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Passivation of hole traps in SiO:/GaN metal-oxide-semiconductor

devices by high-density magnesium doping
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!Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-
0871, Japan ~
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A major challenge in GaN-based metal-oxide-semiconductor (MOS) devices is
significant hole trapping near the oxide/GaN interface: Inythis study, we show that the
density and energy level of the hole traps depend crucially on the concentration of
magnesium (Mg) dopants in GaN layers. Althoughithe surface potential of a conventional
Si02/p-GaN MOS device is severely pinned by hole trapping, hole accumulation and very
low interface state densities ‘below 10!! cm®'eV™! are demonstrated for MOS capacitors
on heavily Mg-doped GaN epilayers teégardless of the degree of dopant activation. These

findings indicate the decisive Ble of Mg atoms in defect passivation.
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Gallium nitride (GaN) is a promising material for next-generation power devices
because it is a wide-bandgap semiconductor that exhibits electrical properties superiorto
those of silicon (Si1), such as a high breakdown electric field and high electron Saturation

I3 Among the various GaN-based electronic devices, s metal-oxide-

velocity.
semiconductor field-effect transistors (MOSFETs) are one of the most, important and
fundamental devices. Since advances in GaN growth techniques have made it possible to
fabricate high-quality freestanding substrates and epitaxial layers,\ vertical GaN
MOSFETs, such as trench MOSFETs and double-diffused MOSEETs capable of high-
current operation, have been intensively investigated.*s>To realize the inherently high
level of performance of GaN-based MOSFETs, it i§ essential to form high-quality MOS
structures with low defect densities. y

Considering the wide energy bandgap of GaN, gatedielectrics for MOS devices should
be oxide insulators with a sufficiently wider bandgap than that of GaN and a large band
offset relative to GaN. There are a limited number of oxides with the above properties,
and, previously, GaN MOS devices with silicon dioxide (SiO2), alumina (Al20O3),
aluminum silicate (AISiO) di\electrics were investigated.®'® However, most of those
studies investigated n-type GaN MOS capacitors and evaluated electrical defects near the
conduction band edge.located near the oxide/GaN interface. We fabricated GaN MOS
capacitors with SiOz gate dielectrics formed by plasma-enhanced chemical vapor
deposition (PECVD):'%!® Interface engineering was conducted by means of thin Ga-oxide
(GaOy) intetlayers between the SiO» dielectrics and GaN substrates and the subsequent
post-deposition annealing (PDA). As a result, very low interface state density (Di) values
below 101" cm? eV-! and a high dielectric breakdown electric field above 8 MV cm™! were

demeonstrated for n-type GaN MOS capacitors.!”!8
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In contrast, there are few reports on p-type GaN MOS capacitors that had well-behaved
capacitance-voltage (C-V) characteristics.'®>* Because of the significant number of'hole
traps located near the oxide/GaN interfaces, a large C-J hysteresis is usually observed for
p-type MOS capacitors.?® Even worse, the surface potential of GaN is pinned andvan ideal
amount of hole accumulation at the MOS interface hardly occurs regardlessiof the gate
dielectric materials used. Although GaOx layers at the oxide/GaN interface and/or
disordered Mg-segregation layers at the GaN surface might be orig\ins of the hole
traps,2%?12>2% the details of the hole trapping mechanism remainirclear. Recently, we
demonstrated good C-V characteristics for SiO2/p-GaNsMOS,capacitors fabricated by
high-dose Mg-implantation and dopant activation by means of ultra-high-pressure
annealing (UHPA) at 1400°C.?" The fabricated MOS/capagitors exhibited mostly ideal C-
V' characteristics, for which there were negligible hysteresis and a reasonable amount of
hole accumulation. The acceptor concentration (NVa) estimated from the C-V curves was
about 2 x 10'® cm™, which agrees withithe concentration of implanted Mg atoms and
showed the superiority of UHPA for activation of implanted dopants. However, at present,
we have no clear explanation zhy hole trapping centers are passivated in the case of the
highly doped GaN substrate and what the decisive factor is in defect passivation.
Additionally, the threshold veltage (¥tu) of the n-channel MOSFETs is controlled in
accordance with the Fermi level of the p-type regions, and hole trapping near the oxide/p-
GaN interface needs:to be suppressed to improve the Vrn stability that determines the
long-term reliability of MOSFETs. Therefore, in this study, we investigated the impact of
varying the Mg concentration in epitaxially grown (not ion-implanted) GaN substrates on
the electrical properties of the oxide/GaN interfaces to seek clues to designing high-

quality'dielectric/p-GaN interfaces.
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We used p-type GaN epilayers with various Mg concentrations grown by metalorganic
vapor-phase epitaxy (MOVPE) on n-type GaN(0001) freestanding wafers. ThemMg
concentration in the epilayers was varied from about 7 x 10'® to 2 x 10" cm™. After wet-
cleaning with acetone ultrasonication and a 50% hydrofluoric (HF) acid,solution, the
substrates were annealed in a nitrogen atmosphere at 800°C for 20 minutes to'activate the
Mg dopants by dehydrogenation. Then, about 5-nm-thick SiON layers serving as a Ga
diffusion barrier were deposited directly on the cleaned GaN surface ald 15-nm-thick
SiO, films were subsequently deposited by PECVD using tetraethyl orthosilicate
(TEOS)/O2/N; and TEOS/O> gas mixtures. The detailssof the film‘deposition conditions
and impact of the thin SiON interlayer on the reliability of GaN MOS devices are

described elsewhere.!”-'8

The dielectric films /werér patterned by conventional
photolithography to form top contacts for electrical measurements. Palladium (Pd) was
deposited by vacuum evaporation, and Pd/p-GaN top contacts and gate electrodes with a
diameter of 100 um on the SiO» layers were formed by photolithography and subsequent
wet etching. We also fabricated MOS capacitors without activation (dehydrogenation)
annealing of Mg-doped GaN\layers. Moreover, an n-type GaN MOS capacitor was
fabricated in the same manner as'the p-type capacitors for comparison, in which nickel
(Ni) gate electrodesyand aluminum (Al) back contacts were formed by vacuum
evaporation. The fabricated p-type and n-type GaN MOS capacitors were examined by
making bidirectional-multi-frequency C-J measurements to evaluate the electrical
properties of the oxide/GaN interfaces.

Figures 1(a) and 1(b) show typical C-V curves obtained from SiO./GaN MOS

capacitors fabricated on p-type and n-type epilayers, respectively. Bidirectional C-V

curves were acquired at a frequency of 1 kHz by sweeping the gate bias from positive
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Page 50of 17

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - APEX-107562.R1

(negative) to negative (positive) and vice versa for the p-type (n-type) capacitor, as
indicated by the black lines and arrows. Then, multi-frequency measurementsswere
conducted at frequencies ranging from 1 kHz to 1 MHz. As for the n-type.capacitor (Fig.
1(b)), while a small C-V hysteresis was observed for the first bidirectional scan at.1 kHz,
well-behaved C-V characteristics with negligible hysteresis and frequency,dispersion
were achieved even without any post annealing treatment. The capacitance-equivalent
thickness (CET =21 nm) estimated from the maximum oxide Capacitance\(Cox) coincided
with the gate oxide thickness (~21 nm) estimated from spectroseopic ellipsometry, as
indicated by the horizontal dotted line. This implies anddeal electron accumulation at the
SiO2/n-GaN interface, as previously reported.'™® The donor concentration (Np)
determined from the relationship between 1/C*and gate voltage (V) was 6 x 10'® cm.
On the other hand, the C-V characteristics of the p-type capacitor were severely degraded
by hole trapping, as shown in Fig. 1(a). Significant hysteresis was observed in the first
scan, in which the maximum capacitance was far below the expected Cox value. The
acceptor concentration extracted'from the 1/C* versus V, plots for the depletion region
(N4a=7 % 10' cm?) agreed we\ll with the concentration of Mg atoms (about 7 x 10'® cm
3), suggesting activation of Mg dopants. These results imply hard pinning of the surface
potential of the p-type capacitor owing to hole trapping at the SiO»/p-GaN interface.
Furthermore, subsequently obtained C-V curves completely overlapped with the
backward sweep of thefirst scan regardless of the measurement frequency, meaning that
the trapped holes were hard to de-trap even when a positive gate bias was applied and
that they acted as fixed charges in the MOS structure.

Next,owe investigated the effect of varying the Mg concentration on the C-V

characteristics of p-type GaN MOS capacitors. Figure 2 shows the change in the
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bidirectional 1-kHz C-V curves of the p-type MOS capacitors depending on the Mg
concentration of the GaN epilayers. The Na values determined from 1/C? versus Vgplots
are indicated in the figures. It should be noted that the hole trapping phenomena are
crucially dependent on Na of the p-GaN substrates. Although the maximum capacitance
for the low and medium Na samples was far below the Cox value.indicated by the
horizontal dotted lines (Figs. 2(a) and 2(b)), a reasonable number of holes accumulated
in the high N sample (Fig. 2(c)). In addition, no C-V hysteresis was obs?rved in the high
Na sample. These results imply a significant reduction in hole trapsnear the SiO»/GaN
interface only for the highly Mg-doped sample. The ideal. C-F cutves depending on the
Na of p-GaN layers are plotted as dashed red linés in the figures, where the flatband
voltage (Vrg) is shifted to fit the C-V curves in the dépletiofi regions. The ideal curve for
the high Na sample in Fig. 2(c) appears torbe flat because the high Na of the p-GaN
substrate resulted in the increased minimum eapacitance, but the ideal curve overlapped
with the experimental one. On the othershand, as for the forward sweeps of the low and
medium samples, both the maximum capacitance and the gate voltage showed a
discrepancy between the ex&erimental and ideal values that became pronounced
depending on the doping conditions, suggesting a change in the density and energy
distribution of hole traps near the interface. On the basis of these findings and previous
reports,19'26 it can be concluded that, rather than the UHPA process,27 the concentration
of Mg atoms and/orithe Fermi level of the p-GaN substrate play a decisive role in the
passivation of hole/traps.

To discriminate which of the above causes plays the dominant role in defect passivation,
we fabricated MOS capacitors on a heavily Mg-doped GaN epilayer (2 x 10" ¢cm™)

without intentional dopant activation, where SiO> dielectrics were deposited on the GaN
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epilayer without activation annealing, except for sintering at 550°C to reduce the contaet
resistance of the top Pd/p-GaN interface for the C-V measurements. As previously
reported, Mg atoms exist in the form of Mg-H complexes in as-deposited GaN epilayers,
so high-temperature dehydrogenation annealing over 700°C is needed to eleetrically
activate the Mg dopants as acceptors.?®? Figure 3(a) shows bidirectional C=K curves of
the GaN MOS capacitor taken at a measurement frequency of 1 kHz. The Na value (2 x
107 ¢m™) in this case was much lower than the Mg concentration (\2 x 10" cm?),
indicating partial activation (ionization) of Mg dopants, as expected. Note that, whereas
the MOS capacitor fabricated without activation exhibited.a mostly identical Na value to
that of the medium sample in Fig. 2(b), the C-V characteristics in Fig. 3(a) are well-
behaved. As shown by the horizontal dotted ling, idéal holé’accumulation corresponding
to de-pinning of surface potential at the SiO2/p-GaN interface occurred in the highly Mg-
doped sample without activation. These results clearly demonstrate that the concentration
of Mg atoms (and/or Mg-H complexes),not the Na values or the Fermi level of the GaN
layers, plays the decisive role in passivation of hole traps near the SiO2/GaN interface.
The passivation of hole traps iQ)resumably caused by the interaction of highly doped Mg
atoms with defects responsible for hole trapping, such as oxygen vacancies in gallium
oxide interlayers. However, theoretical studies based on first-principles calculations are
essential to understand detailed mechanisms, and those are issues to be addressed in the
future.

Finally, the defect density at the p-type MOS interface formed on the highly Mg-doped
epilayer without activation annealing was examined in two ways. Figure 3(b) represents
the frequency dispersion of the forward C-V curves taken from the p-type GaN MOS

capacitor studied in Fig. 3(a). As mentioned above, a reasonable amount of hole
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accumulation was observed at low frequencies below 1 kHz, but the maximum
capacitance gradually decreased as the measurement frequency increased. Thiswis
probably due to the high contact resistance at the top Pd/p-GaN interface. This means that
the sintering treatment at 550°C is insufficient for obtaining a top contaet with, Ohmic
characteristics, which makes it difficult to conduct the conventional high-lew-method
evaluation of the defect density. Therefore, as indicated by the solid red curve in Fig. 3(c),
the measured 100-kHz C-V curve (dashed red curve) was corrected byaking the series
resistance into account.’> Note that the corrected 100-kHz G-} curve completely
overlapped the measured quasi-static (QS) curve, indicating that the defect density was
very low in the lower half of the bandgap of GaN.

Furthermore, we used the C-ys method proposed/by Yoshioka et al. to evaluate Dj.>*
This method utilizes the theoretical capacitance (the'theoretical C-V curve) instead of
high-frequency measurements and _provides reasonable Dj values for silicon carbide
(SiC) MOS devices. The red circles in Fig. 4 represent the D distribution for a p-type
GaN MOS capacitor fabricated onthe highly Mg-doped GaN epilayer without activation
annealing. Although this meglod has" difficulty in determining an accurate surface
potential in the MOS structure, extremely low Dj values close to the detection limit of
our electrical measurement system were obtained. Considering the hard pinning of the
surface potential in conventional p-type GaN MOS devices, this is an unprecedented
achievement to the best of our knowledge. Although we have no detailed model of the
Mg-related defect/ passivation mechanism at present, the findings described above
provide a valuable clue to designing high-quality MOS structures for future GaN-based
devices.

In conclusion, we systematically investigated hole trapping phenomena in p-type GaN
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MOS devices depending on the concentration of Mg dopants and their degree of
activation. We found that, in contrast to n-type MOS devices, p-type devices are severely
degraded by hole trapping near the Si02/GaN interface. When conventional p-type GaN
substrates with low and moderate Na of around 10'7 cm™ or less are used, theisurface
potential of the p-type MOS structure is severely pinned due to hole trapping and ideal
hole accumulation at the MOS interface is hardly observed. However, the devices formed
on highly Mg-doped GaN epilayers had ideal hole accumulation regardle\ss of Nai.e., the
Fermi level of the GaN layers, indicating the decisive role of Mg atoms in passivation of
hole traps. Consequently, an extremely low Dj; below 40! em eV! was demonstrated

for p-type GaN MOS devices.
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Figure Captions

Fig. 1. Bidirectional C-V curves of SiO/GaN MOS capacitors fabricated on (a) p=type
and (b) n-type GaN epilayers. Multi-frequency measurements ranging from 1 kHz to 1
MHz were carried out. The horizontal dotted black lines indicate (expected) oxide

capacitance (Cox).

Fig. 2. Bidirectional C-JV curves of SiO2/p-GaN MOS capacitors VV\ith various Mg
concentrations. The measurement frequency was 1 kHz. The Na wvalues estimated from
1/C? versus V plots were (a) 7 x 10'® cm™ (Low Na), (b)ibx 10Y7.cm™ (Medium Na), and
(c) 1 x 10! em™ (High Na). The dashed red lines ‘and horizontal dotted lines represent
ideal C—V curves and expected Cox values, respectivély. Th€ ideal C-¥ curves are shifted

to fit those of the depletion regions.

Fig. 3. Typical C-V characteristics of GaN MOS capacitor fabricated on the heavily Mg-
doped GaN epilayer. No intentional activation annealing was conducted: (a) 1-kHz
bidirectional C-V curves, (b) sulti-frequency forward C-V curves taken at frequencies
ranging from 1 kHz to'1 MHz, (¢) comparison of QS (black) and 100-kHz C-V (red)
curves. The Na value shown in (a) corresponds to partial activation of Mg dopants. The
dashed and solid red lines in (c) respectively represent the measured C-V curve and that

corrected by taking the‘series resistance into account.

Fig. 4. Energy distribution of Dj; for the Si02/p-GaN MOS capacitor fabricated on highly
Mg-doped epilayer without dopant activation. The C-ys method was used in the Dj

evaluation.

13
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