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This research proposes an economical and effective method of 1-octadecanethiol (ODT) treatment on GaN surfaces prior to Al,O3 gate dielectric
deposition. GaN-based metal-insulator-semiconductor (MIS) devices treated by HCI, O, plasma and ODT are demonstrated. ODT treatment was
found to be capable of suppressing native oxide and also of passivating the GaN surface effectively; hence the interface quality of the device
considerably improved. The interface trap density of Al,Oz/GaN was calculated to be around 3.0 x 10'2cm 2eV ' for devices with ODT
treatment, which is a relatively low value for GaN-based MIS devices with Al,O3 as the gate dielectric. Moreover, there was an improvement in the
gate control characteristics of MIS-HEMTs fabricated with ODT treatment. © 2020 The Japan Society of Applied Physics

1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs)
have superior properties for power electronics applications,
such as high saturation velocity, high electron mobility, and
good thermal conductivity and stability. However, AlGaN/
GaN HEMTs suffer from large gate leakage currents due to a
Schottky-gate contact.” By replacing the Schottky-gate
contact with a metal-insulator-semiconductor (MIS) struc-
ture, gate leakage currents can be suppressed significantly.
High-k dielectrics, such as AlL,05,? HfO,> CeO,” and
ZrOz,S) have been considered for MIS gate structures. The
gate dielectric material should exhibit wide-band offsets to
GaN in order to form a barrier for both electrons and holes.
Al,O3 with large conduction and valence band offsets (2.1 eV
and 3.4 eV respectively) to GaN® and a high relative
permittivity (~9)” was chosen in this study. However, a
high interface trap density of ~1 x 10"*cm 2eV ™" at the
AlLO+/GaN interface has been reported.® This poor interface
quality has been associated with native gallium oxide and
dangling bonds on the GaN surface,” resulting in large
leakage currents and threshold voltage instability.

In order to reduce the interface-state density, treatments
have been suggested as critical procedures to remove native
oxide on GaN or to passivate the GaN surface prior to
dielectric deposition. Surface cleaning with HC1'” or HF'" is
commonly used to eliminate native oxide, but the exposed
GaN surface suffers from re-oxidation before dielectric
deposition. Sulfide-based passivation schemes, such as aqu-
eous (NH,4),S solution, are capable of protecting the GaN
surface from immediate re-oxidation by forming Ga-S
bonds.'” However, metal contamination of the (NH4),S
solution and the limited stability of (NH4),S passivation
during the fabrication processes'® are two limitations which
might be detrimental to device performance. In contrast, a
recent study'® reported that surface preparation using a
sacrificial 1-octadecanethiol (ODT) self-assembled mono-
layer (SAM) can protect insulator/GaAs interfaces from
interfacial oxides. Surface passivation by ODT SAMs can
improve sulfide passivation stability in an air ambient
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environment.!” In addition, studies have reported that
oxidation of the GaN surface is able to fill up the Ga
dangling bonds, and form high-quality gallium oxides on the
GaN surface.'® Among these oxidation methods, the oxygen
plasma technique has been found to be an effective approach
to passivate dangling bonds and remove possible carbon
contamination on the GaN surface.!” Therefore, both re-
moval of native oxide on the GaN surface and passivation of
the GaN surface by Ga—S and Ga—O bonds are regarded as
effective methods to reduce interface states.

In this paper, a low-cost method of ODT treatment is
proposed to improve the Al,O3/GaN interface quality. The
electrical characteristics of MIS devices, with Al,O5 as the
gate dielectric deposited by atomic layer deposition (ALD),
will be studied. Comparisons will be made between samples
without any treatment and with HCI, oxygen plasma and
ODT treatments prior to gate dielectric deposition.

2. Experimental methods

The investigated GaN-based material stack consisted of a
1 nm undoped GaN cap layer, a 22-nm-thick Alg,5Gag 75N
barrier layer, a 0.33 um GaN channel layer, and a 5.4 yum
highly resistive GaN buffer on a Si substrate. Firstly, Au-free
source and drain electrodes were formed by e-beam evapora-
tion of Ti/Al/Ti/TiN (25/125/45/55 nm) patterned by photo-
lithography and a lift-off technology, and annealed at 840 °C
in ambient N, for 40 s by rapid thermal annealing. After the
formation of ohmic contact, a mesa isolation region was
formed by BCl3/Cl, gas reactive-ion etching. After organic
cleaning processes, sample A was set aside without any
treatment. Samples B, C and D were treated in 2M HCI
solution at RT for 5 min to remove native oxide. In addition,
sample C was subjected to O, plasma in a reactive-ion
plasma system with a low RF power of 50 W and an O, flow
of 50 sccm for 3 min. Sample D was immersed in S mM ODT
in ethanol at RT for 24 h to passivate the GaN surface. Note
that the GaN surface was hydrophilic after HCI cleaning but
became hydrophobic during the ODT treatment due to the
alkyl termination of the ODT molecule. In order to ensure the
GaN surface was passivated by the ODT monolayers in

© 2020 The Japan Society of Applied Physics
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saturation,M) a 24 h immersion time was used in this study.
After ODT exposure, sample D was immersed in ethanol and
ultrasonically cleaned for 10min followed by N, drying.
Furthermore, before ALD, sample D was exposed to 30
cycles of H,O pulses with the same pulse/purge duration as
used in the ALD process at 260 °C in the ALD reactor, to
in situ cleave S—C bonds of the ODT SAM. Al,O; films with
nominal thicknesses of 20 nm were grown by ALD with
trimethyl aluminum as the precursor and H,O as the oxidant
source. The 180 ALD cycles were run at 260 °C at a chamber
pressure of ~50 Pa. High-purity N, (20 sccm) was used as
the precursor carrier and purge gas. The thickness of Al,O3
was determined by spectroscopic ellipsometry and found to
be close to the nominal value of 20+0.1 nm. After local
Al,O; removal with 1% HF, another photolithography
process was used to define the Ni/TiN (50/100 nm) gate
electrodes. The GaN surface chemical property was investi-
gated by X-ray photoemission spectroscopy (XPS), and the
electrical properties of the MIS devices were measured by
using an Agilent BIS00A semiconductor analyzer.

3. Results and discussion

XPS analysis was conducted to investigate chemical compo-
sition variation on the GaN surface induced by the different
treatments. XPS measurements were implemented in an
AMICUS system consisting of a Mg/Al Ka X-ray source
and an electron energy analyzer, and the detection depth was
expected to be within 5nm. Moreover, the interval time
before the XPS measurement was approximately 8h.
Figure 1 shows the deconvoluted core-level (CL) spectra of
Ga 3d for the four samples: no treatment, HCl, O, plasma and
ODT. The C 1s peak of adventitious carbon (284.8 eV) was
used for calibration. The XPS data were analyzed after
Shirley background subtraction and a Savitzky—Golay
smoothing process. The peaks were fitted by using a
Gaussian-Lorentzian mixed function. Based on the XPS
analysis in Ref. 12, the Ga 3d spectrum can be decomposed

as a main component at 19.7 eV related to the Ga—N bonds in
the substrate and an additional peak at a higher binding
energy (BE; 20.4 eV) associated with the Ga—O bonds.

The Ga 3d spectrum of the non-treated sample in Fig. 1(a)
exhibits a high Ga-O sub-peak and this indicates the
existence of amorphous native oxide at the Al,03;/GaN
interface. HCI1 solution is reported to effectively remove
native oxide on GaN surfaces;lg) however, the Ga—N and
Ga—-O bonds’ intensities are very similar in Figs. 1(a) and
1(b). The possible reason is that the HCI-treated GaN surface
sample was exposed to air before the ALD process, and re-
oxidation occurred during this interval. The Ga 3d centroid
peak of the O, plasma treated sample shown in Fig. 1(c) was
shifted to a higher BE for approximately 0.2eV when
compared to the non-treated sample. In this case, a broader
centroid peak was visible with a larger fitted Ga—O sub-peak.
This is mainly due to the GaN cap layer being oxidized and
GaO, forming on the surface.'® Moreover, the ~0.6 nm GaN
cap layer was predicted to be oxidized after the O, plasma
treatment, which was verified by measuring the etching depth
on the AIGaN/GaN heterostructure with a multi-cycle digital
etching process (O, plasma followed by 2M HCIl immer-
sion). Hence, it can be deduced that the O, plasma treatment
effectively filled the N vacancies with O atoms, where carrier
trapping could be induced. In addition, we noticed a
phenomenon where the O, plasma treatment removed carbon
contamination on the GaN, which corresponded to a lower C/
N ratio of 1.1, when compared with the value of 1.6 for the
ODT-treated sample. Moreover, the S/N ratio for the non-
treated sample, the O, plasma treated sample and the ODT-
treated sample was 0.7, 0.7 and 1.3, respectively.

The Ga 3d spectrum of the ODT-treated sample in
Fig. 1(d) shows a slightly higher BE of the centroid peak
compared to that of the non-treated sample. The fitted Ga—O
sub-peak component appears to be reduced indicating the
amount of oxide on the GaN surface decreased. There was an
extra deconvoluted sub-peak in the Ga 3d CL spectrum at a
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Fig. 1.
ODT treatment for 24 h.
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(Color online) The XPS spectra of the Ga 3d CL for the samples: (a) A - without treatment; (b) B - with HCI; (c) C - with O, plasma; (d) D - with
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(Color online) Schematic of the ODT treatment procedure: (a) the non-treated GaN cap; (b) the HCI treatment removal of the native oxide; (c) the

formation of a dense ODT SAM on the HCl-cleaned GaN surface; (d) the in vacuo thermal vapor removal of the C chain, leaving S atoms behind.

BE of 20.6eV, which corresponds to bond formation
between Ga and S atoms.'” This suggests that ODT
treatment can suppress the oxidation of the GaN surface by
forming Ga-S bonds before subsequent Al,O3 deposition.
Furthermore, the Ga—S bonds remained at the surface after
exposure to thermal H,O vapor pulses during ALD. This
indicates that the Ga—S bonds were thermally stable at least
up to 260°C, in agreement with previous studies,'” sug-
gesting that Ga—S bonds remain stable up to 400 °C. Hence, it
can be deduced from the XPS study that an ODT self-
assembled monolayer is capable of providing good passiva-
tion of the GaN surface even during a high-temperature
fabrication process, and this feature could allow integration
of ODT treatment into the MOSFET process flow.

Figure 2 shows a schematic of the chemical composition
on the GaN surface during the ODT treatment. Firstly, wet
chemical etching in 2M HCI was used to remove native
oxide on the GaN wafer [Fig. 2(b)]. Secondly, by immersing
the wafer in ODT solution at RT for 24 h, the GaN surface
was left with the ODT SAM [Fig. 2(c)]. The presence of
chemisorbed Ga—S bonds on the GaN surface depicted in the
schematic in Fig. 2(c) can be proven by the XPS results and
the clear signature of a Ga—S sub-peak shown in Fig. 1(d).
Thirdly, the exposure of the surface to H,O vapor at 260 °C
in the ALD reactor led to the removal of the alkane chain of
the ODT SAM. This alkane chain reduction may be attributed
to the thermal cleavage of S—C bonds.'® Finally, the Ga—S
bonds on the GaN surface acted as a barrier to suppress Ga—O
bond formation during the subsequent Al,O; deposition
[Fig. 2(d)], which could result in a high-quality interface
between the ALD-Al,O3 and the GaN cap.

The multi-frequency C-V characteristics of the MIS
capacitors at RT (~25°C) are shown in Fig. 3. The
measurement gate voltage (Vg) was swept from —14 V to
5V with a step of 20 mV, and the frequency was varied from
2MHz down to 1kHz. The C-V curves feature two rising
edges. The first rising edge at negative Vs corresponds to the
formation of a two-dimensional electron gas (2DEG)
channel, and the second rising edge at positive Vg refers to
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the spill-over of the 2DEG at the Al,O;/GaN interface.””
Frequency dispersion at the second rising edge was observed
in all samples and a larger frequency dispersion indicated a
higher Al,03/GaN interface trap density.”" Furthermore,
when applying a higher positive gate bias, electrons started
to distribute in the barrier AlGaN layer, leading to the
increase of capacitance to the Al,O5 capacitance. Note that
the capacitance of the O, plasma treated sample C was
slightly lower than that of the other three samples. This is
likely due to a thin oxidized GaO, interlayer forming between
Al,O3 and the GaN cap after the O, plasma treatment,
leading to an increase of the equivalent thickness of the gate
dielectric. Obvious horizontal frequency dispersion was
detected in the second rising edge for samples A, B and C.
In contrast, by using ODT GaN surface treatment (sample D),
a rising edge with a smaller frequency dispersion was
observed.

The Al,O5/GaN interface trap density can be calculated by
the second slope onset voltage (Von) in the C-V curves.”?
Note that, when Vg is lower than Vg, interface traps at the
Fermi level are empty because they are too deep to respond to
the ac signal. When Vg increases to Vpy;, interface traps at the
Fermi level can respond to the ac signal by capturing or
emitting electrons because the interface trap frequency is
higher than the ac measurement frequency. Onset voltage
dispersion (AVpy) occurs at two measurement frequencies
(fi» f,) due to interface traps existing in the energy range
from Etpp(fj) 10 Errap(f;). The detectable energy of the
interface trap Erpp(fy,) as a function of the measurement
frequency f,, can be represented by:

ey

Vi nNc
ETrap(fm) = EC - ET = kT ln(L]

27,

where k is the Boltzmann constant, 7 is the measurement
temperature, N, = 2.7 x 10'"® cm ™ is the effective density of
states in the conduction band of GaN, ¢, is the electron
capture cross section, and vy, =2 X 107 cm s~ is the thermal
velocity of electrons. An equivalent average energy level of

© 2020 The Japan Society of Applied Physics
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(Color online) Multi-frequency C-V characteristics of ALD-A1,03/GaN/AlGaN/GaN MIS capacitor structures without treatment (sample A) and with

HCI (sample B), O, plasma (sample C) and ODT (sample D) surface passivation treatments.

the interface state (Epvg) in the energy range from Erpap(f;)
t0 E1rap(f,) can be found as:

ETrap (fi ) + ETrap(fé )
> .

Eavg =

@)

According to the interface state density—energy level map-
ping method proposed by Yang et al.,>® the distribution of
Al,O3/GaN interface states can be obtained by Eq. (3):

Cox - AVon  Cox + Gs

Di(E = Exve) = - (3)
t qAETrap C]2

where Cpx is the capacitance of the ALD-Al,O; dielectric,
Cg is the capacitance of the AlGaN barrier layer, AEry,, is
the interface trap frequency-dependent energy difference, and
AVpy is the onset voltage frequency-dependent shift (Vo in
this study was extracted by reading the voltage when the
capacitance reached 110% of the first plateau capacitance).
The value of Cox can be extracted as the maximum
capacitance observed in the C-V plots in Fig. 3, and was
found to be 326 nF cm > for the non-treated samples. It is
worth noting that the permittivity of the Al,O3 film in this
study was estimated as ~7.5, which is lower than the
expected theoretical value (~9). This is because Al,O3
deposited by thermal ALD has a lower mass density due to
the incorporation of OH groups into the Al,O5 film.*” The
maximum capacitances were extracted from the C-V curves
at 1kHz to avoid the low-frequency limit effect.”” The
barrier layer capacitance can be calculated from the first
plateau capacitance in Fig. 3, as the latter refers to the series
capacitance connection between Cpx and Cg. The energy
difference of interface states AEry,, is described by Eq. (4)23 )
and can be calculated as:

AETrap = ETrap(fi) - ETrap(fz)~ (4)

The frequency-dependent shift of onset voltage AVyy can be
extracted using Eq. (5):
AVon = Von(fy) — Von(fp)- (5)

Figure 4 shows the results of the interface trap density
distribution at the Al,03/GaN interface for the MIS capacitor
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Fig. 4. (Color online) Distribution of D;, versus (Ec—FEr) at an

ALD-AlL,O5/GaN interface for four types of GaN surface treatments extracted
from C-V characteristics and Eq. (3).

structures obtained from Eq. (3) and the C-V method described
above. The electron capture cross section at the interface o, was
assumed to be 1 x 10~ cm?, giving values of Dy in the energy
level range of ~0.28 eV to ~0.47 eV from the conduction band.
For the HCl-treated sample, the extracted D;, was calculated to
be over 9 x 10'cm 2eV ™" in this energy range, which is
close to the value of 1.3 x 10" cm™2eV ' reported in another
study.”® This is likely due to the re-oxidation of the exposed
GaN surface before the transfer of the sample into the ALD
chamber. For the O, plasma treated sample, D;, varied from
9.1 x 10”%cm eV~ t0 4.8 x 10"?cm ™2 eVﬁl, when the en-
ergy level depth changed from 0.28 eV to 0.47 eV. In compar-
ison, the ODT-treated sample showed the lowest D;, distribution
among the four samples from 6.1 x 10"*cm 2eV ™' down to
3x10”cm ?eV™'. The reduction of the interface state
density can be explained by the ability of the ODT treatment
to fill in N vacancies by creating Ga—S bonds, and hence by
suppressing re-oxidation which can occur before the ALD
process. Meanwhile, surface damage was minimized for the wet
treatment; however, O, plasma treatment may cause GaN

© 2020 The Japan Society of Applied Physics
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Table I. A summary of Dy, values at Ec — Er = ~0.47 eV for the Al,03/GaN interfaces from this work and state-of-the-art literature.

References 9 23 27 26 21 28 29 30 This work This work
Dielectric AlLO3 Al,O4 Al O; AlO4 Al,O4 AlO4 ALO4 ALO4 Al,O4 Al O4
Deposition technique PEALD PEALD ALD MOCVD ALD ALD ALD ALD ALD ALD
Treatment In situ NH3/Ar/N, plasma In situ NH3/Ar/N, plasma UV/ozone HCl1 N,O plasma In situ Ar plasma FG plasma N,/O, plasma OoDT O, plasma
Dy x 10%cm 2 ev! ~1 ~2.2 ~4.1 ~7 ~9 ~30 ~30 ~38 3.0 4.8

(0202) 000000 ‘00 ‘SAud "|ddy -r “udp
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surface damage and lead to defects in the Al,O5/GaN interface
as shown in this work with relevant results also reported in the
literature. Table I benchmarks the Dj results in this work with
state-of-the-art reported values, where Dy refers to the energy
level of Ec — Er=~0.47eV. Note that the Al,O;/GaN
interface state density obtained by using ODT treatment is
close to that reported in another study,” which is a fairly low
interface state density compared with other up-to-date reported
data.?'**2%>% Furthermore, the cost and complexity of using
ODT treatment are much lower than those of in situ NH3/Ar/N,
plasma treatment with a plasma-enhanced ALD-AL,O; gate
dielectric.

The dc transfer and gate leakage characteristics for the four
samples are shown in Fig. 5. The breakdown voltage of the
gate dielectric was defined as the gate voltage when the gate
current reached 1 A mm ', It can be observed that the gate
breakdown voltages for samples A, B, C and D were 10.1 'V,
11.1V, 13.2V and 12.5V, respectively. The highest break-
down electric field of 6.6 MV c¢cm ™! was obtained for the O,
plasma treated sample. The latter can be attributed to the
formation of a thin oxidized GaN layer in the gate region.'”
An increase of the actual gate dielectric thickness can also be
substantiated from the decrease of the capacitance visible for
the O, plasma treated sample in Fig. 3 and the increased
intensity of the Ga—O component from the XPS Ga 3d CL
fitting shown in Fig. 1(c). Here, the breakdown characteristic
for the ODT-treated sample slightly improved from that of
the HCl-treated sample, but was not as good as that for the O,
plasma treated sample. The threshold voltages (V) of
samples A, B, C and D were extracted to be —13.1V,
—11.8V, —10.4V, and —12.3V, respectively, with a drain
current criterion of 1 yAmm~'. Compared with that of
sample A without surface treatment, Vrp, shifted towards
the positive direction for samples B, C and D likely due to the
reduction of positive charges on the treated GaN surface prior
to the formation of Al,O5. The presence of positive charges
can be explained as Ga dangling bonds on the GaN surface
acting as positive charge centers, generated due to N
diffusing and leaving the Ga—N bonds.*"” A more positive
Vi of the O, plasma treated sample was observed, and the
reduction of positive charges indicates O, plasma can
passivate N vacancies at Al,03/GaN interfaces effectively.
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1
/
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Fig. 5. (Color online) Dc In—Vgs and Ig—Vgs characteristics of the MIS-
HEMTs with four types of surface treatments.
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The Ion/Iopr ratios of the four samples A, B, C and D were
estimated to be ~7 x 10°, ~2 x 10°, ~10'°, and ~10',
respectively. For the samples with ODT and O, plasma
treatments, the off-state leakage current was suppressed by
over three orders of magnitude as compared to that of the
sample without treatment. This suggests that N vacancies and
impurities on GaN can be reduced by ODT and O, plasma
treatments, hence causing suppressed leakage components
through the mesa isolation surface and gate dielectric.
Samples A and B exhibited a threshold hysteresis (AVry,)
of ~0.3V and ~0.18 V, and a subthreshold slope (SS) of
~150 mV dec™ " and ~100 mV dec ', respectively, revealing
a higher interface trap density at the Al,O;/GaN interface. In
contrast, a small AV, of ~0.12'V as well as a small SS of
~73mVdec™' was observed for the ODT-treated sample.
The latter is another evidence that interface traps were
suppressed effectively by the ODT treatment. The O, plasma
treated sample also exhibited a reduced AV, of ~0.10 V and
a reduced SS of ~68 mV dec ™', which are slightly smaller
than those of the ODT-treated sample. This indicates that O,
plasma treatment can effectively suppress interface trap
related switching transients in MIS-HEMTs. It is worth
noting that as a dry process, O, plasma treatment has
relatively high demands for experimental equipment.
Among the three treatments, the low-cost ODT treatment
demonstrated remarkably improved gate control characteris-
tics of the associated MIS-HEMTSs with an increased Ion/Iorr
ratio, a reduced AVp, and a reduced SS. Note that the
variation of Ip—Vpg curves for the four samples was not
found to be obvious; hence output characteristics for the
samples were excluded from this paper.

To assess the Vqy, stability of the fabricated MIS-HEMTs, a
gate bias of 5V was applied on the devices with both drain
and source grounded, and the change of transfer character-
istics was monitored. With a gate bias of 5V, the corre-
sponding electric field in the Al,O5 gate dielectric layer was
approximately 2.5 MV cm ™. The total bias time was fixed at
21000 s. The threshold voltage, Vry, shift was monitored by
an Ip—Vgs measurement (—15V <Vgg<5V and
Vbs = 10 V) after certain bias time intervals (0, 1, 2.1, 4.6,
10, 21, 46, 100, 210, 460, 1000, 2100, 4600, 10000, and
21 000 s). Figure 6 shows the multiple /pb—Vgs curves during
the 21 000 s gate bias. A positive Vry, shift was observed for
all samples after the forward bias stress. When the gate bias
was sufficiently positive, the high-field regime promoted the
conduction of electrons from the GaN interface through the
gate dielectric to the gate metal. This phenomenon possibly
led to charge trapping at the Al,O3/GaN interface, and at pre-
existing Al,O5 bulk traps close to the interface,*® causing
detrimental effects reflected in the positive shift of Vp,. A
much larger shift of Ip—Vgs curves was observed for samples
A and B, while the transfer characteristic for sample C with
O, plasma treatment showed good behavior as shown in
Fig. 6(c). The subthreshold characteristic of the ODT-treated
sample shows suppressed degeneration during the 21 000 s
gate bias in Fig. 6(d). Note that the shift of the Ip—Vgg curve
of sample D was still larger than that of sample C after the
stress time was increased.

The threshold voltages and their shifts during the 21 000 s
gate bias time for the four samples are shown in Figs. 7(a)
and 7(b). A bias time dependent shift of Vy, to even more
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Fig. 6.
treated MIS-HEMTs.

positive values was observed for all samples. The Vy, shift
process consisted of an initial large V7, shift after a 1s
positive gate stress followed by a more gradual Vrpy shift
when the bias time increased to 21 000 s. These observations
can be explained by a rapid occupation of interfacial traps
occurring initially, followed by a much slower tunneling of
electrons to the dielectric bulk traps.”*** The sample with
ODT treatment showed a relatively small initial Vpy, shift
(~0.1 V) when compared to the other three samples. This
indicates that the Al,O3/GaN interface trap density was
reduced significantly by the ODT treatment. This finding
can be further underpinned by the distribution of interface
traps extracted by the C—V method as shown in Fig. 5. In
addition, the O, plasma treated sample showed a reduced Vry,
shift of ~0.5V with a further increase in bias duration
compared to samples A, B, and D. Since the surface
treatments had a limited effect on the bulk properties of the
gate dielectric, the bulk trap density was likely similar for all
samples. The O, plasma treatment was able to fill N
vacancies on GaN and break the original Ga-N bond to
form a stronger bond of Ga—0.> It is possible that the O,
plasma treated interface was more stable with electrical

000000-7

(Color online) Transfer characteristic curves measured during the 21 000 s gate bias: (a) non-treated; (b) HCI, (c) O, plasma and (d) ODT surface-

stressing, and thus sample C exhibited a reduced Vqy, shift.
To gain a better understanding of the electron transfer
mechanism, negative bias V7, instability measurement and
continuous recovery measurement are required to be per-
formed in further research.

4. Conclusions

In this paper, surface treatments prior to ALD-Al,O3 deposi-
tion on a GaN/AlGaN/GaN heterostructure have been in-
vestigated. An emerging GaN surface passivation process
based on ODT treatment has been proposed to improve the
Al,O3/GaN interface quality. The GaN surface was also
treated by HCI and O, plasma. According to the XPS results,
re-oxidation is hard to avoid on a HCl-treated GaN surface.
In addition, O, plasma treatment is able to fill N vacancies on
the GaN surface with O atoms. Moreover, ODT treatment can
passivate N vacancies with S atoms and prevent the forma-
tion of detrimental native oxide. The multi-frequency C-V
results indicate that the ODT treatment reported here is a
useful process to reduce the Al,O3/GaN interface state
density. In addition, the -V characteristics indicate that O,
plasma treatment is capable of reducing positive charges on
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Fig. 7.

the GaN surface and of reducing positive bias induced Vry,
instability considerably. The MIS-HEMTs fabricated using
the low-cost ODT GaN surface treatment have been found to
exhibit effective characteristics which are highly desirable in
power switching applications, such as a low Vp, hysteresis of
0.12V, a small SS of 73 mV decfl, and a high on/off ratio of
10"°.
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