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We have proposed and fabricated AlGaN/GaN metal-oxide-
semiconductor-high-electron-mobility transistors (MOS-HEMTs)
on Si substrate employing RF-sputtered HfO2 gate insulator for a
high breakdown voltage. The HfO2 sputtering conditions such as a
sputtering power and working pressure have been optimized in
order to improve reverse blocking characteristics. We obtained the
high breakdown voltage of 1524 V, the low drain leakage current
of 67 pA/mm when Vps= 100 V and Vgs= —10 V, and on/off
current ratio of 2.37x10" at sputtering power of 50 W and working
pressure of 3 mTorr. In addition, we also discussed the mechanism
of breakdown voltage improvement and investigated HfO2/GaN
interface in the proposed devices by measuring the leakage current,
capacitance-voltage characteristics, and X-ray diffraction (XRD).

I ntroduction

AlGaN/GaN high-electron-mobility transistors (HEMTs) have received a considerable
attention for high-power applications due to their wide bandgap properties, such as high
critical electric field, low intrinsic carrier concentration, and high velocity saturation [1].
In addition, piezoelectric polarization, which are unique characteristics in AlGaN/GaN
heterostructures, offers high-mobility and high-density two dimensional electron gas so
that AlIGaN/GaN HEMTs are also suitable for high-speed and high-current applications
[2].

However, surface leakage current caused by an electron trapping from the gate into the
shallow states and gate leakage current by trap-assisted tunneling in the Schottky/GaN
interface are serious problems to obtain high breakdown voltage in the AlGaN/GaN
HEMTs [3]. Metal-oxide-semiconductor (MOS) structure is suitable for blocking of gate
leakage current and suppression of surface leakage current. Recently, various gate
insulator materials such as SiNx [4], SiO2 [5], and Al2O3 [6] in the AlGaN/GaN MOS-
HEMTs have been reported. We have already reported the high breakdown voltage and
the low leakage current by using RF-sputtered HfO. gate insulator in the AlGaN/GaN
MOS-HEMTs [7]. RF-sputtered HfO: has various advantages such as high-k
characteristics, low cost, high throughput, and low process temperature.

In this paper, we optimized the HfO: sputtering conditions in the AIGaN/GaN MOS-
HEMTs. The sputtering conditions such as temperature, power, and working pressure
have strong dependency on crystallization and blocking characteristics of HfO: gate
insulator. We sputtered HfO2 gate insulator on the AlGaN/GaN heterostructure at the
various conditions considering crystallization, sputtering damage to GaN surface, and
suppression of surface leakage current.
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Device Structure and Fabrication

The AlGaN/GaN heterostructure was grown on a Si (111) substrate by metal-organic
chemical vapor deposition. The structure includes the following specific layers: a 3.9 pm-
thick C-doped GaN buffer layer, a 100 nm-thick i-GaN layer, a 20 nm-thick i-
Alo23Gao.77N barrier layer, and a 3 nm-thick i-GaN cap layer.

A cross-sectional view of the AlGaN/GaN MOS-HEMTs with HfO. gate insulator is
shown in Fig. 1. Mesa isolation was carried out to define active regions using Cl2-based
inductively coupled plasma-reactive ion etcher. Ohmic metals of Ti/Al/Ni/Au
(20/80/20/100 nm) for the source and the drain formed by e-gun evaporator and lift-off.
We annealed the ohmic metals at 880 °C for 40 s. Prior to HfO2 sputtering, we dipped the
devices into 30:1 buffered oxide etchant for 30 s in order to remove a native oxide. 15
nm-thick HfO2 was deposited by RF-sputtering on the GaN cap layer at the sputtering
powers from 50 to 300 W. This was done at room temperature under an Ar flow of 15
sccm. We used working process pressures of 3 and 10 mTorr. The 15 nm-thick HfO2 was
confirmed by scanning electron microscope image as shown in Fig. 2. The HfO: gate
insulator using RF-sputter showed a linear sputtering-rate against sputtering power and
working pressure so that we did sputtering 15 nm-thick HfO2 gate insulator at the various
sputtering powers and working pressure by adjusting the sputtering time. Finally, the
Schottky contact, Ni/Au (30/150 nm), was formed on the HfO: layer. The gate length,
gate-source distance, gate-drain distance, and gate width were 3, 3, 20, and 50 pm,
respectively. The conventional AlGaN/GaN HEMT without any gate insulator was also
fabricated for comparison purpose.
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Fig. 1: Cross-sectional view of the AIGaN/GaN MOS-HEMT employing HfO: gate
insulator
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Fig. 2: SEM image of HfO2/AlGaN/GaN heterostructure
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Experimental Resultsand Discussion

Figure 3 shows the drain leakage currents of the AIGaN/GaN HEMT and MOS-
HEMTs with HfO: gate insulator sputtered at 50, 150, and 300 W with the fixed working
pressure of 3 mTorr. These were measured at Vgs of —10 V. The drain current of the
conventional HEMT at Vps of 100 V is 192 pA/mm while that of MOS-HEMT with
HfO: sputtered at 50 W is 67 pA/mm. This suppression of drain leakage current results
from the effective blocking characteristics of HfO2 gate insulator and passivating GaN
surface. However, the drain leakage current increases when HfO: is sputtered at a high
power due to sputtering damage to GaN surface [8]. The AlGaN/GaN MOS-HEMTs with
HfO: gate insulator sputtered at 150 and 300 W show 18 and 991 nA/mm, respectively.

Figure 4 shows the drain leakage currents of the AlGaN/GaN HEMT and MOS-
HEMTs with HfO2 sputtered at 3 and 10 mTorr with the fixed sputtering power of 50 W.
The device with HfO2 sputtered at 10 mTorr shows the drain leakage current of 2.99
nA/mm. It means that working pressures during HfO: sputtering influences on the
blocking characteristics of HfO2 in the AIGaN/GaN MOS-HEMTs.
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Fig. 3: Drain leakage current of the AlGaN/GaN HEMT and MOS-HEMTs with HfO2
sputtered at various powers
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Fig. 4: Drain leakage current of the AlGaN/GaN HEMT and MOS-HEMTs with HfO>
sputtered at 3 and 10 mTorr
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Figure 5 shows the breakdown characteristics of the AlGaN/GaN HEMT and the
MOS-HEMTs with HfO2 gate insulator sputtered at 3 and 10 mTorr with the fixed
sputtering power of 50 W. The breakdown voltage was determined at the gate-source
voltage of —10 V and the drain leakage current of 1 mA/mm. We obtained the high
breakdown voltage of 1524 for the AlIGaN/GaN MOS-HEMT with HfO: gate insulator
sputtered at 3 mTorr while those of the conventional HEMT and MOS-HEMT at 10
mTorr are 470 and 1220 V, respectively. The breakdown voltage of the AlGaN/GaN
HEMTs is determined by electron runaway on the surface [9]. The injected electrons into
the surface states cause the surface leakage current. Sputtered HfO: at 3 mTorr is
effective to obtain the low leakage current and the high breakdown voltage compared to
10 mTorr.
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Fig. 5: Breakdown characteristics
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We measured the XRD of the sputtered HfO2 as shown in Fig. 6. HfO2 was sputtered at
3 and 10 mTorr on p-type Si substrate. The HfO2 at 3 mTorr shows weak peaks of the (2
0 0) and (2 2 0) tetragonal phases at around 35° [10]. This indicates that the low-process
pressure during the HfO:2 sputtering leads to the crystallization of HfO2. The weakly
crystallized HfO: at 3 mTorr shows improved dielectric blocking characteristics as shown
in Fig. 4 so that HfO2 gate insulator sputtered at a low working pressure is suitable to
AlGaN/GaN MOS-HEMTs compared to a high condition.
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Fig. 6: XRD spectra of the HfO:z sputtered at 3 and 10 mTorr
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Figure 7 shows capacitance-voltage characteristics of the AlGaN/GaN MOS-HEMTs
with HfO: gate insulator sputtered at 3 mTorr and 50 W. We varied maximum gate-
source bias with fixed frequency of 1 MHz to investigate response of electrons to
HfO2/GaN interface states. The curve with sweeping ragnge from —10 to —0.5 V has a
small hysteresis of 100 mV near threshold voltage. However, the curve with sweeping
range from —10 to 5 V has a large hysteresis of 1.1 V correspoing which results from
acceptor-like traps at the HfO2/GaN interface [11]. The electrons are accumulated at
AlGaN barrier layer and capacitance increases with steep slope when gate bias is higher
than 2.5 V.

Figure. 8 shows the capacitance-voltage characteristics with measuring frequency of 1,
10, 100 kHz, and 1 MHz. At all frequency conditions, nearly indentical hystesis at the
negative gate bias is observed. However, the lower frequency causes the high-capacitance
value and the large hysteresis at the positive gate bias. This high-capacitance values are
originated from the electron capturing at the oxide/GaN interface [12]. Our results
indicate that the electron capturing at HfO2/GaN interface states is a slow process which
responds to the lower frequency than 1 MHz. The most electrons which are captured
interface states are emitted at the reverse sweep so that AlGaN/GaN MOS-HEMT with
RF-sputtered HfO2 has stable Vi characteristics at the various operating frequency.
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Fig. 7: Capacitance-voltage characteristics of the AIGaN/GaN MOS-HEMTs
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Conclusion

We optimized the HfO: sputtering conditions for high-performance AlGaN/GaN
MOS-HEMTs. We onbtained the high breakdown voltage of 1524 V at working pressure
of 3 mTorr and sputtering power of 50 W. A low sputtering power improved the reverse
blocking characteristics of the AlGaN/GaN MOS-HEMTs due to suppression of
sputtering damage to GaN surface. Also, weak crystallization was obersed at the low
working pressure. This crystallizatino may contributed to the improved dielectric leakage
blocking characteristics, drain leakage current, and breakdown voltage. Finally, we
evaluated the interface characteristics of the AlGaN/GaN MOS-HEMT with HfO:
sputtered at the optimum condition. RF-sputtered HfO2 gate insulator may be promising
in the high-voltage AlGaN/GaN MOS-HEMTs
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