo ns. Time-domain measurements
were acquired for a quiescent bias point of (Vgsq, Vpsq) = (=5, 25) V and a
pulsed bias of (Vgsi» Vosi) = (1, 3) V.

between the self-heating generated by the pulses in the
devices and the time necessary for the pulses establishment
due to the apparatus. To highlight the precautions needed to
perform reliable measurements with short pulse widths,
Fig. 9 shows the drain current behavior in the time domain
obtained with pulse widths of 500 and goo ns. It clearly
shows that the 500 ns pulse width is too short to be completely
established when the measurement is performed using our
apparatus. Additional measurements realized with a pulse
width of 9oo ns but with a duty cycle of 10%, or measurements
with a longer pulse width of 1800 ns applied with a duty cycle
of 0.1% do not show significant variations compared with our
standard setup (pulse width = goo ns; duty cycle = 0.1%).
Other pulsed measurements were also carried out to inves-
tigate the drain current in the time domain. Figure 10 shows
the Vpg and Vg voltages applied to the transistor. In the
measurement setup, the Vpg voltage is pulsed (1.3 ms pulses
length with 20 ms period) from 9 to 19 V while the Vgg
voltage is adjusted to have a quiescent drain current density
of 50 mA/mm between drain pulses. The drain current is mea-
sured thanks to a Hall Effect probe and a digital oscilloscope.
Figure 11 shows the time domain behavior of the drain
current of our InAlGaN/GaN device, which includes an
AlGaN back-barrier in the buffer structure. Results are com-
pared with similar AlGaN/GaN devices including a
Fe-doped buffer layer. During the Vpg pulse, the drain
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Fig. 10. Vpg applied to the transistor for recovery time measurements. Pulse
length is 1.3 ms with a 20 ms period at constant gate voltage.
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Fig. 11. Drain current measured using Hall Effect probe for an InAlGaN/GaN
device including a back-barrier buffer layer and an AlGaN/GaN device
including a Fe-doped buffer layer.

current increased due to the output conductance of the tran-
sistor. Then, when the Vpg voltage returns to 9 V, the drain
current of the InAlGaN/GaN device with the AlGaN back-
barrier in the buffer follows the evolution of the Vpg
voltage. This is not the case for the device with a Fe-doped
buffer layer, which needs around 20 ms to recover its initial
current density between each pulse. These devices, with an
improved buffer structure, show the reduced recovery time
of drain current, which should have a positive impact on
pulsed or modulated signal applications.

These results were compared with TCAD simulations per-
formed during the design phase of the HEMT structure
(Fig. 12). In these simulations, only traps located in the
buffer are taken into account. We observe that the behavior
predicted by TCAD simulations is very close to the measure-
ments. They confirm the absence of recovery time on the
device having an AlGaN back-barrier and validate also that
the time dependence of the drain current observed on the
device with the Fe-doped buffer is due to the presence of
the Fe doping.

0.16
0.14 = InAlIGaN/GaN

go.u - back-barrier

% 01 AlGaN/GaN

20.08 Fe-doped buffer

_g 0.06 T /

50,04 J
0.02 //

0

0 3 6 9 12 15 18 21 24
time, msec

Fig. 12. TCAD simulations of the drain current for an InAlGaN/GaN device
including a back-barrier buffer layer and an AlIGaN/GaN device including a
Fe-doped buffer layer when a single pulse Vps is applied from 9 to 19 V.
The Vgs voltage is maintained fixed to reach 40 or 50 mA/mm outside the
pulse.

https://doi.org/10.1017/5175907871700112X Published online by Cambridge University Press

40
36 |\ 10V =200mA/mm
3 » 20V —200mA/mm
« 28| |H21]2
- -
T .
@ 2 MSG{M;(;
S 6 :
E i N e
= 8 E Biviachocd
4 - //\
100

10 F(GHz)
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C) S-Parameter measurements

On-wafer [S]-parameters were measured to extract small
signal figures of merit of the InAlGaN/GaN devices.
Measurements are presented directly in the probes reference
planes, without additional de-embedding. Figure 13 shows
the maximum stable gain (MSG), maximum available gain
(MAG) and the current gain |H21|* of 2 X 50 X 0.15 pm?
biased at Vpg=10V and Vps=20V for a drain current
density of 200 mA/mm. Extrapolation of the measurements
at V4, =20V with a 20 dB/dec slope gives a current gain
cut-off frequency and MAG cut-off frequency of 70 and
140 GHz, respectively. The MSG gain is improved by 0.6 dB
from Vpg = 10 to Vpg = 20 V confirming the good pinch-off
of the devices: i.e. no decrease of the RF transconductance is
observed. The MSG gain is 13 dB at 30 GHz and Vpg =20 V.

Afterwards, after a correct de-embedding applied to the
on-wafer measurement in order to remove the effects of the
access lines of these devices, we extracted the elements of
the well known small-signal equivalent circuit presented in
Fig. 14.

The elements of the small signal equivalent circuit of the
2 X 50 X 0.15 wm> HEMT device are reported in Table 1.
The extraction was performed for the biasing conditions of
Vbs = 20 V and Ipg = 200 mA/mm.

D) Large signal measurements

Power measurements were performed at 30 GHz in continu-
ous wave (CW) mode using a commercial Vectorial
Network Analyser (VNA)-based Load-pull bench combining
both passive and active matching. Figure 15 shows the
output power, power gain, and power-added efficiency
(PAE) of a 2 x 50 X 0.15 pm? transistor versus the input
power for a drain bias voltage Vps =15V and a quiescent
drain current density of 200 mA/mm. The measurements
are presented for the optimum load impedance, which maxi-
mizes the PAE: 36 + j x 100 (). The peak PAE reaches 43%
with an associated output power density of 2.5 W/mm and
8.5 dB of gain. Figure 16 shows the performances obtained
at a higher drain voltage Vps= 20V (Zload = 33.5 +j x
105 ()). At the peak PAE of 41%, the output power density
reaches 3.5 W/mm with a gain of 8 dB. We can observe that
the output power density increases from 2.5 to 3.5 W/mm
in the same proportion as the increase of the quiescent
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Fig. 15. Load-pull measurement of 2 X 50 x 0.15 um® InAlGaN/GaN HEMT
biased at Vpg = 15 V and Jps = 200 mA/mm at 30 GHz (CW mode - Zload =
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drain voltage from 15 to 20 V confirming the negligible knee
walk-out and current collapse observed on the pulsed I-V
measurements of Fig. 8.

V. CONCLUSION

This paper presents results achieved with InAlGaN/AIN/GaN
heterostructure grown by MOVPE on a 3-in. SiC substrate.
The HEMT structure, design by TCAD simulations, uses a
patented AlGaN back barrier to improve 2-DEG confinement
with an optimized thermal resistance. The processed devices
exhibit a maximum DC extrinsic transconductance of
450 mS/mm and drain current density of 1.3 A/mm. The trans-
fer characteristics of 0.15 wm gate length device shows a sub-
threshold swing of 140 and 220 mV/dec at Vpg =5V and
Vps = 20 V, respectively confirming the efficiency of the back-
barrier of the buffer to confine the electrons into the channel.

Time domain measurements were also performed showing
improved drain current recovery time behavior under-drain
bias variation when compared with devices that use a
Fe-doped buffer layer. These behaviors are in agreement with
TCAD simulations used for the design of the HEMT structure.

Small signal characterizations of 2 x 50 X 0.15 pum?
devices gave Fr and Fyag of 70 and 140 GHz respectively.

Load-pull power measurements at 30 GHz allow one to
achieve a maximum PAE of 43% associated with an output
power density of 2.5 W/mm when biased at Vg = 15V, for
an optimized output load maximizing the PAE. Biased at
Vps =20V, a peak PAE of 41% associated with an output
power density of 3.5 W/mm is also obtained. These devices,
with an improved buffer structure, show the reduced recovery
time of drain current, which should have a positive impact on
pulsed or modulated signal applications.
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