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ABSTRACT High temperature operation of enhancement-mode (E-mode) and depletion-mode (D-mode)
AlGaN/GaN metal-insulator-semiconductor high-electron-mobility transistors (MIS-HEMTs) was demon-
strated. By using the circular device structure, off-state current was effectively suppressed, and record
high Ton/Ioff ratio around 10% was obtained at 400 °C. Atomic layer etching was used for formation
of the gate recess structure in the E-mode device, and good interface was made which enabled stable
normally-off operation up to 400 °C. D-mode device experienced positive threshold voltage shift during
the high temperature operation and after cooling down to room temperature, due to strain relaxation.
On the other hand, due to the very thin AlGaN layer retained under the gate of the E-mode device, the
threshold voltage of the E-mode device is nearly unchanged when the sample is heated up and cooled
down. A direct coupled field-effect transistor logic (DCFL) inverter was fabricated based on the E-mode
and D-mode devices and showed stable operation up to 400 °C.

INDEXTERMS AlGaN/GaN, MIS-HEMT, high temperature electronics, enhancement-mode, normally-off,

depletion-mode, direct-coupled FET logic, inverter.

I. INTRODUCTION

High temperature electronics are required in many indus-
try applications, such as automotive, spacecraft, deep-well
drilling, and engine systems [1]. However, high temperature
operation of the electronic devices suffers from increase of
the leakage current, poor stability, and degraded mobility
[2], [3]. Gallium nitride (GaN) is one of the most promis-
ing candidates for the high temperature electronics, due to
many advantageous properties such as large bandgap, high
breakdown field, high saturation velocity, and high thermal
stability [4], [5], [6].

AlGaN/GaN Schottky HEMTs have been tested for high
temperature electronics, but gate metal diffusion into the bar-
rier layer and large gate leakage induced severe degradation
of the device characteristics at high temperature [7], [8], [9].
MIS-HEMT device, which has gate dielectric layer between
the gate metal and AlGaN barrier layer, could overcome
some of the difficulties by reducing the gate leakage current

and improving the stability of the gate stack [8]. Various
attempts were made with MIS-HEMT structure to achieve the
stable high temperature operation, but most of them suffered
from threshold voltage instability caused by AlGaN strain
relaxation and interface traps [10], [11], [12], [13], [14].
Most of the studies only tested the high temperature opera-
tion up to 200 °C [11], [12], [13], [14], [15], [16], but device
operation at higher temperature is necessary for meeting the
requirement of the industry applications. Moreover, most
of the demonstrated devices showed normally-on operation.
There have been few reports about the normally-off high
temperature MIS-HEMT, which is much more versatile for
practical purposes [12], [13], [14].

In this work, we used circular device structure and gate
recess made by atomic layer etching to suppress the leakage
current and enhance the device stability at high tempera-
ture. Stable high temperature operation of both E-mode and
D-mode devices were demonstrated. E-mode device showed
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better threshold voltage stability compared to D-mode device
at high temperature, which implies that the main reason for
the threshold voltage instability is the AlGaN strain relax-
ation, and gate recess formation is beneficial for reducing
this effect. DCFL inverter was fabricated by connecting the
E-mode and D-mode devices, and it showed stable operation
up to 400 °C, which shows potential of the AlIGaN/GaN MIS-
HEMT device as a promising candidate for high temperature
logic device.

Il. DEVICE FABRICATION

The MIS-HEMTs were fabricated on a commercial
AlGaN/GaN on silicon substrate, which consists of a 2 nm
GaN cap layer, 20 nm Aly25Gag 75N, 1 nm AIN interlayer, and
4.2 pm unintentionally doped (UID) GaN. Both E-mode and
D-mode devices were fabricated. For E-mode devices, 4.3 nm
AlGaN was retained under the gate after etching, and AlGaN
layer was not etched in D-mode devices. In this work, two
types of device structure, which are rectangular and circular
structures, were used. In the circular device structure, mesa
isolation is not needed since gate electrode is surrounding the
circular drain electrode, which enables complete electrical
isolation. This greatly reduces the off-state current of the
device at high temperatures by removing the leakage cur-
rent component caused by mesa isolation [17]. Both E-mode
and D-mode devices had a gate-to-source distance (Lgs) of
12 pm, a gate length (Lg) of 2 pm, a gate-to-drain distance
(Lgp) of 12 wm, and a channel width (W) of 0.44 mm in
the case of the circular device.

Fabrication process of the AlGaN/GaN MIS-HEMT
devices is as follows. After cleaning the wafer, mesa isola-
tion was done by inductively coupled plasma reactive ion
etching (ICP-RIE) using Cl, and BCls for the rectangular
devices. Ti/Al/Ni/Au (20 nm/120 nm/60 nm/50 nm) stack
was deposited by e-beam evaporator and annealed at 900 °C
in Nj for 30 s for ohmic contact formation. AlGaN surface
was passivated by 150 nm plasma-enhanced chemical vapor
deposition (PECVD) silicon nitride. Silicon nitride under the
gate was patterned and etched away by ICP-RIE using SF.
To minimize the etching induced damage on the AlGaN
surface, atomic layer etching with Cl, and Ar was used for
the formation of gate recess in the E-mode device. 10 nm
Al,O3 was deposited by atomic layer deposition (ALD) at
250 °C, 10 nm SiO; was deposited by ALD at 200 °C, and
10 nm silicon oxynitride (SiON) was deposited by PECVD
at 300 °C, consecutively, for the gate dielectric of the device.
Source and drain windows were opened by using ICP-RIE,
and Ni/Au (50 nm/150 nm) gate electrode was deposited by
e-beam evaporator. 200 nm SiO; was deposited by PECVD
for passivation, and contact pads were opened by ICP-RIE
using SF¢. Post-metallization annealing was done at 500 °C
for 30 min under vacuum.

IIl. RESULTS AND DISCUSSION
The schematic of a D-mode GaN MIS-HEMT without
gate recess is illustrated in Fig. la. Transfer and output
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FIGURE 1. (a) Schematic of a D-mode circular AlGaN/GaN MIS-HEMT.
(b) Transfer characteristic, transconductance (gm), and (c) output
characteristics of a circular D-mode MIS-HEMT without gate recess at
room temperature. (d) Transfer characteristic, (e) gate current, and

(f) output characteristics of the D-mode MIS-HEMT measured at various
temperatures.

characteristics of the circular D-mode device measured at
room temperature are shown in Fig. 1b and lc, respectively.
D-mode device showed stable operation with threshold volt-
age of —14.7 V, indicating the normally-on behavior. Since
this D-mode device did not have gate recess structure and rel-
atively thick dielectric, threshold voltage was large negative
value. Maximum current of 490 mA/mm and peak transcon-
ductance of 56.4 mS/mm were measured from the D-mode
device. The device was measured at high temperatures up to
400 °C under vacuum condition. Transfer characteristics and
gate current of the D-mode device at high temperature are
shown in Fig. 1d and le, respectively. The circular D-mode
device maintained stable operation with suppressed off-state
current and steep subthreshold slope, and gate current was
smaller than 10~® mA/mm at 400 °C, which shows the sta-
bility of the gate dielectric stack. Output drain current is
monotonically decreasing as the temperature increases since
the mobility of the AlIGaN/GaN channel decreases due to the
increased phonon scattering (Fig. 1f) [2]. At 400 °C, maxi-
mum drain current and peak transconductance of the D-mode
devices were 195 mA/mm and 19.1 mS/mm, respectively.
To test the high temperature device characteristic depend-
ing on the device geometry, two different types of devices
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FIGURE 2. D-mode rectangular AlGaN/GaN MIS-HEMT and its comparison
with circular MIS-HEMT. Top view of the (a) rectangular and (b) circular
AlGaN/GaN MIS-HEMT. (c) Transfer characteristics and (d) gate current of a
D-mode rectangular MIS-HEMT at high temperatures. Temperature
dependence of the (e) off-state drain current and (f) off-state channel
conductance of the rectangular and circular D-mode AlGaN/GaN
MIS-HEMT.

are fabricated. The structures of the rectangular and circular
devices are illustrated in Fig. 2a and 2b. For the rect-
angular device, rectangular active region was defined by
mesa isolation before the source/drain electrode deposition
using ICP-RIE with Cl, and BCl3z. All the other fabrication
processes were the same as the process discussed previously.
In this device structure, gate finger was placed between the
source and drain electrode across the active region of the
device, so that the electrode can have the complete control
of the channel. On the other hand, in the case of the circu-
lar device structure, device isolation was not made. Instead,
circular drain electrode is surrounded by the gate electrode
so that the gate controls all the current flowing between
source and drain through the AIGaN/GaN channel. Clear
differences between the circular and rectangular device char-
acteristics were observed when they were measured at high
temperatures. The transfer characteristic and gate current
of the rectangular device measured at high temperatures are
shown in Fig. 2c and 2d. The rectangular device also showed
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stable operation up to 400 °C with steep subthreshold slope
and suppressed gate current. The threshold voltage of the
rectangular device showed similar values and trend at high
temperatures when compared to the circular device char-
acteristic. However, the off-state current of the rectangular
device was much larger than that of the circular device.
The off-state drain current of the rectangular and circular
devices measured at Vgg = —18 V and Vps = 1 V is shown
in Fig. 2e. It is obvious that the off-state current increases
as the temperature increases for both types of devices. In
the temperature range between the room temperature and
400 °C, oft-state current of the rectangular device was more
than 3 orders of magnitude larger than that of the circu-
lar device. For the rectangular device, since gate current is
always much smaller than the off-state drain current, gate
leakage is not the main contributor of the off-state drain cur-
rent. Therefore, off-state current conduction primarily occurs
between the drain and source on the surface of the etched
GaN. Two-dimensional variable range hopping (2D-VRH)
would be the main conduction mechanism. To clarify this,
the logarithmic off-state channel conductance was plotted as
a function of cube root of temperature, as shown in Fig. 2f.
The off-state channel conductance was measured for both
circular and rectangular devices with Vgg = —18 V, from
25 °C to 400 °C in 25 °C step. The temperature dependent
conductance of the 2D-VRH conduction can be described as
the following formula:

N
o X exp —<?> . (D)

From the linear fitting of the plot, it is clear that the off-
state current conductance of the rectangular device follows
the formula until it reaches 300 °C, which confirms that
the off-state current conduction of the rectangular device is
dominated by 2D-VRH taking place at the interface between
GaN and silicon nitride. Note that the conductance starts to
deviate from the linear trend at temperatures higher than
300 °C, which implies existence of the additional current
component at extreme high temperature. On the contrary, off-
state conductance of the circular device does not follow such
trend, indicating that 2D-VRH is not the primary off-state
current conduction mechanism for the circular device. When
the mesa isolation is made by ICP-RIE for the rectangular
device, AlGaN layer outside of the active rectangular region
was etched away and bare GaN surface was revealed. This
etching process will induce damage and form interface states
on the surface of the GaN layer, which act as the source of
2D-VRH. Since both rectangular and circular devices showed
stable high temperature operation, and both devices have
similar device characteristics except the off-state current,
both device structures can be considered for high temperature
purposes. If suppression of the off-state current and more
stable device operation are required, circular device structure
would be preferred.
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FIGURE 3. (a) Schematic of an E-mode circular AIGaN/GaN MIS-HEMT
with gate recess. A thin layer of AlGaN layer is remained in the gate region
to protect the GaN surface. (b) Transfer characteristic, transconductance,
and (c) output characteristics of an E-mode circular MIS-HEMT at room
temperature. (d) Transfer characteristics, (e) gate current, and (f) output
characteristics of the E-mode MIS-HEMT at high temperature.

By using the atomic layer etching and forming the gate
recess with 4.3 nm of remaining AlGaN layer, E-mode
AlGaN/GaN circular MIS-HEMT was fabricated, as illus-
trated in Fig. 3a. The transfer characteristic and output
characteristic at room temperature are shown in Fig. 3b
and 3c. Due to the gate recess structure, negligible amount
of two-dimensional electron gas (2DEG) at the AlIGaN/GaN
interface was remaining in the E-mode devices [18], and pos-
itive threshold voltage of 0.6 V was extracted using the linear
extrapolation method [19]. Reasonably large maximum cur-
rent (218 mA/mm) and peak transconductance (30.1 mS/mm)
were obtained, considering that gate capacitance was small
due to the thick tri-layer gate dielectric. This device was
also tested at high temperatures. Temperature dependence
of the transfer characteristics, gate current and output char-
acteristics are shown in Fig. 3d, 3, and 3f. The E-mode
circular device maintained stable operation with steep thresh-
old slope and suppressed off-state current. Suppressed gate
current indicates stability of the tri-layer gate dielectric.
Output characteristic also showed monotonic decrease as
the temperature increases due to the increased phonon
scattering.
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FIGURE 4. Comparison of thermal stability of E-mode and D-mode
AlGaN/GaN MIS-HEMTs. Gate capacitance measured from (a) E-mode and
(b) D-mode capacitor devices at room temperature and 400 °C.

(c) Threshold voltage, (d) on-state current and off-state current of the
circular E-mode and D-mode devices at high temperatures. (e) lon/loff
ratio of the circular E-mode and D-mode devices at high temperatures.

(f) Average subthreshold swing and interface-trap capacitance of the
E-mode and D-mode devices at high temperatures.

Capacitance of the gate stack was measured at 25 °C
and 400 °C for both E-mode and D-mode devices from
the separate diode devices fabricated together with MIS-
HEMTs (Fig. 4a and 4b). Capacitance of the E-mode gate
stack showed larger hysteresis at 400 °C compared to the
room temperature measurement result, whereas D-mode gate
stack capacitance showed small hysteresis even at 400 °C.
The larger hysteresis of E-mode device can be attributed
to the higher density of interface traps at the gate dielec-
tric/AlGaN interface induced by the gate recess process.
As the temperature increases, defect assisted conduction via
AlGaN layer or dielectric layer increases, and the interface
traps can be depleted and refilled more easily, which leads to
larger hysteresis [10]. Positive flatband voltage shift was also
observed for the D-mode gate stack capacitance. For both
E-mode and D-mode devices, the gate capacitance values
were nearly unchanged throughout the whole temperature
range.

Temperature dependence of the threshold voltage of the
E-mode and D-mode devices is shown in Fig. 4c. Overall,
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threshold voltage of the E-mode device was stable throughout
the temperature range, whereas the D-mode device showed
gradual increase of the threshold voltage, especially between
300 °C and 400 °C. E-mode device maintained normally-off
behavior at all the temperatures. To the best of the authors’
knowledge, this is the first demonstration of the normally-
off AlGaN/GaN MIS-HEMT operating up to 400 °C. We
believe AlGaN strain relaxation starts to occur at around
350 °C due to thermal stress. It has been reported in several
studies that AlGaN barrier layers exhibit significant strain
relaxation above 300 °C [3], [5], [20]. Since AlGaN strain
relaxation involves reduction of the amount of 2DEG, it is
the primary reason for the sudden increase of the D-mode
device threshold voltage at high temperature, considering
the temperature independence of gate capacitance for both
E-mode and D-mode devices. The effect of the strain relax-
ation was smaller in the case of the E-mode device due to
the very thin AlGaN layer retained under the gate of the
E-mode device.

On-state and off-state drain currents measured on the cir-
cular E-mode and D-mode devices with Vps = 1 V are
shown in Fig. 4d, and the calculated on/off ratios were
plotted as functions of temperature shown in Fig. 4e. At
room temperature, both devices have a large Ion/Ioff ratio
around 10!, and the ratio gradually decreases as the tem-
perature increases. Since the off-state current does not show
dependence on the gate bias at high temperatures, we believe
that the off-state current is dominated by the bulk leakage
current that flows through the UID GaN layer. By taking
advantage of the extremely small intrinsic carrier concentra-
tion of GaN, off-state current is greatly suppressed at high
temperatures, which enables record high Ion/Ioff ratio around
10® at 400 °C.

Average subthreshold swing (SS) and interface trap capac-
itance at high temperature are plotted in Fig. 4f. For
both E-mode and D-mode MIS-HEMTS, subthreshold swing
increased as the temperature increased, and the amount of
increase got larger at higher temperature. Subthreshold swing
can be obtained from the following equation:

kpT Co+ G
§§ = 22 ln(10)<1 + M), )
q Cg

where kp is Boltzmann constant, T is temperature, q is
elementary charge, Cq is quantum capacitance at the
AlGaN/GaN interface, C;; is interface trap capacitance, and
C, is gate capacitance [21]. Considering that Cq is negli-
gible, ratio between the interface trap capacitance and the
gate capacitance could be calculated. Note the gate capaci-
tance is nearly temperature independent as shown in Fig. 4a
and 4b. We can see that the interface trap capacitance of the
D-mode device at 400 °C is nearly the same as that at 350 °C.
This result indicates that interface trap is not the primary
cause of the dramatic increase of threshold voltage in the
D-mode device between 350 °C and 400 °C, which further
confirms that strain relaxation is the key mechanism for the
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FIGURE 5. Reversibility of E-mode and D-mode AlGaN/GaN MIS-HEMTs.
(a) Temperature profile of the thermal stress and the measurement before
and after thermal stress. Transfer characteristic and transconductance of
the (b) E-mode and (c) D-mode devices after high temperature operation.
Dashed lines represent the initial characteristics measured at room
temperature before heating up, and solid lines represent the
characteristics measured at room temperature after cooldown. Output
characteristic of the (d) E-mode and (e) D-mode devices measured at room
temperature after the thermal stress.

threshold voltage shift in this case. It is worth mentioning
that the trap density at the dielectric/AlGaN interface stayed
stable overall for both E-mode and D-mode MIS-HEMTs,
which contributed to the high thermal stability of these
devices.

Transfer characteristic of the E-mode and D-mode devices
after the high temperature operation is compared with the
initial characteristic before the high temperature operation.
During the high temperature operation, the device was mea-
sured at each temperature for 30 min, and temperature
ramp-up between each temperature took 20 min. The tem-
perature profile for the thermal stress and measurement is
illustrated in Fig. 5a. In the case of the E-mode device,
negligible threshold voltage shift was observed, and the
transconductance slightly increased from 30.1 mS/mm to
32.5 mS/mm (Fig. 5b). On the other hand, transfer curve of
the D-mode device showed positive shift. Threshold voltage
increased from —14.7 V to —12.1 V, and transconduc-
tance slightly increased from 56.4 mS/mm to 60.1 mS/mm
(Fig. 5c¢). Output characteristics of the E-mode and D-mode
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FIGURE 6. DCFL inverter based on E-mode and D-mode AlGaN/GaN
MIS-HEMTs. (a) Circuit diagram and (b) device schematics of DCFL inverter
based on E-mode and D-mode AlGaN/GaN MIS-HEMTs on the AIGaN/GaN
substrate. (c) Transfer characteristics and (d) voltage gain of the DCFL
inverter measured at various temperatures.

devices after the thermal stress are shown in Fig. 5d and Se.
Since transconductance and drain current did not decrease, it
was clear that channel quality was not degraded during the
high temperature operation. Therefore, the positive shift of
the I3-V, curve of the D-mode device is mainly caused by
the strain relaxation of AlGaN layer. Due to the thin retained
AlGaN layer of the E-mode device, E-mode device showed
good reversibility with negligible threshold voltage shift after
the cooldown. Note that we observe the increase of Hall
mobility and decrease of the 2DEG density after the ther-
mal stress from Hall measurement for AlGaN/GaN sample,
which further supports that the thermal stress induces AlGaN
strain relaxation. Since the amount of mobility increase was
larger than the decrease of 2DEG density, resistance of the
access region decreases after the thermal stress, which would
lead to the decrease of series resistance and increase of the
drain current.

By connecting the E-mode and D-mode devices in series,
a DCFL inverter was fabricated. The circuit diagram and
device schematic of the DCFL inverter are illustrated in
Fig. 6a and 6b. The ratio of the channel width of the
E-mode and D-mode devices was 17.6:1 in the fabricated
inverter. Transfer characteristic of this inverter was mea-
sured at high temperatures, and voltage gain was calculated
(Fig. 6¢c and 6d). The transfer curve gradually shifted to
the negative direction but did not show dramatic distortion
until the temperature reached 400 °C. Gain of the inverter
also did not show the large variation. Peak gain of the
inverter gradually increased as the temperature increases.
This indicates that both devices operated without severe
thermal degradation, and threshold voltage stability of the
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E-mode device is maintained even after integrated into the
inverter.

IV. CONCLUSION

By conjunctively using circular device structure and atomic
layer etched gate recess, we demonstrated stable operation
of the E-mode and D-mode AlGaN/GaN MIS-HEMT up
to 400 °C. The devices showed record high Ion/loff ratio
around 108 and large transconductance of 21.4 mS/mm
and 19.1 mS/mm at 400 °C. E-mode device maintained
normally-off operation at high temperatures with stable
threshold voltage, whereas D-mode device showed gradual
shift of the threshold voltage due to strain relaxation. DCFL
inverter was fabricated with E-mode and D-mode devices
and showed stable transfer characteristics at high temper-
atures, which indicates the feasibility of high temperature
logic and memory.
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