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Two types of enhancement-mode (E-mode) AlGaN/GaN metal-insulator—semiconductor high-electron-mobility tran-
sistors (MIS-HEMTs) with different gate insulators are fabricated on Si substrates. The HfO, gate insulator and the Al,O3
gate insulator each with a thickness of 30 nm are grown by the plasma-enhanced atomic layer deposition (PEALD). The en-
ergy band diagrams of two types of dielectric MIS-HEMTs are compared. The breakdown voltage (Vgr) of HfO, dielectric
layer and Al,Os3 dielectric layer are 9.4 V and 15.9 V, respectively. With the same barrier thickness, the transconduc-
tance of MIS-HEMT with HfO; is larger. The threshold voltage (Vi) of the HfO, and Al,O3 MIS-HEMT are 2.0 V and
2.4V, respectively, when the barrier layer thickness is 0 nm. The C-V characteristics are in good agreement with the Vy,’s
transfer characteristics. As the barrier layer becomes thinner, the drain current density decreases sharply. Due to the dielec-
tric/AlGaN interface is very close to the channel, the scattering of interface states will lead the electron mobility to decrease.
The current collapse and the Ry, of Al,O3 MIS-HEMT are smaller at the maximum gate voltage. As Al,O3 has excellent
thermal stability and chemical stability, the interface state density of Al,O3/AlGaN is less than that of HfO,/AlGaN.
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1. Introduction

GaN-based high electron mobility transistors (HEMTs)
are well suitable for the applications in power switching
devices.!'"*! Enhancement-mode (E-mode) HEMT is very im-
portant for the switch power supply which can reduce power
loss by keeping the device closed at zero gate bias.>~7! The
gate-recessed metal-insulator—semiconductor (MIS) structure
is considered as an important structure to realize the E-mode
AlGaN/GaN power devices because of the high threshold volt-
age (Vi) and the high drain current density. [®!

Gate dielectric material is of vital importance for MIS-
HEMTs.[% 19 The HfO, has a relatively high dielectric con-
stant of 22 and lower band gap of 6.0 eV as a new-type high-
k material.[''l The Al,O3 has a relatively low dielectric con-
stant of 9.3 and larger band gap of 8.8 eV as a frequently used
gate dielectric. Difference in gate dielectric has a great influ-
ence on the characteristics of devices. The dielectric constant
corresponds to the gate capacitance, and the gate can control
the two-dimensional electron gas (2DEG) in the channel more
easily when the gate dielectric constant is higher.!'?! The band
gap corresponds to the positive gate voltage capability of the
gate dielectric. A larger band gap means a higher positive gate
voltage capability.!'3] Choi, ef al. have reported the E-mode
MIS-HEMT with dual gate dielectric of SiN, and HfO,.[!4]
However, few articles have reported the comparison of char-
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acteristics between the HfO, and the Al,O3 gate dielectric for
the gate recessed MIS-HEMT.

In this paper, two types of HEMTSs are designed and fab-
ricated, known as gate-recessed MIS-HEMTs with HfO, and
Al,O3 gate dielectric grown by plasma-enhanced atomic layer
deposition (PEALD). There are three etching depths in the two
types of MIS-HEMTs. The energy band diagrams of the two
types of MIS-HEMTSs are compared with each other. More-
over, the direct current (DC) characteristics and pulse charac-
teristics are compared and analyzed.

2. Device fabrication

The AlIGaN/GaN heterojunction structure used in this pa-
per was grown on a silicon (111) substrate by the metal organic
chemical vapor deposition (MOCVD) method. The wafer con-
sisted of an AIN nucleation layer, an AlGaN gradient layer in
which the Al percentage ranges from 8% to 0, a 2-pum-thick C-
doped GaN layer, a 160-nm-thick undoped GaN channel, and
a 25-nm-thick undoped AlGaN barrier layer. Room temper-
ature hall measurements of the epi-wafer yielded an electron
sheet density of 9.0 x 10> cm~2 and an electron mobility of
2000 cm?/V'ss.

The mesa area was formed by using BCl3/Cl, plasma
etching in an inductively coupled plasma (ICP) system fol-
lowed by the drain/source ohmic contact formation by us-
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ing Ti/Al/Ni/Au (30 nm/180 nm/40 nm/ 60 nm) annealed at
840 °C for 30 s. A 60-nm-thick SizNy4 layer was deposited
on a surface by the plasma-enhanced chemical vapor deposi-
tion (PECVD), and the Si3Ny of the gate area was removed
by CF,4 plasma etching. The gate-recessed MIS-HEMT was
etched by using BCl3 and Cl,. The barrier layer thickness
values were 6 nm, 3 nm, and 0 nm, respectively. The next
step was high temperature (300 °C) N, plasma treatment in
the recessed-gate region by using the plasma enhanced atomic
layer deposition (PEALD) with the treatment power of 150 W
for 10 min. Then, the HfO, and Al,O3 dielectric layer were
deposited separately to a thickness of 30 nm. Then, Ni/Au
E-beam evaporation and lift off were carried out to form the
gate electrode. Finally, post gate annealing (PGA) treatment of
400 °C in ambient Nj for 5 min was implemented for reducing
the interface state density.!'>) The Ly, Loq, and Lgs of the de-
vices were 1.0 um, 3.5 pum, and 7.0 pm, respectively. The W,
of the device was 50 um. Figure 1 shows the schematic cross-
sectional structure of the gate-recessed MIS-HEMT. Figure 2
shows the photomicrograph of the MIS-HEMT and the fo-
cused ion beam (FIB) cross-sectional view of the device’s gate
corner of the gate-recessed MIS-HEMT of HfO,. The param-
eters of the devices were measured by Keithley 4200.
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Fig. 1. Schematic cross-sectional structure of AlGaN/GaN gate-
recessed MIS-HEMT.
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Fig. 2. Photomicrograph of (a) MIS-HEMT device and (b) FIB cross-
sectional view of gate area.

3. Results and discussion

Due to the fact that the band gap of HfO, and Al,O3 are
different, the energy band diagrams of the two types of MIS-
HEMTs are different as shown in Fig. 3. The band gap of

Al,O3 is 8.8 eV, much larger than 6.0 eV of HfO,. How-
ever, the barrier height (¢p) of Ni/Al,O3 is 3.5 eV, and the bar-
rier height of Ni/HfO, is 3.25 eV for the Ni/Au gate.['®! The
AE( is the conduction-band discontinuity between dielectric
and AlGaN. The AECl of the A1203/A10_25Ga0_75N is 1.8 eV
while the AEc; of the HfO,/Alj 25Gag 75N is 0.8 eV. Figure 3
shows that the barrier heights of the gate metals have almost
the same depletion effect on the electrons in the channel. The
capacitance of the dielectric mainly affects the electrons under
the same gate voltage. The specific capacitance is shown in
Fig. 6.
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Fig. 3. Energy band diagram of AIGaN/GaN gate-recessed MIS-HEMT.

Figure 4 shows the molecular structure diagram of
HfO,/AlGaN and Al,O3/AlGaN interfaces. As the Hf atom
is much larger than the Ga atom and N atom, there will be
many hanging bonds on the N atoms at the HfO,/AlGaN in-
terface. On the other hand, the Al atoms are small and there
are Al atoms in the AlGaN layer, so there are few hanging
bonds on the N atoms at the HfO,/AlGaN interface. The inter-
face state density of the Al,O3/AlGaN is smaller than that of
the HfO,/AlGaN interface. This can be confirmed by the test
results of current collapse in Fig. 9.

Figure 5 shows the curves of breakdown voltage (Vgr) be-
tween gate and source of the two types of MIS-HEMTs. Each
structure of the three devices is tested. The average Vgr of
HfO, dielectric layer and Al,O3 dielectric layer are 9.4 V and
15.9 V, respectively. As the band gap of HfO, and Al,O3 are
6.0 eV and 8.8 eV, respectively, the Al,O3 can withstand a
larger gate voltage range. The gate voltage range of Al,O3 is
closer to that of Si MOS device. The gate leakage of Al,O3 is
smaller than that of HfO,. As Al,O3 has a higher energy-band
offset on the AlGaN layer, holes are more difficult to cross
the barrier of Al,O3 and a low gate leakage current can be
formed by weakening Fowler—Nordheim (FN) tunneling.!'”]
On the other hand, the Al,O3/AlGaN interface is better than
the HfO,/AlGaN interface as shown in Fig. 4.
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Fig. 4. Molecular structure diagram of HfO,/AlGaN and Al,O3/AlGaN interfaces.
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Fig. 5. Curves of dielectric layer breakdown voltage of devices.

For the MIS-HEMT with HfO,, The drain current den-
sity and transconductance increase greatly after post-gate-
annealing (PGA, 400 °C, 5 min) treatment.!'>! The threshold
voltage (Vi) of the MIS-HEMT decreases after the PGA treat-
ment. Figure 6 shows the comparisons of transfer character-
istics between the HfO, and Al,O3 MIS-HEMTs with differ-
ent etching depths after the PGA treatment. To protect the
devices, the maximum gate voltage for the HfO, and Al,O3
MIS-HEMT are set to be +8 V and +15 V, respectively. Fig-
ure 6(a) shows that the drain current density of the HfO, and
Al,O3 MIS-HEMT of 6-nm barrier thickness are 898 mA/mm
and 905 mA/mm, respectively. Their V4, values are 0.1 V
and 1.1 V, respectively. The peak transconductance of the
HfO, MIS-HEMT is 189 mS/mm, which is much larger than
102 mS/mm of the Al,O3 MIS-HEMT. Because the dielec-
tric constant of HfO; is 22, which is much larger than 9.3
of Al,O3, the dielectric capacitance and the transconductance
of HfO, are also much larger than those of the Al,O3 MIS-
HEMT. For an E-mode device, a smaller gate capacitance re-
quires a higher voltage to yield the same amount of electrons
under the gate, so the V, of Al,O3 MIS-HEMT is larger.!!®!
Figures 6(b) and 6(c) show that the drain current density of the
HfO, MIS-HEMT decreases to 610 mA/mm and 379 mA/mm
for the barrier thickness of 3-nm and O-nm barrier thickness,
respectively. The current of Al;O3; MIS-HEMT also has a sim-

ilar decreasing trend. The decrease of current is mainly due to
the concentration and mobility of the 2DEG decreasing. When
the barrier layer is thinner, the dielectric/AlGaN interface is
very close to the channel, so the scattering of interface states
will lead to the electron mobility to decrease.!'”) The Vj, of
the HfO, and Al,O3 MIS-HEMT are 2.0 V and 2.4 V, respec-
tively when the barrier thickness is 0 nm. In this case there is
no 2DEG (two-dimensional electron gas) in the channel and
the structure of the device is similar to the MOS structure. As
the gate voltage increases, the gate capacitance can attract the
electrons in GaN to connect the channel, but the concentration
and mobility of electrons are not so high as those of 2DEG.
Therefore, the characteristics of the device greatly decrease.
Figure 6(d) shows that the Vi of the Al,O3 MIS-HEMT is
larger and the transconductance of HfO, MIS-HEMT is larger
when the barrier layer thickness is the same.

The C-V characteristics are shown in Fig. 7. The onset
voltage (V) values of HfO, MIS-HEMTs are 0.2 V, 1.4 V,
1.9 V respectively corresponding to the different barrier thick-
nesses, which is in good agreement with the Vy,’s transfer char-
acteristic. Similarly, the V,, values of Al,O3 MIS-HEMTsS are
0.8 V,25YV, 3.0V, respectively. A second slop exists when
the barrier thickness is 6 nm."?’! The electrons in the chan-
nel reach the dielectric/AlGaN interface when the gate voltage
increases, so the gate capacitance increases due to the series
connection of the dielectric layer capacitance and barrier layer
capacitance to the only dielectric layer capacitance.!'>! For the
MIS-HEMT with 3-nm and O-nm barriers, the second slope
is observed in none of the C-V curves. As the barrier layer
is too thin, the electrons reach the dielectric/AlGaN interface
directly. With the gate voltage increasing, the capacitance fi-
nally approaches to the dielectric layer capacitance which is
791 nF/cm~2 and 308 nF/cm 2 for the HfO, and Al,O3 MIS-
HEMT, respectively. The dielectric constant of HfO, is 22
also much larger than 9.3 of Al,O3. There is also a good cor-
respondence between gate capacitance and dielectric constant.
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Fig. 6. Curves of transfer characteristics of recessed MIS-HEMT with (a) 6-nm-thick barrier, (b) 3-nm-thick barrier, and (c) 0-nm-thick barrier,

and (d) change trend comparison chart of Vi, and Gp,.
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Fig. 7. The C-V curves of gate-recessed MIS-HEMT.

In order to change the mobility values of the devices, the
FAT-FETs are tested by measuring /-V and C-V characteris-
tics. The gate width (Wg) is 100 um, the gate length (Lg) is
50 um, and the Vj is 0.1 V.[?!I As the device is biased in the
linear range, the channel drift mobility can be expressed by

_ Galcg

=__a 1
WeCVp 1)

According to Eq. (1), C is obtained from the C-V test results,
and Gy, from the -V test. The mobility curves are shown in
Fig. 8. The peak mobility values of MIS-HEMT with a 6-nm-
thick barrier layer are, respectively, 1134 cm?/V s of HfO, and
1129 cm?/V-s of Al,03. The mobility of MIS-HEMT with a
3-nm-thick barrier decreases to 876 cm?/V-s, and sharply de-
crease to 118 cm?/V-s when the barrier thickness is 0 nm. The

scattering of electrons increases and the electron mobility is
very low when there is a small quantity of 2DEG in the chan-
nel under the gate. The change rules of the electron mobility
of the two types of MIS-HEMTs are basically the same.
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Fig. 8. Plots of drift mobility versus gate voltage V; of electron for HfO,
and Al,O3 barriers with different thickness values.

A dual-pulse current collapse test is performed on each
of the devices, and the results are shown in Fig. 9. In the test,
the pulse width is 5 x 10~7 s, with 1-ms period and the rise
time and the decline time are both 1.5 x 10~ s. In the current
collapse test, selected are two static operating points, i.e., the
(Vas» Vas) = (0,0) state and the (V, Vgs) = (—8,10) state. Ac-
cording to the measurement, the current collapses of 6-nm bar-
rier MIS-HEMT are 7.3% and 6.7% for the HfO, and Al,O3,
respectively. Their current collapses increase to 29.7% and
20.8% when the barrier layer is 0 nm. The current collapse of
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HfO, MIS-HEMT is larger than that of Al,O3 MIS-HEMT, for
there are more interface states at the HfO,/AlGaN interface.
When the barrier thickness is 0 nm, the trap state of HfO,/GaN
interface directly affects the electrons in the channel. The pro-
cess of trap charge and discharge greatly influence the output
current, so the collapse of HfO, MIS-HEMT reaches 29.7%.
In addition, the specific on-resistance (R,,) can be obtained
through the pulse output curve at (0, 0) state. The R,, val-
ues of the HfFO, MIS-HEMT are 4.3 Q-mm, 6.5 Q-mm, and
9.2 Q-mm, respectively, which are larger than those of Al;O3
MIS-HEMT. At the maximum gate voltage, the mobility of
HfO, MIS-HEMT is lower than that of Al,O3; MIS-HEMT,
so the R,, of HfO, MIS-HEMT is larger. Figure 10 shows
the comparisons of change trend among the devices. At the
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same barrier layer thickness, the current collapses of Al,O3
MIS-HEMT are smaller mainly due to the better interface of
Al,O3/AlGaN as Al,Os3 has excellent thermal stability (amor-
phous up to at least 1000 °C) and chemical stability.®) Also
the Al element is contained in Al,O3 and there are many hang-
ing bonds on the N atoms at the HfO,/AlGaN interface, so
the interface states of AlO3/AlGaN are less than those of
HfO,/AlGaN. The interface states are in the form of trap states
and fixed charges. The interface state density can be reduced
effectively by filling the nitrogen vacancies through oxygen
atoms into the HfO, and Al,O3 layer and reducing oxygen-
related defects at the dielectric/AlGaN interface.!'>! It can be
concluded that the interface states under the gate greatly influ-
ence the current collapse.
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Fig. 9. Pulsed output current curves of devices.
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Fig. 10. Comparisons of change trend of R,, and current collapse be-
twen HfO; and Al,O3 MIS-HEMTs at maximum gate voltage.

4. Conclusions

The AlGaN/GaN MIS-HEMTs with three different etch-
ing depths by using HfO, and Al,O3 gate insulators are fabri-
cated on Si substrates. The barrier layer thickness values are
6 nm, 3 nm, and 0 nm respectively. The energy band diagrams
of two types of dielectric MIS-HEMTs are compared. The
ViR of the HfO, and Al,O3 gate are 9.4 V and 15.9 V, respec-
tively. At the same barrier thickness, the transconductance of
MIS-HEMT with HfO; is larger. The Vi, of the HfO, and
Al,O3 MIS-HEMTs are 2.0 V and 2.4 V, respectively, when
the barrier thickness is O nm. The C-V characteristics are in
good agreement with the Viy’s transfer characteristics. When
the barrier layer is thinner, the drain current density decreases
sharply. The current collapse and Ry, of Al,O3 MIS-HEMT
are smaller at the maximum gate voltage. The interface states
of Al,O3/AlGaN are less than those of HfO,/AlGaN, for the
Al>O3 has excellent thermal stability and chemical stability
and the Al,O3 and AlGaN both contain the Al element.
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