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Extreme Temperature Operation of Ultra-Wide
Bandgap AlGaN High Electron Mobility Transistors

Patrick H. Carey, IV
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and Stephen J. Pearton

Abstract—High Aluminum content channel (Aly gsGag 15N/
Aly.7Gag 3N) High Electron Mobility Transistors (HEMTSs) were
operated from room temperature to 500°C in ambient. The
devices exhibited only moderate reduction, 58 %, in on-state for-
ward current. Gate lag measurements at 100 kHz and 10% duty
only showed a slight reduction in pulsed current from DC at
500°C and high gate voltages. Interfacial trap densities were
2 x 1011 over the range 25-300°C and 3 x 1012 cm~2 from 300-
500°C from the subthreshold swing. These low interfacial trap
densities and the near ideal gate lag measurement indicate high-
quality epi layers. The insulating properties of the barrier layer
led to low gate induced drain leakage current of ~ 10~12 A/mm
and ~ 107° A/mm at 25 and 500°C, respectively. Low leakage
current was enabled by the high Schottky barrier of the Ni/Au
gate, 1.1 eV and 3.3 eV at 25 and 500°C, respectively. These prop-
erties of the AlGaN channel HEMTSs demonstrate their potential
for high power and high temperature operation.

Index Terms—AlGaN, GaN, high electron mobility transis-
tor (HEMT), high temperature.

I. INTRODUCTION

HE MATERIALS of choice for power semiconductors

have become SiC and GaN for their superior material
properties in high frequency and high power applications.
The primary limitations of GaN and SiC technologies are
the critical breakdown electric field, E., and energy densities.
The E. of SiC (2.5 MV/cm) and GaN (3.9 MV/cm) are an
improvement over their Si competitors (0.3 MV/cm) but can
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Fig. 1. Comparison of 4H-SiC, GaN, B-Gay0O3, and Aly7Gagp 3N critical
electric field, thermal conductivity, electron mobility, saturation velocity and
energy bandgap.

be improved further in GaN with the shift to high aluminum
content channel HEMTs. These new devices are now termed
“ultra” wide bandgap materials (UWBG), which encompasses
any material with a bandgap greater than GaN (3.4 eV). The
primary UWBG materials receiving much interest have been
B-Ga03 (4.7 eV), diamond (5.5 eV), and AIN (6.2 eV). Each
of these materials presents their own set of growth, processing,
and operating difficulties. A key benefit of shifting to AIGaN
HEMTs is much of the previous work on GaN HEMTs can
be applied, albeit reinterpreted and reoptimized.

The primary difficulty with AlGaN channel HEMTs is real-
izing high quality Ohmic contacts. The primary approaches
have utilized regrowth and Si implantation [1]-[4]. With any
implanted contact, impurity scattering will lower the high
frequency performance and as such can only find limited uses
for low frequency switching operation. Additionally, using
a ternary material, AlGaN, the thermal conductivity is quite
low; however, as growth is performed on AIN substrate,
device self-heating can be managed. The benefits of using an
AIN substrate also extend to reduced threading dislocations
and other growth-related defects as the lattice parameters for
Alg 7Gag 3N are nominally different from AIN.

To better demonstrate the potential for AlIGaN HEMTs,
a pentagram of material factors is presented in Fig. 1. The
advantageous factors that the high aluminum content AlGaN
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Fig. 2. Optical image of an array of circular HEMT test structures.

can provide are high power and high temperature due to
its high bandgap and critical electric field. The mobility is
the second drawback, since in using a ternary channel layer,
the effects of polarization optical phonon scattering will be
significant, especially at elevated temperatures. Even with
this intrinsic limitation, successful RF performance for these
devices is still attainable [5].

In  this  manuscript, DC  characterization  of
Alp.gsGag.15N/Alp7Gap 3N (85/70) HEMTs was performed
from chuck temperatures of 25-500°C. Pulsed characterization
via gate lag was also performed to observe current collapse
if a virtual gate were to form. The devices’ Schottky barrier
height, transconductance, mobility, subthreshold swing, and
other parameters were extracted and analyzed.

II. DEVICE FABRICATION AND CHARACTERIZATION

The HEMT samples were prepared by metal organic chem-
ical vapor deposition (MOCVD) on sapphire substrates. First,
a 1.6 um AIN nucleation and buffer layer were grown on
the substrate. Then a transition layer from 100% Al to 70%
Al was graded over 50 nm thickness. The 400 nm uninten-
tionally doped channel layer, Alp7Gag3N, was grown next,
followed by the 25 nm Al g5Gag 15N barrier layer. The bar-
rier layer was doped with Si at 3 x 10'® cm™3. Contactless
measurement of the 2DEG showed the resistivity to be 2200
/0, combined with capacitance-voltage (CV) measurements
showing sheet carrier density ng = 9 x 10'> cm~2. Circular
HEMT devices were fabricated with a gate length of 2 um,
and source/drain to gate spacing of 4 um. The gate had a cir-
cumference at its center of 660 pum. Planar Ohmic contacts
(Ti/Al/Ni/Au) were deposited and subsequently annealed. The
gate was formed by deposition of Ni/Au into an opening on
the 100 nm thick SiN dielectric to allow for edge termination.
An optical image of an array of circular FETs is presented
in Fig. 2.

DC characterization was carried out using an Agilent 4156C
parameter analyzer. A Tektronix Curve Tracer 370A was used
to collect high voltage I-V curves. A Wentworth automated
temperature control chuck was used to vary the chuck temper-
ature from room temperature to 500°C. A temperature probe

and an external IR camera were used to verify the surface of
the sample was at the target temperature.

III. RESULTS AND DISCUSSION

The current-voltage characteristics of the test devices are
shown in Fig. 3 in 100°C increments from room tempera-
ture to 500°C. The total peak forward current was reduced
from 122 mA/mm to 52 mA/mm from 25 to 500°C, a reduc-
tion of 57%. The majority of the current reduction occurred
from room temperature to 300°C, accounting for 42%. It is
also interesting to note that as the devices are heated, they
exhibit increasingly ideal performance, with the output resis-
tance becoming near infinite at high temperatures (horizontal
in the saturation regime). At room temperature there was
a slightly non-Ohmic behavior in the low field region, as
the drain I-V has an almost Schottky-like appearance, but
with heating to 100°C, this effect was removed and entirely
linear current-voltage characteristics through the origin were
obtained. The conduction mechanism above V4 = +3 V was
primarily mobility- dominated conduction, which is indicated
by all applied gate voltages having the same positive slopes
in the linear regime.

Fig. 4 shows the linear drain current as a function of gate
voltage and the transfer characteristics at 25 and 500°C. Peak
extrinsic transconductance of 12.5 mS/mm and 4.7 mS/mm
were achieved at these respective temperatures. The threshold
voltage extracted from the /Ip- Vgs method was approxi-
mately —2.3 V; however, the device undergoes soft turn-on
from —2.3 to 0 V when operated at room temperature, which
is indicative of high source and drain contact resistance. At
500°C, the threshold voltage of —2.4 V was extracted using
the /1 p- Vg method, but as with the current-voltage char-
acteristics, at elevated temperature the contact resistance no
longer dominates the low field regime.

The logarithmic 13-V and Iy, are presented in Fig. 5. The
deep subthreshold voltage was invariant across the temperature
range, indicating the 2DEG charge density is fairly constant.
Thus, the changes we see in the low field regime (pseudo-
Schottky at low temperatures), is primarily due to the Ohmic
contact limitations and mobility, not shifts in the threshold
voltage. From a design perspective, a nearly constant deep sub-
threshold voltage is advantageous as pinch-off can be achieved
at the same voltage and simplifies operational parameters for
full temperature range operation.

From the gate induced drain leakage current (GIDL), the
activation energy can be extracted assuming an Arrhenius tem-
perature dependence. Two regimes were noted, 25 to 350°C
and 350 to 500°C with E; = 0.63 eV and E; = 0.076 eV,
respectively. The E, = 0.63 eV is consistent with trap assisted
Poole Frenkel Emission [3]. For GaN channel-based devices
this is also the dominant mechanism for < 300°C operation.
Once heated above this temperature, GaN devices suffer from
bulk excitation contributions. The bandgap of AlGaN (5.4 eV)
is significantly higher than GaN (3.4 eV) to avoid this in our
devices. For the 350 to 500°C range, the E, = 0.076 eV value
is consistent with band-to-band tunneling and does not rely on
mid-gap states. Additionally, it is interesting to note that under



CAREY et al.: EXTREME TEMPERATURE OPERATION OF ULTRA-WIDE BANDGAP AlGaN HEMTs

475

25°C 100°C 200°C
120+ V=10V 120+ vV =10V 120+ V=10V
Step=-1V Step: -1V Step=-1V
’é‘ 90t ¢ ’é‘ 90t 4 E 90t ;
: - E
< < 60!
é 60 é 60 é 60
~ 30/ = 30| 30l
0 0 ] 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Vos(V) Vos(V) Vos(V)
300°C 400°C 500°C
L V=10V b V=10V Ll V=10V
Step=-1V Step=-1V Step=-1V
’é‘ 90t ; E 90t : E 90t g
3 2 3
60 | 60 | 60 |
E E E
30} T 30 Y
0 0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Vos(V) Vos(V) Vos(V)
Fig. 3. I-V characteristic curves from 25 to 500°C in 100°C increments.
80 15 80 15
Ios
60 G,
— B o —
E E £
® 40l )
£ £ £
O] o )
- 20+
0 : — 0

0
Vas(V)

-5

0
Vas(V)

Fig. 4. Transfer characteristics at room temperature and 500°C under Vq = +10 V.

a drain bias the gate is able to enhance current flow up to
410V, even though the device is depletion mode. Traditional
n-GaN devices are unable to operate at such high gate voltages
due to excessive gate leakage current. For the 85/70 material
system, the highly insulator like 85% Al barrier layer leads to
this ability.

To further understand the gate characteristics, the thermionic
emission model was used to measure the zero bias Schottky
barrier height and ideality factor as a function of temperature,
Fig. 6. A comparison is shown between a traditional GaN
HEMT (Alp26Gap74N/GaN) device with a Ni/Au gate and
our high-Al HEMTs. The GaN device barrier height is sub-
ject to some surface pinning effects as it lacks a significant
temperature dependence. For the case of the 85/70 channel
device, the barrier height is not subject to surface pinning

and increases from 1.2 eV to 3.3 eV at 25 and 500°C, respec-
tively. This significant shift in barrier height enables controlled
modulation of drain current at high temperatures and prevents
excessive leakage current. The primary drawback when using
Ni/Au is the metal atoms becoming mobile and intermixing
when heated above 350°C. As such, the devices would undergo
a permanent change when operated above 350°C and could
not recover their initial state characteristics. This is a sub-
ject of our future studies to introduce diffusion barrier layers
and the use of refractory metals for improved stability of the
gate contact.

One of the primary benefits of GaN HEMT is the forma-
tion of a high mobility 2D electron gas (2DEG) enabling high
frequency operation. A drawback of GaN HEMT is the mobil-
ity degrades by several orders of magnitude from 25 to 500°C,
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Fig. 7. The 85/70 HEMT does not suffer from the same amount
of mobility reduction at elevated temperatures. However, the
room temperature mobility of the 85/70 HEMT is significantly
lower than conventional GaN HEMTs. This is primarily due to

-
S .

the issue of using a ternary channel layer. The effects of polar
optical phonon scattering for AlIGaN at elevated temperatures
dominate the mobility and will limit performance [6].

To evaluate the ideality of these devices under low
frequency switching operation, gate lag measurements were
performed. The device drain is held under a constant bias
of 410 V, while the gate is switched at 100 kHz and 10%
duty from —6V to the operating voltage, Fig. 7. While this is
higher frequency than standard operational power switching,
it is useful to push the devices to the extreme and observe the
trapping characteristics and formation of a virtual gate under
such conditions.

At room temperature there is no formation of a virtual gate,
and only with heating and under high gate voltages is any
formation of a virtual gate noted. This near-ideal performance
demonstrates both the quality of the epitaxial layers growth
and potential for power switching.

Another metric for the ideality of these devices is the sub-
threshold slope, which was extracted from the 13-V curves.
For room temperature operation, 88 mV/dec was measured
and is near the ideal subthreshold slope of 60 mV/dec. At
500°C the value has increased to 242 mV/dec while the ideal
is 152 mV/dec, Fig. 8. The heterointerfacial trap density can
be extracted from the differential of subthreshold slope and
trap density with respect to temperature:

Diq )
CaiGaN

where S is the subthreshold slope, T is temperature, k, is the
Boltzmann constant, q is the charge of an electron, CajgaN i8S
the capacitance of the barrier layer, and Dy is the interfacial
trap density. The benefit of using the differentiated form is
the reduction in error. However, trap density can vary widely
depending on methodology. Two linear regimes were noted
for the subthreshold swing, 25 to 300°C and 300 to 500°C
with trap densities of 2 x 10! ecm™2 and 3 x 10'? cm™2,
respectively. This behavior is expected as the thermal energy
is sufficient to activate and detrap electrons.

ds le (1o 1+
— = —1In
T q
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IV. CONCLUSION

In summary, Alygs5Gag 15N/Alg7Gag3N high electron
mobility transistors have been characterized and operated from
25 to 500°C in ambient atmosphere. The forward current was
reducted 58% across this temperature range, and the gate pro-
vided full modulation and pinchoff regardless of temperature.
The Ni/Au gate’s unpinned barrier height enabled this excel-
lent high temperature operation but the metal contact showed
some reordering. The low gate leakage current lead to excel-
lent on/off ratios of 2 x 10!! and 3 x 10° at 25 and 500°C,
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