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Abstract— Ultrawide bandgap Aly ;Gag 3N MESFETs with
refractory Tungsten Schottky and Ohmic contacts are stud-
ied in 300K - 675K environments. Variable-temperature
DC electrical transport reveals large on-state drain current
densities for an AlGaN device: 209 mA/mm at 300K and
156 mA/mm at 675K in the on-state (25% reduction). Drain
and gate currents are only weakly temperature dependent,
suggesting potential for engineering temperature invariant
operation. The on/off ratio is limited by off-state leakage
through the gate, which is attributed to damage from sput-
ter deposition. Future work using refractory metals with
larger work functions that are deposited by electron beam
deposition is proposed.

Index Terms— AlGaN, High temperature techniques, Ul-
tra wide bandgap.

[. INTRODUCTION

OLID state devices capable of operating in extreme en-

vironments, particularly at high temperatures, constitute
a growing market in the electronics industry [1]-[3]. There
is increasing interest in building logic circuits physically
located in extreme environments like combustion/jet engines
and nuclear reactors, where conventional Si transistors are not
suitable. In addition, electronic devices engineered to be in-
sensitive to high temperatures can avoid otherwise deleterious
effects of self-heating and minimize heating effects in high
power applications. Ultrawide-bandgap (UWBG) semiconduc-
tors’ small intrinsic carrier concentration [1] forces the onset
of the intrinsic carrier regime to occur at or above growth
temperatures, allowing better control at elevated temperatures
[4] compared with Si. Elevated-temperature studies of III-
N devices [2], [5]-[11] show effective operation at high
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temperatures. These devices use metal contact stacks of Ti,
Ni, Al, and Au and are susceptible to gate-sinking after
extended operation at high temperature, causing catastrophic
contact failure [2], [10], [12]-[14]. Refractory metals like
Tungsten, Molybdenum, and Rhenium are known for their
high melting points, work functions on the order of 4.5 eV, and
chemical inertness at high temperatures, making them ideal
candidates to be replace non-inert conventional metals for high
temperature devices [15].

UWBG AlGaN is promising for high temperature device
operation. Aly 7Gag sN’s zero temperature bandgap of 5.2 eV
[16], recent breakthroughs in making low-resistance Ohmic
contacts [17]-[21], and a weakly temperature-dependent mo-
bility [22] make it an excellent candidate for exploring high
temperature transistor performance. The high temperature per-
formance of AlIGaN HEMTs with high Al content but non-
refractory metal contacts [5], [6], [8], [18], [23] has been
studied. The devices have on-state drain current densities of
< 100 mA/mm at room temperature and < 40 mA/mm at
temperatures of 200°C or greater. A recent AlGaN PolFET
with non-refractory contacts finds an on/off ratio > 10° and a
~ 25 mA/mm drain current density at room temperature that
fall to ~10% and ~ 7 mA/mm at 500°C, respectively [15]. The
authors see grain structure emerge in the contacts following
cycling to 500°C, which is attributed to the Ni/Au Schottky
metals catastrophically intermixing at high temperatures, fur-
ther suggesting the need for thermally inert metallization.

We combine an UWBG Alj 7Gay sN MESFET with graded
AlGaN at the contacts and all-Tungsten refractory metal
contacts. We show that a high DC drain current is possible
in AlGaN at room and elevated temperatures with contacts
made from a single refractory metal.

[I. DEVICE STRUCTURE AND CHARACTERIZATION

Metal oxide chemical vapor deposition (MOCVD) was used
to grow the epitaxial structure. The active layer of 250 nm n-
Aly.7Gag 3N was doped with Si at 10'® cm™3. Source and
drain contacts were made by contacting 30 nm reverse graded
(70% to 0%) contact layers [21], [24], [25] uniformly doped
with Si at 4.5 x 10'2 cm™3, done to make the source/drain
resistance much smaller than that of the gate. Device fabrica-
tion required three steps: mesa isolation, recessing the graded
contact layer between the source and drain, and sputtering 200
nm thick refractory Tungsten metallization. Both etching steps
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were done with 6W Cly inductive plasma etching. Tungsten
was deposited in an AJA Orion sputtering system by 200W
RF sputtering at 3 mTorr with 20 sccm Ar gas flow. Using
the same metal for Ohmic and Schottky contacts enables
a cost-effective three step process. The device’s physical
and electronic structures are shown in Fig. [TA and Fig. [IB
respectively [11]. Characteristics are reported here for devices
with a channel width, gate length, and source-drain spacing of
75 pm, 0.7 pm, and 7.2 pum respectively.
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Fig. 1. Schematic of device structure (A) and energy band dia-
gram computed by a numerical Schrodinger-Poisson solver for both
source/drain and gate (Schottky) contacts (B). Ey, EF, and E¢c and are
the valence band, Fermi level, and conduction band respectively [11].

Temperature-dependent electrical measurements were per-
formed using a Keysight B1500A semiconductor parameter
analyzer with a Lake Shore CRX-4K probe station outfitted
with a high temperature (HT) stage. The HT stage is used for
measurement at temperatures from 300K to 675K in vacuum
pressures below 1076 Torr. The sample is then electrically
characterized at DC in steps of 50K from 300K to 650K (and
at 675K).

[1l. RESULTS

Circular Schottky diodes (100 pm radius) were measured
on the sample and the carrier density was extracted from
capacitance-voltage profiling (1 MHz) [26], shown in Fig.
PJA. The charge density matches the value expected from the
Si density, and the carrier density shows a small increase
with temperature, likely due to increased ionization of Si
donors (ionization energy of 10 meV = 116K) [27]. Parasitic
conductances in the capacitance measurement produce a shunt
quality factor less than 5 (loss tangent greater than 0.2) for
depths greater than 150 nm, preventing accurate charge density
profiling at depths greater than 150 nm. [26].

The MESFET’s variable-temperature family IV curves are
shown in Fig. 2B. The drain current does not saturate in the
measured voltage range. The threshold voltage is always more
negative than -32V in the measured temperature range and
family IV measurements were taken with Vpg = 24V or less,
so saturation is not expected. The family IV curves show a rise
in output conductance at 15.0V at 300K and 16.3V at 600K,
which will be explored in the subsequent section. The contact
resistance is 2.34 k{2.mm and is large compared to that (0.014
k€)2.mm) in another device made with the same channel and
source / drain structure and unannealed Ti/Al/Ni/Au Ohmic
contacts [28]. The high contact resistance here must stem
from the unannealed Tungsten source / drain contacts.
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Fig. 2. Capacitance-voltage carrier density estimate (A), family 1V taken
fromVgs =0to Vas =-40V in steps of -5V (gate voltage step indicated
by arrow) (B), transfer IV curve with sweep-direction indicated by arrows
with gate leakage in dashed lines and inset showing threshold voltage
versus temperature when sweeping voltage negative to positive (black)
and positive to negative (red) (C) and transconductance (D), taken at
300K and 600K for concision. The family and transfer IV curves show
weak degradation in maximum current as the temperature increases
from 300K to 600K. The transfer IV curve suggests that the off-state
leakage is limited by gate leakage. The transfer IV exhibits counter-
clockwise hysteresis at 300K and clockwise hysteresis at 600K. The
difference in threshold voltage between the swept-up and swept-down
traces shows that hysteresis is most severe at 400K and decreases
as the temperature approaches 675K, suggesting that the mechanism
responsible has a temperature dependence.

The transfer IV curves (Fig. 2IC) show a high maximum
current (Ipprax) of 209 mA/mm at 300K, and 156 mA/mm
at 675K (with Vgg = 2V and Vpg = 20V), corresponding to
25% reduction across this temperature range. Carrier mobility
at room temperature (measured Hall mobility of 89 cm?/Vs)
and above is dominated by weakly temperature dependent
alloy scattering, resulting in an overall weakly temperature
dependent mobility [22], [29]-[31]. Therefore, the channel
conductivity and transistor current are only weakly temper-
ature dependent.

The MESFET’s threshhold voltage versus temperature is
quantified in the inset of Fig.[2IC. The MESFET displays
voltage sweep direction-dependent hysteresis, whose absolute
width (difference between red and black traces) rises to 2.5V at
400K and falls to 0.4V at 675K, suggesting that the responsible
mechanism has a strong temperature dependence, which we
will also explore shortly.

The device’s transconductance g, is shown in Fig. PD. In
the measured temperature range, the shape of the transcon-
ductance curve does not change significantly and the peak
transconductance is approximately constant at 9 mS/mm,
comparable to other Al-rich devices [15], [28], [32].

We compare the Ipjr4 x and on/off ratio seen here to related
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Fig. 3. Comparison of maximum drain current density (A) and on/off

ratio (B) with those seen in other AIGaN works with conventional non-
refractory metal stacks. The drain current density here is the state-of-the
art for elevated temperatures. The high gate leakage is responsible for
an on/off ratio much smaller than that seen elsewhere.

AlGaN works in Fig 3. The drain current density observed here
is the state-of-art value for UWBG AlGaN transistors with
similar dimensions at elevated temperatures (Fig. [3]A). The
on-off ratio was calculated and was found to range between
2000 and 7500 for the measured temperatures. This on/off
ratio is small compared to those seen in comparable III-N [7],
[15], [24], [31] and AlGaN [5], [6], [8], [15], [23] devices that
use non-refractory metals (Fig. 3]B), which we attribute to the
large gate leakage current here.

IV. OFF-STATE LEAKAGE MECHANISM

The combination of high drain current and low on/off ratio
warrants a closer examination of the off-state leakage mech-
anism. We argue in the remaining paragraphs that disorder
below the gate, likely from sputter damage, is responsible,
as evidenced by comparison to a related device, the poor
subthreshold slope, transport hysteresis despite the lack of
hysteresis in capacitance, ~15V conductance rise in the family
IVs, and poor fits of conventional Schottky barrier transport
(thermionic and Fowler-Nordheim) mechanisms to data.

The MESFET studied here can be compared to a MOSFET
with the same channel structure and channel thickness and
graded Ohmic contact region but made with non-refractory
Ti/Al/Ni/Au contacts deposited by electron beam evapora-
tion [28] (green crosses, Fig. . The related MOSFET is
a control experiment: differences between this work and the
MOSFET’s performance are attributable to either the use of
refractory metal or the different structure below the gate. The
related MOSFET and this MESFET have similarly-shaped
transconductances that peak at ~ 9 mS/mm, implying that
on-state transport in the AlGaN is similar in both devices.
At room temperature, the related MOSFET has an on/off
ratio > 107 but the MESFET studied here has an on/off
ratio < 10°. This suggests that the MESFET’s poor on/off
ratio, caused by gate leakage, stems from surface disorder
below the gate and is related to the difference in depositing
refractory versus non-refractory contacts. The subthreshold
slope at 300K, approximately 8000 mV/dec, exceeds both the
Boltzmann limit (60 mV/dec) and that seen in the control
experiment MOSFET (1000 mV/dec).Ion bombardment during

sputter deposition can damage exposed surfaces and produce
a large density of surface states [33]-[35]. Sputter damage
below the gate is likely responsible for the high gate leakage
and poor subthreshold slope.

The MESFET’s temperature-dependent threshold voltage
and voltage sweep hysteresis are suggestive of charged surface
states. A MESFET with backdepletion has a threshold voltage
of

Vi =¢p—qNp(t—0/Np)? /2. (1)

Vr is the threshold voltage, ¢ is the gate-channel Schottky
barrier, q is the elementary charge, Np is the ionized donor
concentration, t is the physical channel thickness, €, is the
semiconductor permittivity, and o is the charge density at
the AlGaN / AIN interface (with backdepletion width of o
/ Np). Np, €5, ¢p, and o are temperature dependent. We
take €, to be weakly temperature dependent [36] and ¢p’s
temperature dependence to be much weaker than that of
the pinch off term. Pyroelectric effects cause o to increase
by 0.4% from 300K to 600K [37]. The AlGaN and AIN
differentially contract as temperature increases, leading to
an increase in piezoelectric polarization charge. The lattice
constants at high temperatures can be accurately modelled
with the Einstein model with Einstein temperatures and lattice
expansion coefficients of 1025K and 6.09x 1076 1/K for AIN
and 908K and 6.69x 1076 1/K for AlGaN respectively [38].
The resulting piezoelectric increase in o from 300K to 600K is
1.1%. Piezoelectric and pyroelectric effects combine to predict
a < 2% positive threshold voltage shift. This 2% shift is small
in comparison to the 23% negative threshold voltage shift ex-
pected from the measured temperature dependence of N (Fig.
2IA). Incomplete donor ionization and temperature-dependent
backdepletion together cannot predict the observed threshold
voltage shift without an additional mechanism, which could
be temperature-dependent virtual gating by sputter damage
surface states [15], [39]-[42].

A large below-gate trap density is further implied by the
voltage-sweep direction dependent hysteresis the threshold
voltage (inset, Fig.[2C). The width of the hysteresis loop
grows from 300K to 400K, subsequently drops, and remains
small by 675K, indicating that the responsible physical process
changes over the measured temperature range. We note that
the CV measurement shows <1% hysteresis for all measured
temperatures and voltages, implying that hysteretic effects
come from the surface/AlGaN - W interface and not the
bulk AlGaN. This could be due to sputter damage traps or
temperature-dependent surface chemistry [31], [43], which
could cause temperature dependent virtual gating.

The related MOSFET lacks the rise in conductance seen
in the family IVs (Fig. BB) of this MESFET with Vpg of
15V and 16.3V at 300K and 600K respectively. This rise in
conductance occurs as V pg is tuned but has little dependence
on Vgg. This suggests the mechanism responsible is drain
bias induced charging or discharging of traps in the channel,
which is responsible for such kinks in related work [44]. The
lack of kinks in the control experiment MOSFET IV curves
suggests that these traps are related to sputter damage.
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Leakage in related works is dominated by simple thermionic
emission [15] or Fowler-Nordheim [45] tunnelling across the
gate Schottky barrier. Our results are not consistent with these
mechanisms without more complicated subleading corrections
in temperature. Some works find Frenkel-Poole emission in
narrow ranges of peak electric field in III-N HEMTs [46] and
in AlIGaN MESFETs [32]. Frenkel-Poole emission is relevant
in leakage across Schottky barriers when thermal hopping
through disordered systems dominate a finite reverse bias
electric field. Though these conditions apply to this MESFET’s
disordered gate, computing the interfacial electric field from
data [32] is too noisy to definitively resolve or rule out Frenkel-
Poole emission.

The on/off ratio can be made more competitive by avoiding
sputter deposition and depositing refractory metals with elec-
tron beam deposition. Most electron beam deposition systems
aren’t capable of evaporating Tungsten but are capable of
evaporating Platinum. Platinum’s high melting temperature
(1800°C) and > 5.5 eV work function (higher than that of
Tungsten) [47] make it a promising candidate. Using Tungsten
metallization for the Ohmic contacts and Platinum metalliza-
tion for the Schottky gate contacts prevents gate contact sputter
damage and increases the gate barrier height while keeping the
Ohmic contact barrier height low.

V. CONCLUSION

Pairing graded contact UWBG AlGaN and all-Tungsten
refractory metal MESFETS is a promising avenue for building
high temperature logic devices. The devices studied here
output high drain current densities at elevated temperatures
and have a weakly temperature dependent channel conduc-
tivity, which suggests potential for engineering high current
temperature-invariant operation. Gate leakage via sputter dam-
age limits the on/off ratio to be several orders of magnitude
smaller than that seen in related devices. Using different
refractory metals for the gate and Ohmic contacts will likely
reduce the gate leakage, improve the on/off ratio, and pave the
way for high temperature AlGaN device operation.
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