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The impact of supercritical CO2/H;O technology on the threshold-voltage instability of AlIGaN/GaN metal-insulator
semiconductor high-electron-mobility transistors (MIS-HEMTs) is investigated. The MIS-HEMTSs were placed in a super-
critical fluid system chamber at 150 °C for 3 h. The chamber was injected with CO, and H,O at pressure of 3000 psi
(1 psi~ 6.895 kPa). Supercritical H,O fluid has the characteristics of liquid H,O and gaseous H,O at the same time, that
is, high penetration and high solubility. In addition, OH™ produced by ionization of H,O can fill the nitrogen vacancy near
the Si3N4/GaN/AlGaN interface caused by high temperature process. After supercritical CO2/H;O treatment, the thresh-
old voltage shift is reduced from 1 V to 0.3 V. The result shows that the threshold voltage shift of MIS-HEMTs could be

suppressed by supercritical CO,/H,O treatment.

Keywords: MIS-HEMTs, threshold-voltage instability, gate stress, temperature influence

PACS: 71.55.Eq, 73.20.—, 73.50.-h

1. Introduction

GaN and its related material high-electron-mobility tran-
sistors (HEMTSs) are being intensively studied in power elec-
tronics and radio-frequency applications, owing to their at-
tractive superiorities of high breakdown electric field and
high saturation electron velocity.!'=3 The high-mobility two-
dimensional electron gas (2DEG) generated at the Al-
GaN/GaN interface enables us to realize power switching tran-
sistors having an extremely low on-state resistance, which
are applicable to next-generation power conversion systems.
Low density electronic states at the AlGaN/GaN interface are
necessary because the interface states may cause various op-
erational stability and reliability issues in AIGaN/GaN MIS-
HEMTs, such as threshold-voltage instability and current col-
lapse phenomena.[*! To address these issues, it is essential to
investigate not only the densities of the electronic states at the
AlGaN/GaN interface but also various process conditions to
control them.

Supercritical technology can effectively bring elements
into materials through supercritical CO, fluid, to reduce the
trap density and to improve the reliability of devices. Elec-
trical and physical properties of various dielectric layers im-
proved by the low temperature supercritical fluid process have
been investigated and demonstrated. > Material defects of di-
electric can be passivated by supercritical fluid process be-
cause of their efficient penetration and damage-free diffusion
ability in the microstructures of dielectric layers.[®! Supercrit-
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ical technology has been applied in the fields of memories and
light emitting diodes.>”! However, there is no research on ef-
fectiveness of GaN power devices, to our best knowledge.

In this work, supercritical CO,/H,0O technology is pro-
posed to improve the threshold-voltage instability of MIS-
HEMTs. After supercritical CO»/H,O treatment, improved
threshold-voltage instability under gate bias stress and temper-
ature stress is observed. In addition, the AIGaN/GaN heteroin-
terface shows lower trap density (D;) gate leakage current and
interface traps are reduced.

2. Fabrication

We describe here in detail the method of fabrication, as
well as measurements and characterization of the AlIGaN/GaN
MIS-HEMTs realized via supercritical CO,/H,O technology.

An AlGaN/GaN heterostructure was grown by the metal
organic chemical vapor deposition (MOCVD) on a 150 mm
Si (111) substrate, which consists of a 4-pm C-doped GaN
buffer layer, a 300-nm unintentionally doped GaN channel
layer, a 25-nm Alg5Gag 75N barrier layer, and a 3-nm GaN
cap layer for improving surface morphology. On-wafer Hall
measurement yields a sheet resistance of 363 Q/square, a
2DEG density of 1.1 x 10'3 cm™2, and an electron mobility
of 1547 cm?/V-s. The reported devices were fabricated in a
6-inch silicon foundry.

The process started with the mesa etching, followed by
the standard cleaning and deposition of a 30-nm thick SizNy4
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layer on the heterostructure using low pressure chemical va-
por deposition (LPCVD). Standard cleaning was carried out
using SC1(H,0 +H,0;, + NH4OH) for 10 min, then deion-
ized water for 10 min, SC2(H,O + H,O, + HCI) for another
10 min, and finally deionized water for 10 min. The SizNy
layer acted simultaneously as the early surface passivation
layer!! and the gate insulator. Then, a 500-nm SiO, passi-
vation layer was deposited by plasma enhanced chemical va-
por deposition (PECVD). Ti/Al/Ti/TiN based ohmic contact
was formed after recessing the SiO; passivation layer and the
SizNy layer. Then, the gate was defined by a combination of
SFg low power inductively coupled plasma (ICP) etching and
buffer oxide etching (BOE). The SiO, was first etched down
to a thickness of 50 nm by SFg plasma, and then fully re-
moved by BOE solution. The remaining thickness of SiO;
after ICP etching was controlled to be within a deviation of
+10%. The BOE would automatically stop at the surface of
LPCVD-grown SizNy4 due to the extremely high etching se-
lectivity of BOE between PECVD-grown SiO; and LPCVD-
grown Si3Ny. Finally, the TiN/Ti/Al gate metal was deposited
by physical vapor deposition (PVD) and patterned by dry etch-
ing.

@ | o)

Fig. 1.
HEMTs. (a) Overlook schematic of AlGaN/GaN MIS-HEMTs. (b)

Schematic overview of the SizN4/GaN/AlGaN/GaN MIS-

Cross-section schematic of AlGaN/GaN MIS-HEMTs. (c) Cross-
sectional TEM image of the fabricated MIS-HEMTs.®! (d) Enlarged
image of the gate edge.!®!

The source and drain contact areas were recess etched
by Cl,/BCls, SFg, and Cl,/BCl3; plasma chronologically, fol-
lowed by HCl clean treatment and metallization using a gold-
free metal scheme. The sources, drains and gates metals were
patterned by Clo/BCls plasma etching with the one mask.
Ohmic contacts were formed by rapid thermal annealing at
850 °C for 45 s in a nitrogen atmosphere. Finally, the devices
were passivated by PECVD-grown 585 nm SiO,/Si3N4/SiO,

stacks!®! and connected to the pad metal though vias etched
by CHF3-based plasma. Then, the MIS-HEMTSs were put into
the chamber of the supercritical fluid system at 150 °C for 3 h,
the chamber was injected with CO, and H,O at pressure of
3000 psi.

Figures 1(a) and 1(b) show the cross-section schematic of
Si3N4/GaN/AlGaN/GaN MIS-HEMTSs in this work. The de-
vices under test features a dimension of Lg/Lgs/Lop/W =
1.5/5/10/13050 pum. Figures 1(c) and 1(d) show the cross-
sectional TEM image of the gate structure and the enlarged
image of the gate edge.!® Figure 2 shows that the threshold
voltage (Vy,) of the fresh device is about —8 V and the output
saturation current is 430 mA/mm at a gate bias of 0 V.
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Fig. 2. (a) DC transfer characteristics and (b) output characteristics of
the AlGaN/GaN MIS-HEMTs.

3. Results and discussion
3.1. Transport measurements

All our electrical transport measurements were carried
out in an Agilent B1500 semiconductor parameter analyzer
and an automated Keithley SCS 4200 system.

Due to the high growth temperature in LPCVD, the very
surface of the GaN cap layer and the interface (N vacancy) of
Si3N4/GaN/AlGaN may be relatively defective, which could
lead to the trap-induced Vi, hysteresis phenomena in MIS-
HEMTs. 10111 Conventional static Ip—Vg transfer characteris-
tics were measured at Vp = 0.5 V as shown in Fig. 3. All
the curves were swept in double mode, with Vg starting from
—10 V to —2 V, and then reversed. For the MIS-HEMTs
before treatment, significant threshold voltage hysteresis was
observed during the forward sweep, suggesting severe trap-
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induced drift phenomena. In contrast, the double-mode trans-
fer curves for the MIS-HEMTS after treatment exhibited lit-
tle threshold voltage hysteresis, indicating the suppression of
trap-induced drift phenomena. Furthermore, the on-current
of the MIS-HEMTs after treatment is higher than that be-
fore treatment, indicating the decrease of positive charge at
Si3N4/GaN/AlGaN caused by nitrogen vacancy. Physically,
because of positive charges present at gate oxide bulk and in-
terface, the magnitude of electric field in the quantum-well in-
creases with decrease in positive charges,!'>!3 which leads to
the increase of the on current.
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Fig. 3. DC transfer characteristics of the MIS-HEMTsS before (a) and
after (b) supercritical CO,/H;,O treatment.

3.2. Threshold voltage stability

It has been reported that state of the art MIS-HMETS still
suffers from threshold voltage hysteresis effects induced by
forward and reverse gate biases, or temperature increase!!4-17]
influencing the stability and reliability of these devices in op-
To access threshold voltage stability in the MIS-
HEMTs, both the gate stress and the thermal stimulation are
applied to the devices, and the change in threshold voltage was
monitored.
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Fig. 4. Stress sequence of AlIGaN/GaN MIS-HEMTs before (a) and
after (b) supercritical CO,/H;O treatment.

For the gate stress measurement, the stress is applied only
to the gate terminal at room temperature with Vp = 0.5 V.

A stress of Vg = —4, —2, 0, 2 and 4 V was used to eval-
uate the bias induced threshold voltage instability. The to-
tal stress time was fixed at 1000 s. V4, hysteresis was moni-
tored by fast Ip—Vs measurement after certain stress time in-
tervals. Vy, is determined at an Ip of 1 pA/mm. A clear de-
pendence on the gate bias is observed in Fig. 4. For the Al-
GaN/GaN MIS-HEMTs before supercritical CO»/H;0 treat-
ment, threshold voltage hysteresis was measured under dif-
ferent stress voltages from 1.35 V to 3.31 V. In contrast, for
AlGaN/GaN MIS-HEMTs after treatment, threshold voltage
hysteresis was measured from 0.55 V to 0.75 V. The result in-
dicates that the trapping of interface states is improved after
supercritical CO,/H,O treatment.

The temperature dependent Vi, hysteresis is evaluated by
submitting the MIS-HEMTs to thermal stimulation from room
310 K to 390 K with a 10 K step at Vp = 5 V. Figure 5 shows
the transfer characteristics at various temperatures. Before
treatment, when the temperature rises from 310 K to 390 K,
the threshold voltage hysteresis by 0.22 V. After treatment,
when the temperature rises from 310 K to 390 K, the threshold
voltage hysteresis by 0.1 V. Compared with that before treat-
ment, the threshold voltage decreases by 0.12 V, which indi-
cates that the threshold voltage is less affected by temperature
and the interface defects are induced.

) 102F (a) before treatment 102f (b) after treatment
£ F r
< 100k cpffrent limit 100K current limit
g 3 3
g -2f -2
E 10 l'r 77777 @1 pA/mm 10 I'r o Y“l@l pA/mm
Z 1074k 10~4F
9 1 . 2 temperature:
ge) E temperature:
= 1076F 310-390 K | 107°F 310-300 K
5 1 step: 10 K E b:
E 1078F 10-8F
(9] 3
= 1010 ; 10— 10f
5 i 4 1 1 1 1 1
—12E 0wy —12
Q0TI T =8 —6 a0V TsT —6 -
Gate voltage/V Gate voltage/V
Fig. 5. Temperature-dependent transfer characteristics of the Al-

GaN/GaN MIS-HEMTs before (a) and after (b) supercritical CO2/H,O
treatment.

3.3. AlGaN/GaN interface trap characterization

Double-mode gate capacitance—voltage (C-V) measure-
ments from —10 V to —4 V was also conducted on the devices
with shorted source and drain at a frequency of 10 kHz. As
shown in Fig. 6, before treatment, hysteresis of MIS-HEMTs
is about 1 V. After treatment, hysteresis of MIS-HEMTs is
about 0.3 V, which is reduced by 0.7 V. Furthermore, a steeper
C-V curve for the MIS-HEMTs after treatment can be ob-
served, indicating that the gate dielectric/barrier layer interface
has low interface trap density. %]
The Gp can be expressed as

@ _ qDi

. \2
o = 2pe M+ (@), (M
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where o is the radial frequency and 7y is the trap time constant

given by the Shockley—Read—Hall statistics. ']
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Fig. 6. Capacitance measurements for the AlIGaN/GaN MIS-HEMTs
before (a) and after (b) supercritical CO,/H;O treatment.

Figure 7 shows the behavior of Gp/® versus @ measured
at selected gate biases for the MIS-HEMTs before and after su-
percritical CO,/H;O treatment biased at selected gate voltage.
Interface trap density was extracted by fitting the experimental
data.
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Fig. 7. Frequency-dependent conductance as a function of radial
frequency for the MIS-HEMTs before (a) and after (b) supercritical
CO,/H, 0 treatment biased at selected gate voltage.
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Fig. 8. AlGaN/GaN interface trap density extracted through frequency-
dependent conductance for the MIS-HEMTS before and after supercrit-
ical CO,/H,0 treatment.

Trap density extracted through frequency-dependent con-
ductance as a function of radio frequency for the MIS-
HEMTs before and after supercritical CO,/H,O treatment

For the AlGaN/GaN MIS-HEMTs
before supercritical CO,/H,O treatment, the trap density
at the AlGaN/GaN heterointerface ranges from 3x103 to
1.7x10" cm™2-eV~!. For the AlGaN/GaN MIS-HEMTs
after supercritical CO,/H,O treatment, the trap density at
the AlGaN/GaN heterointerface ranges from 4x10'3 to
6x10'3 cm~2-eV~!. In addition, trap density was induced by

are plotted in Fig. 8.

twice after supercritical CO,/H,O treatment.

3.4. SizN4/GaN/AlGaN interface trap characterization

Figure 9 shows Ga 3d (left) and Si 2p (right) core-
level spectra at the Si3N4/GaN cap interface in the §8-nm
Si3zN4/GaN/AlGaN sample. After supercritical CO,/H,0
treatment, the proportion of Ga—O bonds increases from
0.03% to 16.32%. The proportion of Si—-N bonds decreases
from 99.83% to 83.64%. At the same time, the proportion of
Ga dangling bonds decreases from 0.14% to 0.04%. The pro-
portion of Si dangling bonds decreases from 3.41% to 1.33%.
The change of the proportion of chemical bonds indicates that
part of the N vacancies is filled after supercritical CO,/H,O

(a)

treatment.
Ga—N Ga-0O Si—N Si—-O
Ga 3d N\ iSi2p
Ga—N: 99.83% before treat . P\ 1 Si-N: 91.42%
erore treatmen f LSO,

Ga—0: 0.03% B T
v |1 Si—: 3.41%

Ga—: 0.14% v\
'

Intensity

Ga—N: 83.64%

Si—N: 77.33%
Ga—0: 16.32%) 0. 2407
after treatment Si—0: 23.34%

Ga—: 0.04% Si—: 1.33%

(b)
16 18 20 22 24 98 102 106
Binding energy/eV

Fig. 9. Ga 3d (left) and Si 2p (right) core-level spectra at the Si3N4/GaN
cap interface in the 8-nm-SizN4/GaN/AlGaN/GaN samples (a) before
supercritical CO,/H,O treatment and (b) after supercritical CO, treat-
ment. Each measured spectrum (symbol) is resolved into two Gaussian
functions that correspond to M in M-(solid magenta line) and M-(solid
blue line) bonds. M represents Ga (left) or Si (right). The solid blue
magenta line is a superposition of the two fitting functions.

3.5. Supercritical CO; technology mode

Figure 10 shows the supercritical CO>/H,0O technology
model of AlIGaN/GaN MIS-HEMTs. The MIS-HEMTs were
put into the chamber of the supercritical fluid system at 150 °C
for 3 h, the chamber was injected with CO; at the pressure of
3000 psi. CO, is a double bond structure with large activation
energy and stable chemical properties. It does not participate
in the reaction during supercritical CO,/H,O treatment. Dur-
ing the process of supercritical CO, treatment, H>O in super-
critical system also reaches the supercritical state. Supercriti-
cal H>O fluid has the characteristics of liquid H,O and gaseous
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H,O at the same time, that is, high penetration and high oxi-
dation, which penetrate into the MIS-HEMTs.

H,O=O0H +H". (2)

Lattice mismatching caused the defects of the
Si3N4/GaN/AlGaN/GaN, leading to the trap-induced drift

® Ga molecule #® Al molecule

H,O part
CO, part

before treatment

# Simolecule

during treatment

phenomena of AlGaN/GaN MIS-HEMTs. Owing to the in-
crease of OH bonds, the hydrogen ions generated by broken
OH bonds were attracted to gate area when supplied a neg-
ative bias, filling in the nitrogen vacancy. With supercritical
CO,/H,0 technology, the defects are fixed by restoring dan-
gling bonds.

® Nitrogen
molecule

® OH/H" ions

.
e WA, WL
TV S :

N .

after treatment

Fig. 10. The supercritical CO,/H,O technology model of AlGaN/GaN MIS-HEMTs.

4. Conclusion

In summary, high performance AlGaN/GaN MIS-
HEMTs realized via supercritical CO,/H,O treatment has
been designed, fabricated, and measured. By comparing
the devices before and after supercritical CO,/H,O treat-
ment, we find that supercritical CO,/H,O treatment can
effectively improve the quality of SizN4/GaN/AlGaN/GaN
interface and suppress the hysteresis of threshold volt-
age. After supercritical CO>/H;0O treatment, the optimized
Si3N4/GaN/AlGaN/GaN MIS-HEMTs demonstrate a 0.7 V
threshold voltage hysteresis decrease, and a lower interface
trap density decrease of almost 2 times. The results presented
in this study indicate that the supercritical CO,/H,0O technol-
ogy is effective in reducing the interface states and improving

the electrical properties of the AlGaN/GaN MIS-HEMTs.
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