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Chapter 5
GaN MOS Structures

5.1 Introduction

GaN has attracted much interest for high-temperature and high-power electronic applications because of
its outstanding properties, such as a wide band gap of 3.39 eV, a high breakdown field of 5x10° V/em, and a
high saturation drift velocity of 2.7x107 cmvs [1.2]. Recently, a number of GaN field-effect transiétors
(FETs) such as hetero bipolar transistors, metal-oxide-semiconductor heterostructure FETs, and
metal-oxide-semiconductor (MOS) FETs have been reported [3-6]. In particular, the GaN MOS structure
equipped with a surface inversion mode as a minority-carrier channel is very important for high-power
switching applications in EV electronics since it would provide for lower leakage currents and reduce power
consumption, enabling normally-off operation with high blocking voltage even at high temperatures.
However, the potential of advanced GaN MOS devices has been yet hard to gamer because of inferior
insulators and insulator/GaN interfaces. The first GaN MOS stmcmre; using a gate insulator consisting of
deposited Ga,O; (GdOs3) has been reported by Ren er al. [5].  Since then, several approaches have been
employed to develop an insulator/GaN MOS structure using either a GaN native oxide ($-Ga;0s) or a
deposited insulator using Ga,O3 (Gd,03), AIN, Si0,, SisNs, Pb(Zr, T1)Os, PBT (p—phenylenebenzobisﬂliazole),
MgO, and Sc,O; in view of gate insulator materials [6-18]. However, none exhibits optimal characteristics.
The bottlenecks have been surface Fermi-level pinning at the insulator/GaN interface, which is a well-known
problem with most GaN, and poor insulator quality. Thus, both issues need to be overcome for the
fabrication of advanced GaN MOS devices. In particular, conventional GaN MOS structures have been

found to have a large interface state density on the order of v1012 eVem?, resulting in the Fermi-level pinning
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at the GaN surface. In addition, in-depth data on the electrical properties of the GaN MOS structures have
not yet been reported. In this chapter, we have focused on the electrical characterization of some kinds of
GaN MOS structures.  First, in section 5.2, we investigate the interface properties of conventional
SiOz/n-GaN MOS structures by using capacitance-voltage (C-V) and capacitance transient techniques [19].

Among a number of GaN MOS structures that have been previously reported, a thermal dry-oxidation
technique used for B-GayO; formation has only limited success on GaN and has been prdven to reduce the
interface trap by more than one order of magnitude compared to the other deposition methods in addition to
its simple and easy way [8]. P-GaO; is generally known to have a wide band gap of 4.7 eV at room
temperature [20]. Depending on growth conditions, $-Ga;O3; can be an insulator or a semiconductor;
growing under oxidizing conditions results in insulating B-Ga,O;, while that grown under reducing
conditions is semiconductive. Thus, the B-Ga,Os layer grown by thermal dry oxidation might be expected
to exhibit intrinsic properties with applications in dielectrics especially important for the MOS characteristics.
However, in-depth data on the electrical properties of the thermally qxidized GaN MOS structures have not
yet been reported.  In section 5.3, the interface properties of the thermally oxidized n-GaN MOS structures
have been investigated electrically, and the results are compared to those of sputtered SiO»/n-GaN MOS
structureé [18].

Regarding interface states at the GaN MOS interfaces, thermal dry and photoelectrochefnical (PEC)
oxidation of GaN is known to be effective in reducing the interface state density at the p-Ga,Os/GaN
interface {7,8,15,21-24]. In section 5.3, the thermally grown $-Ga,Oy/n-GaN MOS structures have been
proven to display a low interface state density on the order of 10" eV''em?, resulting in an unpinning of the
surface Fermi-level at the B-GaOy/n-GaN interface [18]. In a narrow sense, the interfacial Ga-oxynitride
layer is considered to play a significant role in improving the electrical interface properties. However,
B-Ga;Oy/n-GaN MOS structures also showed relatively large gate leakage current conipared to that of the
SiOg/n-GaN MOS structures, which may be caused by a poor qué]ity of B-Ga,O; layer and a small
conduction-band offset of ~0.9 eV between GaN and B-Ga;Os, bearing in mind that 8-Ga,Os has a band gap
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of 4.7 eV at room temperature [20]. Therefore, a stacked gate insulator consisting of 3-Ga,O; and
well-known dielectric SiO, might be expected to improve the gate dielectric characteristics [25,26].  That is,
in the SiOy/B-Ga,O3/n-GaN MOS structures, the B-Ga,O; interlayer can provide good electrical interface
properties and the SiO; layer should reduce gate leakage currents and enhance oxide breakdown voltages,
resulting in overcoming the troublesome issues of GaN-based MOS structures, as stated earlier. However,
an in-depth study on the electrical properties of the SiO/B-Ga,O3/n-GaN MOS structures have not yet been
reported. In section 5.4, we have fabricated the stacked SiO»/B-GayO3/n-GaN MOS structures by using
thermal dry oxidation and SiO, deposition techniques, and have investigated the characteristics of
SiOy/n-GaN interfaces with 3-Ga,O; interlayers, in comparison with those of conventional SiO./n-GaN
interfaces [27]. ,

The p-GaN MOS structure, important for.power switching devices, is generally known to show no
surface inversion due to the extremely slow thermal generation of minority carriers caused by the wide band
gap of 3.39eV [10]. Recently, Kim et al. have oreported that MgO/p-GaN and Sc,0y/p-GaN gate-controlled
MOS diodes ‘with n' source regions show inversion behavior at room temperature [16,17]. In their reports,
the selective-area Si-implanted regions play an effective role to provide an external source of minority carriers. |
However, the bottlenecks in these diodes may be a large interface state density on the order of 10 eV'em?
and poor electrical activation of the Si-implanted regions, resulting in the large onset voltages of surface
inversion. Regarding interface states, thermal dry oxidation of GaN is known to be effective in reducing the
interface trap at the B-Ga,Oy/GalN MOS interface, as stated above [8,21]. In section 5.3, the thermally
grown B-Ga,Os/n-GaN MOS structures have been proven to display a low interface state density on the order
of 10" eV'lem? [18]. In addition, an improvement of n-type implantation-doping characteristics for the n*
source is needed to form a satisfactory n'p junction under the gate insulator. From this point of view, we
have also reported that co-implantation of Si+N and subsequent annealing at high temperatures enhance
electrical n-type activation and structural properties of the implanted regions, based on a site-competition

effect, as stated in section 2.3. [28-30].. Thus, the thermally oxidized p-GaN MOS structures with n* source
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regions fabricated by using thermal dry oxidation and Si+N co-implantation techniques might be expected to
gamer their outstanding potential. -Ga0; has a wide band gap of 4.7 eV at room temperature and a
dielectric constant of 10.2 - 14.2 [20]. Therefore, a thermally grown p-Ga,Os layer is expected to exhibit
intrinsic properties with applications in dielectrics especially important for GaN MOS devices. The issue as
to whether or not the B-Ga203/ GaN MOS structures easily have a surface inversion mode should depend on
their interface properties. However, in-depth data on the electrical properties of the thermally oxidized
p-GaN MOS structures have not yet been reported. In section 5.5, we have fabricated theﬁnally oxidized
p-GaN MOS diodes with n" source regions by combining Si+N co-implantation and thermal dry oxidation

techniques, and have investigated their interface properties electrically [22].

5.2 SiO,/m-GaN MOS Structures
5.2.1 Experimental

The epitaxial GaN films were grown by atmospheric pressure metal-organic cherrﬁcal—vapor deposition
(MOCVD) on a-plane sapphire substrates. First a 20 nm AIN buffer layer was deposited at 400 °C, and
then Si-doped 3-um-thick GaN layer was grown at 1050 °C as an active layer. The GaN active layer had
free electron concentrations of ~7.6x10' cm?, mobilities of ~440 cm?/Vs and threading dislocation densities
of 2-5x10° cm™ as determined by room-temperature Hall-effect measurements and transmission electron
microscopic observations. The Si concentration was also confirmed to be ~6.8x10"7 cm™ by secondary ion
mass spectrometry measurements.  After growth, lateral dot-and-ring GaN MOS diodes were fabricated as
shown in Fig. 5.1.  First a 100-nm-thick SiO, layer was deposited on the top surface of the GaN samples as
a gate insulator by radio-frequency sputtering using an SiO; target. The sputtering conditions‘ are shown in
Table 5.1.  The SiO; layer was selectively removed by wet-etching using a photolithographic technique for
ohmic contact directly on the GaN active layer, and then Al metal was evaporated through a shadow mask to
provide gate and ohmic electrodes.  The dot gate electrode was 500 pm in diameter, and was surrounded by

the ring ohmic electrode.  After metallization, the MOS samples were annealed at 450 °C for 30 min in a
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nitrogen atmosphere.

ohmic(ring) | Al ohmic(ring)
EEEM00nm Si0; 7| Al |

3um Si-doped GaN

FIG 5.1. Schematic cross-section of an SiO»/n-GaN MIS diode fabricated.

TABLE 5.1. Sputtering conditions for deposition of an SiO; gate layer

Parameter Set value
Target-Substrate Distance (mm) 40
Base Pressure (Torr) < 2x108
Substrate Temperature (K) 300
Sputtering Gas Ar-30%0,
Processing Pressure (Torr) 7x10-3
input RF-Power (W) 200

The fabricated SiO,/GaN MOS diodes were characterized by means of current-voltage (I-V), C-V,

capacitance-time (C-f) and deep-level transient spectroscopy (DLTS) techniques. The /-J" measurements
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were carried out in the dark at a voltage step of 0.1 V under a conventional dc mode. On the C-V
measurements, conventional C-V (normal C-V) and pulsed C-V[31] methods have been employed. Both
the measurements were performed in the dark at a frequency of 1 MHz and a voltage step of 0.1 V with
various delay time #;,.  On the pulsed C-V measurementS, one unit of the pulse pattern consists of two stages,
as shownin Fig. 5.2. At first stage, a pulsed Voltage of +20 V is applied to approach an accumulation region
temporarily. The holding time #, is fixed at 1 ms. Sequenﬁa]ly, bias voltage is applied and the capacitance
is measured after z.  The bias voltage and ¢, are independently varied. Photo C-V measurements were also
conducted under white light illumination by using a mercury lamp. In addition, to evaluate time
dependence of charging and discharging in deep depletion at the SiO,/GaN interface, conventional C-
measurements were performed in the dark by using the pulsed C-V technique, as stated above. Furthermore,
DLTS measurements were carried out at temperatures between 85 and 475 K under the same condition as the

C-t measurements to investigate deep-level centers at the SiO,/GaN interface.
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FIG 5.2. The pulse pattern of the bias voltage on pulsed C-V measurements.

102



Chapter 5.  GaN MOS Structures | 103

5.2.2 Results and Discussion

Figure 5.3 shows room-temperature /-V characteristics for the fabricated SiO,/GaN MOS diodes. The
reverse breakdown and the forward turn-on voltages are -35.7 and 13.6 V, respectively. From the gate SiO,
thickness of ~100 nm, the corresponding forward breakdown field is calculated to be ~1.4 MV/cm

effectively.
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FIG 53. Room-temperature I-V characteristics for the fabricated SiO»/n-GaN
MOS diodes.

Figures 5.4 (a) and 5.4 (b) respectively show typical room-temperature normal and pulsed C-V curves for
the fabricated SiO,/GaN MOS diodes at 7;0f 1, 5 and 30 s. Ideal C-V curves with inversion mode are also
shown. Bias voltage was swept from +20 (accumulation) to -30 V (depletion) and then back to +20 V. In
both curves, the capacitance tends to be saturated in deep depletion where the reverse voltage is larger than 15
V. Inthe strict sense, the capacitance in deep depletion is clearly saturated regardless of t7n the normal C-V
curves, whereas the #; dependence of the capacitance is seen in the pulsed C-V curves; the capacitance in deep

depletion slightly increases to the saturation capacitance of the normal C-V characteristics with an increase of
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1. This capacitance transient is caused by thermal emission of carriers from the SiOy/GaN interface in
accordance with applying the reverse voltage (5 15V). Inaddition, the capacitance transient seems to have
a long time constant of the order of several seconds at room temperature, indicating that the observed
capacitance saturation is associated with deep interface states energetically far away from the conduction

band edge of GaN. Thus, the pulsed C-V method is an effective tool to evaluate time dependence of
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FIG 54. (a) Normal C-V and (b) pulsed C-V curves at room temperature
for the fabricated SiO»/n-GaN MOS diodes as the bias voltage is swept from
+20t0 -30 V and then back to +20 V at #,0f 1, 5, and 30 s, together with
ideal C-V data. '
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charging and discharging at the SiO,/GaN interface. Here, in the ideal C-V curve, the flatband capacitance,
Crp/Cay, 1s calculated to be 0.983.  In both curves of Figs. 5.4 (a) and 5.4 (b), slight hysteresis is observed at
iz0f 1 s, whereas a much larger increase of hysteresis windows is seen with increasing z;. The hysteresis
windows show a tendency to be saturated at around z; of 30 s.  This hysteresis behavior indicates charge
exchange between the aeep interface states and the bulk GaN. Here, V/, is the flatband voltage V' when the
bias voltage goes from accumulation to deep depletion and ¥}, is that when the voltage sweeps from deep
depletion to accumulation. In case of the normal C-V characteristics, the ¥, is +4.9 V at £, of 30 s, as shown
inFig. 5.4 (a). This flatband voltage shift (A4Vz) to the positive side gives a fixed oxide charge density Nyof
~1.1x10" eV'em? with net negative charges distributed in the SiO,. In addition, compared with the C-V
data at £; of 1 s, the ¥, and V}, shift toward negative and positive voltages, respectively, at 7y of 30 s. This
implies the presence of numerous residual negative charges at the SiO»/GaN interface. These interface
states can be attributed to acceptor-like interface electron traps. |V, - V3| is the total hysteresis window at
flatband. The 1arge window at #;0f 30 s is ~9.1 V in the normal C—Vcharactérisﬁcs, which corresponds to a
total interface state density Ny, of at least ~2.2x10"? eVem?.  The Nyrand N, calculated from the pulsed C-V
method are in agreement with those from the normal C-7 method, respectively.

Figure 5.5 (a) shows typical temperature dependence of the pulsed C-V curves at 1; of 30 s for the
fabricated SiO»/GaN MOS diodes. The bias voltage was scaflned back and forth between +20 and -30 V.
The capacitance saturation in deep depletion becomes clear with the rising of temperature. The hysteresis
window becomes small with increasing temperature even at 7, of 30 s. Figure 5.5 (b) shows typical #
dependence of the pulsed C-V curves at 373 K for the fabricated SiO,/GaN MIS diodes. The capacitance
transient in deep depletion can be clearly seen even at 373 K; the capacitance in deep depletion gradually
increases up tb a saturation value with an increase of z.  These results also indicate the observed capacitance

saturation is probably concerned with localized deep-level traps at the SiO,/GaN interface.
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FIG. 5.5. (a) Temperature dependence of pulsed C-V curves at ,0f 30 s as
the bias voltage is swept from +20 to -30 V and then back to +20 V.

(b) #;dependence of pulsed C-V curves at 373 K as the bias voltage is swept
from +20 to -30 V and then back to +20 V.

To clarify the interface trap generation in the fabricated SiO,/GaN MOS diodes, photo C-V
measurements were carried out at room temperature. Figure 5.6 shows typical room-temperature normal
and pulsed C-V curves at £; of 5 s with and without the white light illumination. In both C-V methods, a

significant difference between with and without the photo illumination can be clearly seen in deep depletion
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of the measured C-V characteristics. The capacitance in degp depletion largely increases up to a saturation
yalue by the continuous photo illumination, indicating a significant increase of charge density in the inversion
region which leads to a reduction of the depletion region width. That is, exposing the SiO»/GaN MOS
diodes to the white light produces hole-electron pairs only at the GaN surface where the gate metal (gate
electrode) is hot present. Sequentially, the SiO,/GaN interface at the edge of the gate electrode reaches
inversion and can act like an n” source. In this case, the capacitance should approach a value expected when
an inversion layer is formed. In addition, the capacitance in deep depletion gradualty decreases when the
white light is removed. This result directly implies the presence of numerous interface states, ie. the
capacitance value decays due to hole-capture process by the interface states. Thus, the photo induced
charges may correspond to the sum of the inversed charges and the interface trapped charges. Conversely,
the interface states are considered to induce surface Fermi level pinning at the SiO»/GaN interface, which
leads to the capacitance saturation in deep depletion of the dark C-V characteristics instead of actual hole
inversion [32,33]. Therefore, the interface state density should be reduced in order to achieve inversion

mode i the Si0,/GaN MOS structures.
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FIG 5.6. Room temperature of normal and pulsed C-V curves at £;0f 5 s with
and without white light illumination for the SiO»/n-GaN MOS diodes fabricated
* as the bias voltage is swept from +20 to -30 V and then back to +20 V.
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; To examine the capacitance transient obsefved in deep depletion, C-f measurements were performed in
the dark by means of the pulsed C-V technique as mentioned above. Figure 5.7 (a) shows typical bias
| voltage dependence of the capacitance transient at room temperature for thé fabricated SiOz/GaN MOS
diodes. Cj, means final capacitance. Two capacitance transients are clearly seen, which is labeled G and /,
as shown in this figure. By combining with the measured C-V characteristics as stated above, both

capacitance transients correspond to thermal emissions of carriers from the SiO,/GaN interface [18].
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FIG.5.7. (a)Bias voltage and (b) temperature dependence of capacitance
transient for the fabricated SiO»/n-GaN MOS diodes after applying the bias
voltage of -25 V.
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The capacitance significantly increases with an increase of reverse voltage for the capacitance transient G,
whereas the capacitance variation remains small independent of reverse voltage for the slow capacitance
transient .  The relaxation time for both capacitance transients G and I becomes longer with increasing the
reverse voltage, which is a typical characteristic of interface states. In particular, the capacitance transient G
seems to be associated with the capacitance saturation observed in the C-V characteristics as stated in Figs.
5.4 (a) and 5.4 (b) in view of a relaxation time. Figure 5.7 (b) shows typical C- curves after applying the
bias voltage of -25 V for the fabricated SiO./GaN MOS diodes at 295 (room temperature), 323, 348, 373 and
398 K, respectively. The relaxation time for both capacitance transienté G and [ becomes shorter in
accordance with the rising of the temperature, which is in reasonable agreement with the theory of thermal
carrier emission based on the Shockley-Read-Hall (SRH) statistics. In addition, a capacitance transient £
with a fast relaxation time of ~10° s shows up in the C-f curves at temperatures higher than ~330 K.

To estimate the activation energies for the carrier emissions of the capacitance transients, DLTS
measurements were performed under the same condition as the C-f measurements as stated above.  Figure
5.8 shows typical DLTS spectra measured on the fabricated SiO,/GaN MOS diodes at various rate windows
1/t The DLTS signal, |C(t;) - C(t,)}, is displayed for the rate windows #; (ms)/t> (ms) = 4/8, 5/10, 8/16, and
10/20; the carrier emission rates are 173.3, 138.6, 86.6, and 69.3 st respectively.  The spectra reveal three
peaks at around 330, 430, and 460 K, which correspond to the capacitance transients £, G, and / in Fig. 5.7
(b), respectively. These peaks shift toward higher temperatures with an increase of the carrier-emission rate,
which indicates that both peaks are assigned to deep-level centers at the SiO,/GaN interface. In particular,
the thermal activation energy for the carrier emission from the dominant deep center G, was determined by an
Arrhenius analysis of the emission rate, as shown in the inset of Fig. 5.8.  The activation energy is estimated
to be ~0.77 €V for the G center from the slope of the lines fitted to these plots, which value is in good
agreement with that reported in our previous study [34]. This energy is substantially that for electron
emission into conduction band. Considering that the capacitance transient G is related to the capacitance

saturation in the measured C-V characteristics as mentioned above, this interface trap may dominantly induce
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the surface Fermi level pinning effect at the SiO,/GaN interface upon applying reverse voltages (> 15 V),

which results in the capacitance saturation observed in the C-} characteristics.
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FIG. 5.8. Typical DLTS spectra at various rate windows #,/7, for the fabricated
Si0,/n-GaN MOS diodes after applying the bias voltage of -25 V.  The inset
shows Arrhenius plots of electron-emission rate.

In summary, the interface properties of the SiO,/n-GaN MOS diodes have been investigated by using
C-V and capacitance transient techniques. The MOS diodes have a total interface state density of ~2.2x10"

eV'em?

. The capacitance in deep depletion tends to be saturated upon applying the reverse voltage (> 15
V). The photo C-V measurements reveal the interface trap generation. The dominant interface trap is
found to be located at ~0.77 eV below the conduction band as determined by DLTS measurements.
Therefore, this interface trap is considered to induce the surface Fermi level pinning at the SiOz/GeN interface

upon  applying reverse voltages, which results in the capacitance saturation in the measured C-V

characteristics.
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5.3 Thermally Oxidized n-GaN MOS Structures

5.3.1 Experimental
The epitaxial GaN films in these experiments were grown by atmospheric pressure MOCVD on a-plane

sapphire substrates. First a 20 nm AIN buffer layer was deposited at 400 °C, and then Si-doped 3-pum-thick
GaN layer was grown at 1050 °C as an active layer. The GaN active layer had free electron concentrations
of ~7.6x10"7 cm® and mobilities of ~440 cm’Vs as determined by room-temperature Hall-effect
measurements. The Si concentration was also confirmed to be ~6.8x10"” cm® by SIMS measurements.
After growth, lateral dot-and-ring GaN MOS diodes were fabricated by a thermal oxidation technique, as
shown in Fig. 5.9. First a 500-nm-thick Si layer was selectively deposited on the top surface of the GaN
sample as a mask material for thermal oxidation by RF sputtering at nominal room temperature. This
sample was then thermally oxidized at 880 °C for 6h in dry oxygen ambient. The formation of monoclinic
B-Ga,O3 was confirmed by x-ray diffraction (XRD). After removing the Si mask by a HF-HNOs solution
(HF:HNO5=20:3) for ohmic contact directly on the GaN active layer, Al metal was evaporated through a
shadow mask to provide gate and ohmic electrodes. The dot gate electrode was 500 um in diameter, and

was surrounded By the ring ohmic electrode with a 50 pm gap.  After metallizatioh, the MOS samples were

(gate)

ohmic (ring) ohmic (ring)
MUNEE 100nm Ga oxide HENE

3um Si-doped GaN

FIG5.9. Schematic cross-section of a thermally oxidized B-Ga,0y/n-GaN
MOS structure.
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annealed at 450 °C for 30 min in nitrogen ambienf. As a reference, sputtered SiOy/n-GaN MOS diode
samples were also prepared with the SiO; thickness of ~100 nm using conVentional methodology, as
described in section 5.2.

The MOS capacitors were characterized by using high-frequency C-J" and C-t techniques to evaluate
time dependence of charging and discharging at the MOS interface. The measurements were performed in
the dark at a.frequency of 1 MHz with an ac modulation of 30 mV. On both measurements, one unit of the
pulse pattern consists of fwo stages. After applying a 1 ms pulsed voltage of +20 V to approach an
accumulation region temporarily, bias voltage is sequentially applied and the capacitance is measured after a
delay time #;. The bias voltage and ¢, are independenﬂy varied. [-J measurements were performed in the
dark at a voltage step of 0.1 V under a conventional dc mode. The surface morphology and structure of the
thermally oxidized GaN samples were analyied by atomic force microscopy (AFM) and cross-sectional

transmission electron microscopy (XTEM), respectively.

5.3.2 Results and Discussion
Figure 5.10 shows SIMS profiles of Ga, N, and O atoms in the thermally oxidized GaN sample. A pure

Ga oxide containing no N atoms can be clearly seen in the surface region of ~100 nm where the GaN has
been completely oxidized.  This layer is probably identical with the monoclinic B-Ga,O; layer, as confirmed
by XRD. In addition, ambiguous broad oxide/GaN interface kis also seen, indicating the formation of an
intermediate Ga-oxynitride layer with graded compositions in the depth region of 100 - 400 nm from the
surface. This Ga-oxynitride layer is found to be formed inevitably under any thermal oxidation conditions.
Thus, the thermal oxidation of GaN may be dependent on the combined effect of the interfacial reaction and
diffusion mechanism.

Figures 5.11 (a) and 5.11 (b) show typical AFM and XTEM images of the thermally oxidized GaN

sample. From the AFM image, the surface morphology is found to become very rough with a mean
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FIG. 5.10. SIMS profiles of Ga, N, and O atoms in the thermally oxidized
B-Ga,Oy/n-GaN structure.

roughness R of ~23.3 nm by thermal dry oxidation. This non-uniform morpilology indicates that the dry
oxidation of GaN .may be enhanced at dislocations. The thermally oxidized layer is ~200 nm thickness
from the XTEM images, which value is in reasonable agreement with the effective thickness of the gate
insulator estimated from C-V data, as discussed later. In addition, porous polycrystalline shapes can be
observed in the thermally grown $-Ga,Os layer.

Room-temperature -V characteristics are shown in Fig. 5.12.  Compared to the referenced SiO»/GaN
MOS structure, the B-Ga,03/GalN MOS structuré shows large leakage currents in both the accumulation and
depletion regions. In particular, in the accumulation region, the gate leakage current of the B-GaOs/GaN
MOS structure is two orders of magnitude larger than that of the SiO,/GalN MOS structure fabricated, which
is probably associated with the decrease in effective thickness of the $-Ga,Os layer due to its porous structure,
as stated herein. Thus, thermally grown B-Ga,O; layer has some disadvantage in view of gate

characteristics.
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“polycrystalline”
+ “porous”

FIG5.11. (aAF M and (b) XTEM images of the thermally oxidized .
[-Ga,Oy/n-GaN structure,
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FIG 5.12. Room-temperature -V characteristics of the thermally oxidized
B-Ga,Os/n-GaN MOS structure, together with that of the referenced SiO»/GaN
MOS structure.

Figure 5.13 (a) shows typical room-temperature C-V curves for the thermally oxidized MOS capacitors
atiyof 1,5, and 30 s, respectively. An ideal C-V curve with an inversion mode is also shown. Bias voltage
was swept from +20 (accumulation) to -30 V (depletion). By using a dielectric constant of &..07~14, an
effective thickness of insulator was estimated to be ~220 nm from the capacitance in the accumulation region,
which value is considerably thicker than that of 3-Ga,O; layer. The #; dependence of the measured Cc-rv
curves is hardly ever seen; a little 7~dependence of capacitance is observed in the weak depletion region.
Additionally, a deep depletion feature cah be observed in the depletion region regardless of #; which is
significantly different from a situation of sputtered SiO/n-GaN MOS system as stated in the previous section
5.2. In the ideal C-V curve, the flatband capacitance, Crp/C,y, is calculated to be 0.978. The flatband
voltage (Vgg) which is the corresponding voltage of the Crg/Cyy, gives a value of ~6.1 V from the measured
C-V curve at t; 0f 30 s.  Thus, the flatband voltage shift (4V5) gives a fixed oxide charge density (V) of

~6.7x10"" eV'em®. Figure 5.13 (b) shows typical room-temperature C-V hysteresis curves for the
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FIG 5.13. (a) High-frequency C-¥ curves at room temperature for the thermally
oxidized B-Ga,O5/GaN MOS structure as the bias voltage is swept from +20 to -30 V
at7;0f 1, 5, and 30 s, together with an ideal C-Vcurve.  (b) High-frequency C-V
hysteresis curve at room temperature for the thermally oxidized B-Ga,Oy/GaN MOS
and the sputtered SiO»/n-GaN MOS structures as the bias voltage is swept from +20
to -30 V and then back to +20 V at 1,0 30 s.

thermally oxidized MOS and the referenced SiO»/GaN MOS capacitors at #; of 30 s, respectively. Bias
voltage was scanned back and forth between +20 and -30 V. Large hysteresis is observed for the SiO»/GaN
MOS capacitor fabricated, while a small hysteresis window is seen for the thermally oxidized MOS one.
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This hysteresis indicates charge exchange between the deep interface states and the bulk GaN. Here. V; is
the Vrg when the bias voltage goes from accumulation to deep depletion and 7 is that when the voltage
sweeps from deep depletion to accumulation.  In both the capacitors, to a greater or less extent, the V; and ¥,
shift toward negative and positive voltages, respectively, with an increase of 7. This implies the presence of
residual negative charges at the MOS interface. These interface states can be attributed to acceptor-like
interface electron traps. |V, - V3 is the total hysteresis window at flatband. The hysterisis windows for the
thermally oxidized and the SiO,/GalN MOS capacitors at tg of 30 s are ~0.5 and ~9.1 V, which correspond to
a total interface state density of at least ~5.5x10" and ~2.2x10" eV'Icﬁ'z, respectively. The thermally
oxidized MOS sample is found to have an incredibly lower interface stafe density than the sputtered MOS
one. Thus, the deep depletion feature observed in the C-V characteristics is due to this much low density of
interface states for the thermally oxidized MOS sample, which is largely different from a situation of the
sputtered MOS sample where a large number of interface traps may induce surface Fermi level pinning at the
MOS interface, resulting in the capacitance saturation observed in the deep depletion region of the C-V curve.
Figure 5.14 shows typical C-t curves after applying the bias voltage of -25 V for the thermally oxidized
MOS samples at 298 (room temperature), 323, 373, and 423 K, respectively. A C- curve for the sputtered
MOS sample at 298 K is also shown. Cy, means final capacitance. In the referenced MOS sample, we
can observe some fast and slow capacitance transients (£, G, and 1) corresponding to the thermal emissions of
carriers from the MOS interface states, as stated in the previous section 5.2. On the other hand, in the
thermally oxidized MOS sample, small fast capacitance transient with the opposite code is seen, which seems
to reflect the 7-dependence of the C-V characteristics, as stated above.  In addition, temperature-independent
of the capacitance transient is seen, which implies that it is not the typical character of interface states. Thus,
this small capacitance transient may be related to the presence of the intermediate Ga-oxynitride layer at the
‘MOS interface. That is, this phendmenon is considered to be caused by the time delay swelling of the

depletion layer in the intermediate layer with graded compositions upon appl}?ing reverse voltages.
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FIG 5.14. 'Temperature dependence of capacitance transient for the thermally
oxidized 3-Ga,O3/GaN MOS structure after applying the bias voltage of -25 V.
Room-temperature capacitance transient is also shown for the sputtered SiO/n-GaN
MOS structure.

Figure 5.15 shows typical DLTS spectra measured on the thermally oxidized and the sputtered MOS
samples. Here, the DLTS signal, |C(z;) - C(t)], is displayed for the rate windows ¢; (ms)/t> (ms) = 10/20; the
carrier emission rate is 69.3 5. In the referenced SiO;_/GaiN MOS sample, some DLTS peaks are detected
at around 300 - 480 K, which correspond to the capacitance transients £, G, and 7 in Fig. 5.14, respectively.
In particular, a main deep interface trap G is located at ~0.77 eV below the conduction band, from an
Arrhenius analysis of the emission rates for the G peak. This interface trap probably induced the Fermi
level pinning effect at the SiOz/GaN nterface upon dpplying reverse voltages, as stated above.  On the other
hand, in the thérmal]y oxidized MOS sample, no DLTS peaks can be detected.  This result implies that there
are no effective deep traps at the thermally oxidized MOS interface. Therefdre, the surface Fermi level is
considered to be probably unpinned in the thermally oxidized MOS structures, which is significantly different
from the situation of sputtered SiO»/n-GaN MOS sample. Tﬁese distinguished interface properties may be

probably associated with the presence of the interfacial Ga-oxynitride layer.
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FIG 5.15. Typical DLTS spectra at a rate window #,/%, of 10 ms/20 ms for the thermally
oxidized 3-Ga,O,/GaN MOS and the sputtered SiO»/n-GaN MOS structures after applying
-~ the bias voltage of -25'V. -

In summary, the interface properties of the thermally oxidized GaN MOS capacitors have been
investigated electrically by using C-V and capacitance transient techniques. From the C-f and DLTS
measurements, no deep interface trap can be observed, which is in good agreements with the deep depletion
feature and the low interface state density of ~55x10'"° ev'em? determined by the C-V measurements.
Therefore, the surface Fermi level is probably unpinned in the MOS structures fabricated by a thermally

oxidation technique.

5.4 Characteristics of SiO,/n-GaN Interfaces with 3-Ga,O; Interlayers
5.4.1 Experimental

The epitaxial GaN films used in these experiments were grown by atmospheric pressure MOCVD on

~ a-plane sapphire substrates. First a 20 nm AIN buffer layer was deposited at 420 °C, and then Si-doped
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4-um-thick GaN layer was grown at 1130 °C as an active layer. The GaN active layer had free electron
concentrations of 9.9x10'7 cm™ and mobilities of 263 cm®/V's as determined by room—température Hall-effect
measurements. The Si concentration was also confirmed to be ~1x10"® cm? by SIMS measurements.
After growth, lateral dot-and-ring SiOy/B-Ga,O3/GaN MOS capacitors were fabricated by thermal oxidation
and SiO, deposition techniques. A schematic of the complete SiOy/B-Ga,03/GaN MOS capacitor is shown
in Fig. 5.16.  First a 500-nm-thick Si layer was selectively deposited on the top surface of the GaN sample
as a mask material for thermal oxidation by RF sputtering at room temperature. The GaN samples were
then thermally oxidized at 800 °C for 6 h in dry oxygen ambient. The formation of monoclinic B-Ga;O3 ,
was confirmed by XRD. After removing the Si mask by | a HF-HNOs solution (HF:HNOs=20:3),
100-nm-thick SiO; layer was deposited on the top surface of the GaN samples as a gate dielectric by RF
sputtering using an SiO; target. This SiO, layer was selectively removed by wet etching using a
photolithographic technique and then Al metal was evaporated through a shadow mask to provide gate and
ohmic electrodes. The dot gate electrode was 500 um in diémeter, and was surrounded by the ring ohmic

electrode with a 50 um gap. After metallization, the stacked SiO./B-GaOz/GaN MOS samples were

(gate)

ohmic (ring) ohmic (ring)

100nm SiO
— Al wiGa-oxide: .' . Al

4um Si-doped GaN

FIG.5.16. Schematic cross-section of the complete SiOy/B-Ga,Oy/GaN
MOS structure.
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annealed at 400 °C for 20 min in nitrogen ambient. As a reference, conventional SiO»/n-GaN MOS
samples without any p-Ga,Oj; interlayers were also prepared with the SiO, thickness of 100 nm by using
conventional methodology [19].

The material properties of thermally oxidized GaN samples were analyzed by XRD, SIMS, and AFM
measurements. The MOS capacitors that we fabricated were assessed by -V, C-V, C-, and DLTS
techniques. The I-V measurements were carried out in the dark at a voltage step of 0.1 V under a
conventional dc mode. The C-V measurements were also performed in the dark at a frequency of 1 MHz
and a voltage step of 0.01 V with various delay time 7. On the C-f measurements, the time dependence of
the capacitance under a reverse voltage was measured after applying a 1-ms-pulsed voltage of +10 V to
approach an accumulation region temporarily. The DLTS measurements were carried out at temperatures

between 80 and 475 K under the same condition as the C-f measurements.

5.4.2 Results and Discussion
Figure 5.17 shows SIMS profiles of Ga, N, and O atoms in a thermally oxidized GaN sample before

SiO; deposition. A pure Ga oxide containing no N atoms is seen in the surface region of ~15 nm, where the
GaN has been completely oxidized. This layer probably corresponds to the monoclinic B-Ga,O; layer as
confirmed by XRD. In addition, m the deeper lying region of 15 - 50 nm from the surface, the B-Ga;O; is
transformed into the GaN, that is, ~35-nm-thick intermediate Ga-oxynitride layer with composition gradient
1s seen. |
Figures 5.18 (a) and 5.18 (b), respectively, show typical AFM images of GaN samples before and after
thermal dry oxidation. A clear difference can be seen between them. Before thermal dry oxidation,
smooth surface morphology with a number of growth steps is clearly observed, where the mean roughness
Ry is ~0.35 nm. In addition, some dark points that we can see correspond to threading dislocations. In
 sharp contrast, the surface morphology is seen to become very rough with R, of ~13.6 nm by thermal dry

oxidation, indicating non-uniform oxidation of GaN. In a narrow sense, polycrystalline shapes with small
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FIG.5.17. SIMS profiles of Ga, N, and O atoms in a thermally oxidized n-GaN
sample before SiO, deposition.

FIG.5.18. AFM images of n-GaN samples (a) before and (b) after thermal dry oxidation.
Both images are 5x5 . '

grain size of ~10 nm can be clearly observed in the oxide surface, which suggests that the oxidation occurs
preferentially at dislocation sites. In particular, a higher degree of roughness at the oxide surface can be

attributed to the process features of thermal dry oxidation.
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Room-temperature forward -V characteristics of SiO,/GaN MOS samples with and without B-Ga,0;
interlayer are shown in the inset of Fig. 5.19. The IV data of the 100-nm-thick B-Ga,Os/n-GaN MOS
sample that we have previously fabricated are also shown [18]. The SiO,/B-GaO3/GaN sample shows a
relative large leakage current of 1.2 uA/cm2 at a gate voltage of +20 V, compared to 4.3 nA/em® of the
conventional SiO»/GaN sample. This increase in forward leakage current by the preseﬁce of the B-Ga,Os
interlayer is probably caused by a reduction in effective thickness of SiO; layer due to the rough oxide surface,
as shown in Fig. 5.18 (b). From the surface roughness R, of the B-GayOs interlayer, the effective thickness
of the SiO; layer is estimated to be ~73 nm. However, the SiO»/B-Ga,03/GaN sample displays a leakage
current by less than one order of magnitude compared to that of the B-Ga,O3/GaN MOS sample. In
addition, both samples show high oxide breakdown voltages of ~4 MV/cm regardless of the presence of the
B-GayOs interlayer.

Figure 5.19 shows typical room-temperature C-V hysteresis curvés for SiO,/GaN MOS samples with
and without B-Ga,Oj interlayer at £, of 30 s, réspectiVely. Their corresponding ideal C-V curves with an
inversion mode are also shown, considering the thmnmg effect of the SiO, layer, as stated above. Bias
voltage was scanned back and forth between -30 (depletion) and +20 V (accumulation). A deep depletion
feature can be clearly observed in the depletion region for the SiO»/B-Ga;O3/GaN sample, whereas
capacitance saturation is seen for the SiO»/GaN sample. In addiﬁon, a large hysteresis 1s observed for the
Si0,/GaN sample, while a very small hysteresis window is seen for the Sin/B-Ga203/GaN sample. These
hysteresis windows should reflect charge exchange between the deep interface traps and the bulk GaN.
Thus, these results suggest that the SiOZ)B-Ga203/GaN sample has much lower interface traps than the
Si0,/GaN sample, which probably results in unpinning the surface Fermi-level at the 8-Ga,O3/GaN interface.
Here, in their ideal C-V curves, the flatband capacitance (C, FB/C;\.) is calculated to be 0.944 and 0.980 for the
Si0,/GaN MOS samples with and without the $-Ga,O; interlayer, respectively. ¥z is the flatband voltage
Vi when the bias voltage goes from deep depletion to accumulation and V5’ is that when the voltage

sweeps from accumulation to deep depletion. |Vpr - VpBbi is the total hysteresis window at flatband. The
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hysteresis windows for the SiO»/GaN MOS samples with and without the interlayer are ~0.15 and ~15.8 V,
which correspond to a total interface state density of at least ~3.9x10' and ~4.5x10"? eV'em?, respectively.
Thus, the SiOy/B-Ga,03/GaN sample is found to show an incredibly lower interface trap density than the
Si0,/GaN sample, which is the same level as that of the 3-Ga,Oy/GaN MOS sample that we have previously

reported in section 5.3 [18].

_15.8V
Si0,/GaN. ‘
x 0.8
Q ' &
O %10 B-Ga,0,/GaN
0.6} 210¢ / v
ém-"’//r—s/i;m
0.4} g 1'Si0y/p-Ga,04GaN
Siole'GazoslGaN 3% 5 10 15 2 25

. Gate Voltage (V)

-30 -20 -10 0 10 20
Gate Voltage (V)

FIG.5.19. High-frequency hysteresis C-¥ curves at room temperature for
Si0+/B-Ga,Oyn-GaN and SiO»/n-GaN samples as bias voltage is swept from
30 to +20 V and then back to -30 V at £, 0f 30 s, together with respective ideal
C-Vcurves. Inset shows forward I-V characteristics of SiO»/B-Ga,Oyn-GaN
and SiO»/n-GaN samples, together with those of 100nm-thick B-Ga,Oy/n-GaN
MOS sample..

In additio@ to evaluate time dependence of charging and discharging in deep depletion at the oxide/GaN
interface, conventional C-f measurements were performed. Figure 5.20 shows typical room-temperature

C-t curves after applying a gate voltage of -25 V for Si0/GaN MOS samples with and without B-Ga,Os
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interlayer.  Cy, means final capacitance. A large capacitance transient J with the time constant 7of ~20 ms is
seen for the SiO»/GaN sample, whereas two kinds of small capacitance transients with the opposite codes are
seen for the SiOy/B-Ga0+/GaN sample; one is a fast capacitance transient A with the 7of ~0.1 ms and the
other is a slow capacitance transient / with the 7of 0.1 s. The 7 for all the capacitance transients tends to
become longer with increasing the reverse voltage, which indicates a typical characteristic of the oxide/GaN
interface. However, the fast capacitance transient H is independent of temperature, which implies that it is
not a typical character of interface traps. This capacitance transient H may be caused by the time delay
swelling of the depletion layer in the intermediate Ga-oxynitride layer upon applying reverse voltages [18].
The other capacitance transients / and J with relatively long 7 correspond to the thermal emission of carriers
from the interface traps at oxide/GaN interface, because they show the strong dependence of ron temperature.

Furthermore, DLTS measurements were carried out under the same condition as the C-f measurements to

]
1.01 8i0,/p-Ga,0,/GaN i
8 a v
4 s
[t H ¥ 10°
= 0.9 : = ‘
®) H =102 Si0,/GaN
Q\) =~ 0.25eV
o 108 J
5 !
0.85. i l§10“ 0.62eV
Si0,/GaN %0 SI0,/p-Ga,0,/GaN
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FIG 520. Capacitance transients for SiOg/ﬁ-GﬁgO;/n-GaN and SiOy/n-GaN samples
after applying bias voltage of -25 V.  Inset shows Arrhenius plots of emission rates from
DLTS measurements of SiO«/B-Ga,Oyn-GaN and SiO,/n-GaN samples.

125

—119—



| 126 , Chapter 5. GaN MOS Structures

investigate deep-level centers at the oxide/GaN interface. In both samples, to a greater or less extent,
respective DLTS spectra show a dominant peak, which corresponds to the capacitance transients, / and J at
room temperature. From Arrhenius plots of the emission rates e,/T" as shown in the inset in Fig. 5.20, the
thermal activation energies for the carrier emission from the dominant interface traps are estimated to be
~0.62 and ~0.25 €V for the SiO,/GaN MOS samples with and without the 3-Ga,Os interlayer, respectively.
Thus, the Si0./B-Ga,Os/GaN sample has a deep interface trap level at 0.62 eV below the conduction band at
the B-Ga,O3/GaN interface. However, the surface Fermi level is considered to be probably unpinned
because of the extremely low interface trap density, as determined by the C-V measurements. - This behavior
is significantly different from a situation of the SiO»/GaN sample without the 3-Ga;Os interlayer, in which a
number of interface traps induce the surface Fermi-level pinning effect at the SiO»/GaN interface upon
applying reverse voltages. Thése diétinguished interface properties of the SiO,/GaN sample with the
B-GazOg interlayer may be probably associated with the presence of the intermediate Ga-oxynitride layer.

In summary, we have demonstrated that the stacked SiO/B-Ga,O3 insulator improves both the electrical

interface properties and the gate dielectric characteristics of the n-GaN MOS structures. The total interface

state density was estimated to be 3.9x10' eV-'em?®.  The forward gate leakage current was ~1.2 pA/em’ for

a gate voltage of +20 V.

5.5 Thermally Oxidized p-GaN MOS Structures with n" Source Regions
5.5.1 Experimental |

The epitaxial Mg-doped GaN (GaN:Mg) films used in these éxpen'ments were 2.5 um thick. They
were grown on a-plane sapphire éubstrales by atmospheric pressure MOCVD at 1130 °C, with a
pre-deposited 20 nm AIN buffer layer grown at 420 °C. The Mg concentration of the as-grown GaN:Mg
layers was determined to be ~5‘x10118 cm” by SIMS measurements.  After growth, activation annealing was
performed at 700 °C for 10 min in flowing N, resulting in the free hole concentration of ~2.5x10' cm as

confirmed by room-temperature Hall-effect measurements. Then, thermally oxidized p-GaN MOS diodes
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with n” source regions were fabricated as follows. A schematic of the complete MOS diode is shown in Fig.
5.21. Prior to Si+N co-implantation, a 1-pum-thick Ni layer was selectively deposited as a mask material for
the implantation on the top surface of the samples by electron-beam evaporation. The GaN samples were
implanted using pure N, and SiF, gases as the sources of the “N* and st species, respectively, to create the
n’ source regions in GaN:Mg. First, multiple step N implantation was performed; the N* jons were
implanted at 240, 180, 120, 60, and 20 keV with dosages of 1.8x10", 6x10%, 8x10", 7.5x10", and 3x10"
cm?, respectively, to produce a mean N concentration of 1x10"” cm® to a depth of ~0.35 um from the GaN
surface. Multiple Si* implantation was then performed; the Si* ions were implanted at 360, 200, 120, 60,
and 30 keV with dosages of 2.5x10™, 9x10" , 5.3x10" . 2.8x10", and 1.4x10" cm?, respectively, to produce
a mean Si concentration of 1x10" cm® to a depth of ~0.35 um. Here, the N/Si ratio wés kept ~1 for an
optimum doping [28,29]. All the implants were carried out at room temperature, with an incident angle 7°
off the surface normal. After implantation, the Ni layer was removed and then a 500-nm-thick SiO,
capping layer was deposited on the top surface of the implanted samples by RF sputtering at room
temperature to provide an encapsulation cap for the subsequent implant activation annealing. All the‘
samples were annealed at 1300 °C for 5 min in flowing N, gas. From the room-temperature Hall effect
- measurements, the free electron concentration of the n* source regions was confirmed to be ~4.7x10'® cm®.
After removing the SiO, capping layer, a S00-nm-thick Si layer was selectively deposited on the top surface
of the GaN samples as a mask material for thermal oxidation by RF sputtering at room temperature. The
GaN samples were then thermally oxidized at 880 °C for 5 h in flowing dry O, gas. The formation of
monoclinic $-Ga,O; layer was confirmed by XRD and its thickness was ~100 nm from SIMS measurements.
After removing the Si mask by a HF-HNO; solution (HF:HNO5=20:3), Al metal was selectively evaporated
through a shadow mask to provide gate electrodes. The dot gate electrode was 500 um in diarﬁeter. After
metallization, the MOS samples were annealed at 500 °C for 30 min in flowing N; gas. Finally, In metal
was deposited at 200 °C directly on the GaN:Mg active layer and the n' source fdr ohmic eleqtrodes. Asa

reference, thermally oxidized p-GaN MOS structures without any n* source regions were also fabricated by
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using the same methodology as stated above. |

The MOS structures that we fabricated were characterized by using C-J' measurements at room
temperature. The C-V measurements were performed under a grounded source contact condition in the
dark with an ac modulation level of 30 mV and frequencies ranging from 100 Hzto 10 MHz. On ‘rhese c-V
measurements, gate bias voltage is applied and the capacitance is measured after a delay time #; [18,34].

The bias voltage and #; are independently varied.

Al
B-Ga,0;,

p-GaN

Al,O, Substrate

FIG. 521. Schematic cross-section of a thermally grown 3-Ga,Oy/p-GaN MOS diode
with ann” source region.

5.5.2 Results and Discussion

Figure 5.22 (a) shows room-temperature C-V curves at a frequency of 1 MHz for a thermally grown
B-Ga,Os/p-GaN MOS sainple with ann" source region at z; of 1 and 30 s, respectively. An ideal C-V curve
is also shown. Gate bias voltage was scanned back and forth between -5 and 5 V. In the ideal C-V curve,
the flatband capacitance (Crp/C,) is calculated to be 0.855 by using a dielectric constant of 10.2.  The

flatband voltage (V) which is the corresponding voltage of the (C, FB/Cax), gives a value of ~0.56 V from the
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FIG 5.22. High-frequency C-F hysteresis curves at room temperature for thermally
grown [B-Ga;0y/p-GaN MOS diodes (a) with and (b) without ann" source region as
the gate bias voltage is swept from -5 to +5 V and then back to -5 V at ;0f 1 and 30 s,
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together with an ideal C-V curve.

measured C-V curve at 7;0f 30 s.

Thus, the flatband voltage shift (AVxz) gives a negative fixed oxide charge

density (V) of 13x10" eV'em® In addition, the #, dependence of the measured C-V curves is hardly

observed in the flatband and depletion regions. That is, the total hysteresis window at the flatband is found

to be very small for the measured C-V curves under different sweep directions, regardless of ;.
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though the frequency dependence of the accumulation capacitance is considered, the total interface state
density is estimated to be less than 1x10" eV'lem™ [16,17]. Furthermore, the measured C-V curves show
capacitance saturation in the depletion regioh artd present a large deviation from the ideal C-V curve.
Additionally, the referenced MOS sample without any n” source region is found to show a deep-depletion
like feature [35], as discussed later (Fig. 5.22 (b)). These results indicate that the capacitance safuration is
probably associated with the surface inversion induced by the injection of minority carriers from the n' source
region. Thus, we can say that the capacitance saturation observed is a typical feature of the surface
\ inversion in the high-frequency C-J’ characteristics. A sudden and small capacitance drop is also observed
at ~2.5 V in the measured C-¥ curves when the bias voltage is swept from accumulation to depletion, as
shown in Fig. 5.22 (a). This value may be an onset voltage V,, of the surface inversion for this MOS diode.
On the other hand, the accutnulation capacitance of the measured C-V characteristics seems to depend on the
t; and sweep direction. A large hysteresis is observed in the accumulation region of the measured C-V
curves at z7 of 1 s under different sweep directions. This hysteresis dwindles away and the accumulation
' capacitance becomes slightly smaller than a value expected from the ideal C-V curve with an increase of #.
- These results indicate the oBserved variation in accumulation capacitance may be related to the presence of
defects inside of the B-Ga,Os layer, which is in reasonabte agreement with those discussed previously in
section 5.3.

Figure 5.23 (a) shows representative room-temperature C-V curves at frequencies of 1, 2, 3, and 10 kHz
for a thermally grown B-GaOy/p-GaN MOS sample with an n” source region at £; of 30 s, respectively.
Gate bias voltage was swept from 4 V (accumulation) to +10 V (depletion). ~An increase in capacitance can
be clearly seen when the bias voltage is applied towards the depletion region, regardless of measurement
frequency. This phenomenon is a typical behavior of the surface inversion in the low-frequency C-V
characteristics. As shown in Fig. 5.23 (b), the inversion capacitance is found to increase significantly with

decreasing measurement frequency.  This is probably caused by the incomplete ionization of Mg dopants in
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FIG.523. (a) Room-temperature C-¥ curves at frequencies of 1,2, 3, and 10 kHz
for thermally grown B-Ga,Oy/p-GaN MOS diode with an n” source region as the gate
bias voltage is swept from 4 to +10'V at z;0f 30's.  (b) Frequency dependence of
inversion capacitance at bias voltage of 6 V at room temperature for thermally grown
B-Ga,04/p-GaN MOS diode with an n" source region.

the GaN:Mg active layer, as stated in chapter 3 [36-41]. That is, as the measurement frequency is decreased,
the Mg deep acceptors can follow the frequency voltage modulation, resulting in an improvement of the

minority carrier injection from the n" source region.  This inversion behavior could be seen even at 200 °C.
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The V,, of the surface inversioﬁ is ~2.5 V, which value seems to be independent of measurement frequency.
The V,, of the low-frequency C-V characteristics is also in good agreement with that of the high-frequency
characteristics as stated above. The C-V characteristics are likely to be classified into low- and
high-frequency features at a frequency of ~40 kHz, which characteristic frequency may correspond to the
impurity transition frequency f; of the Mg deep écceptors m the GaN:Mg active layer, as shown in Fig. 5.23
(b) [36-41]. In addition, a decrease of capacitance in the accumulation region is due to the poor ohmic
contact to the GaN:Mg layer. | |

The effective ¥, of the surface inversion is estimated to be ~2 V from the AVgg. This V,, obtained in
this study is apparently much smaller than the values in the previous literature [16,17].  This reduction in ¥,
is considered to be céused by the énhanced implantation-doping characteristics attained by the Si+N
co-implantation and subsequent activation annealing at high temperatures in addition to the extremely low
interface trap density at the B-Ga,Os/p-GaN MOS interface. Here, in the Si+N co-implanted region, the
sheet carrier concentration #; and the electron mobility 1, are 1 .66x1_014 cm? and 63.4 cm?/Vs, respectively,

from room-temperature Hall-effect measurements. - Thus, effective Si activation efficiency, ny#s;, of the n

:5.0 nm

2.5 nm

0.0 nm

FIG. 524. AFM images of Si+N co-implanted p—GdN (a) before and (b) after annealing at 1300 °C.
Both images are 5x5 pm’. ‘
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source region is estimated to be ~38 % from the total implanted Si dosage #s; of 435x10" cm™.  This value
is in reasonable agreement with our previously reported value [28]. In addition, smooth surface
morphology can be seen in the AFM images (Figs. 524 (a) and 5.24 (b)) before and after activation
annealing at 1300 °C, al’rhoﬁgh the activation annealing induces the out-diffusion of the Si atoms towards the
GaN surface from SIMS measurements as shown in Fig. 5.25. As a consequence, an improvement in
characteristics of the n"p junction under the B-Ga,Ojs layer gears up for the minority carrier injection from the
n" source region. Moreover, the results obtained in this study suggest that the thermally grown

B-Ga,Os/p-GaN MOS structure is a promising candidate for inversion-mode MOSFETs.

Si Concentration (cm-3)

260 | 460 - 600
Depth (nm)

FIG 525. SIMS profiles of implanted Si atoms in p-GaN after annealing
at 1300 °C, together with TRIM data.
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The characteristics of thermally grown p-Ga;Oy/p-GaN MOS structures without any n” source regions
are also investigated electn'cally: As shown in Fig. 5.22 (b), the Vi gives a value of ~1.05 V from ‘the
measured C-V curve. ~ Thus, the AVjz gives a negative fixed oxide charge density Nyof 24x10" eV'em?.
In addition, the #; dependence of the measured C-¥ curves is hardly observed, which is identical with the
situation of B-Ga,;O3/p-GaN MOS structure with an n” source region. The sweep direction induced total
hysteresis window |VFB(’ - VFBb] at the flatband is found to be ~0.02 V even at long time #; of 30 s, which small '
value corresponds to a low interface state density of ~1x10" eV'lem?.  This value is also the same level as
that of B-Ga,Oyn-GaN MOS structure with an n" source region. Furthermore, the measured C-V curves
present a large deviation from the ideal C-V curve in the depletion region. Bearing in mind that the surface
inversion generally results in the capacitance saturation on the high-frequency C-¥ characteristics and that the
MOS sample fabricated has low interface traps as mentioned herein, the observed behavior is likely to show
both deep depletion and surface inversion features in the depletion region.

Figure 5.26 (a) shows typical C-V curves at frequencies of 1, 3 and 10 kHz for a thermally grown
B-Ga,O3/p-GaN MOS sample without any n” source region, respectively. First, relatively small capacitance
in the accumulation region is found due to the poor ohmic contact to the GaN:Mg layer, which results in
inaccurate accumulation capacitance. Hereafter, low-frequency C-V characteristics are qualitatively stated.
An increase in capacitance can be clearly seen when the bias voltage is applied towards the depletion region,
regardless of measurement frequency. This peculiar behavior of capacitance is analogous to the
low-frequency C-V characteristics that have previously reported to be observed in the gate controlled MOS
diodes with n" source regions [16,17]. Thﬁs, this phenomenon probably seems to correspond to a typical
feature of the surface inversion in the low-frequency C-¥ characteristics. The GaN MOS structures without
any n’ source regions are generally known to show no surface inversion at room temperature, because the
generation rate of the minority carriers is extremely low. Taking account of the high-frequency C-1
characteristics as stated earlier, we can say that the surface inversion occurs at room temperature in the p-GaN

MOS sample without any n" source regions.  The surface inversion observed may result from characteristics
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FIG. 5.26. (2) Room-temperature C-V curves at frequencies of 1, 3, and 10 kHz
for thermally grown 3-Ga,O/p-GaN MOS diode without any n” source region as
the gate bias voltage is swept from -5 to +10 V. . (b) Frequency dependence of
mversion capacitance at bias voltage of 8 V at room temperature for thermally
grown [3-Ga,O/p-GaN MOS diode without any n* source region.

of thermally grown B-Ga,Os/p-GaN interface. As shown in Fig. 5.26 (b), the inversion capacitance at gate
voltage of 8 V is found to increase significantly with decreasing measurement frequency. This is probably
caused by the incomplete ionization of Mg dopants in the GaN:Mg active layer [36-41], as stated herein.

The onset voltage ¥, of the surface inversion seems to depend on measurement frequency; the ¥, decreases
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gradually with decreasing measurement frequency. The V, obtained in this MOS structure without anyn’
source region is apparently much smaller than the values previously reported in the literature [16,1 7]. This
reduction in V,, is coﬁsidered to originate from the presence of efficient generation centers for minority
carrier injection in addition to the low interface traps at the f-Ga,Os/p-GalN MOS interface as stated above.
From the fact that threading dislocations in GaN act as recombination centers [42,43], the origin of the
observed surface inversion may be related to the dislocations characteristickof heteroepitaxial GaN. Thus,
the results obtained in this MOS structure without any n* source region probably suggest that the dislocations
in p-GaN help to provide an external source of rrﬁnority carriers instead of n' source regions, resulting in the
partial formation of the surface inversion at the B-Ga203/p-GaN MOS ihterface.

In summary, the thermally grown B-Ga;Os/p-GaN MOS structures with the n” source regions have been
fabricated by combining Si+N co-implantation and thermal dry oxidation techniques. From the frequency
dependence of C-V characteristics at room témperature, the surface inversion with the V,,, of ~2.5 V can be
clearly seen. This small ¥, is considered to be attained by the enhanced implantation-doping characteristics

and the extremely low interface state density less than 1x10' eV'em? at the B-Ga,O3/p-GalN MOS interface.

5.6 Conclusion

We have investigated interface properties of GaN MOS structures equipped with SiO, and/or 3-Ga,Os as
a gate insulator by using high-frequency C-V and capacitance transient techniques. From the C—’V
measurements, the 3-Ga,03/n-GalN MOS structure shows a low interface state density of ~5.5x10" eV'lcm'z,
while the SiO»/n-GaN MOS structure displays capacitance saturation in deep depletion (> 15 V) and a total
interface state density of ~22x10" eV'em™  Thus, the surface Fermi level is probably unpinned at the
B-GayO5/GaN interface, which ﬁay be probably associated with the presence of the interfacial Ga-oxynitride
layer. In addition, the stacked Si0»/ B—Gaé03/n-GaN MOS structure is found to improve both the electrical

interface properties and the gate dielectric characteristics. Furthermore, we have studied electrical properties

of the B-Ga,Oy/p-GaN MOS structure with an n" source region fabricated on sapphire substrates. The n”
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regions were selectively produced in Mg-doped GaN by Si+N co-ixnplantation and subsequent annealing at

1300 °C, and then 100-nm-thick B-Ga,O; was grown by dry oxidation at 880 °C for 5 h.

Room-temperature C-V measurements display a surface inversion feature with an onset voltage of ~2.5 V
2

and show an extremely low interface state density less than 1x10" eV'em?  These results suggest that the

thermally grown p-Ga,Os/p-GaN MOS structure is a promising candidate for inversion-mode MOSFETs.
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Chapter 6
Conclusions and Future Trends

6.1 Conclusions of this Work

This dissertation has focused on the development and understanding of requisite processing technologies
such as n- & p-type implantation doping and gate insulators of GaN to facilitate the fabrication of advanced
inversion-mode GaN metal-oxide-semiconductor - field-effect transistors (MOSFETs).  Here, we
summarized this dissertation as follows.

In Chapter 1, the state-of-the-art GaN power MOSFETs that might be expected to replace the Si power
devices in high-power switching applications for near-future EV electronics, were discussed and some
requisite basic technologies such as n- & p-type implant doping and gate insulators of GaN were chosen.

In Chapter 2, we reported on n-type implant doping of GaN by using Ge, Si, and O dopants.  First, we
have investigated the doping characteristics and structural defécts of GetN co-implanted‘GaN. N-type
regions were produced in undoped GaN films by Ge and Ge+N implantation and subsequent annealing with
an SiO, encapsulation layer at 1300 °C. Improved Ge-doping characteristics were achieved for GaN by
Ge+N co-implantation, attaining activation efficiencies of ~44 %, whereas in the case of conventional Ge
hnplantatibn, the activation efficiency was low due to the lack of N atoms for maintaining the‘GaN
stoichiometry. From transmission electron microscopic observations, the damage induced by the
co-implantation was entirely restored by annealing ét 1300 °C. However, positron annihilaﬁon
spectroscopic measurements revealed the creation of new vacancy-type defects with markedly different
characteristics in the electrically activated regions by the annealing of both Ge- and Ge+N-implanted samples.
Second, Si-doping characteristics have been systematically investigated for Si+IN co-implanted GaN.

N-type regions were produced in undoped GaN films by the co-implantation and subsequent annealing with -
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an SiO; encapsulation layer at high temperatures. The sheet carrier concentration was seen to be precisely
controllable between 3x10" cm? and 5x10" cm™ with Si activation efficiencies of ~50% when the samples
were annealed at 1300 °C.  From atomic force microscopic observations, the co-implanted sample showed
smooth surface morphology identical with that before implantation, whereas Ga islands were found to be
formed in surface region by the activation annealing in the case of conventional Si implantation. Therefore,
the Si+N co-implantation technique turned out to be an effective method to enhance electrical and structural
properties in view of GaN stoichiometry. However, implantation-induced micro-defects remained even
after the high-temperature annealing process for both Si- and Si+N-implanted GaN samples. Furthermore,
doping characteristics .of O-implanted GaN have been investigated systematically from a viewpoint of
annealing temperature. The implanted O atoms became electrically active as an n-type dopant after
annealing above 1050 °C, but with a low activation efficiency of only 1.1 %. From variable temperature
Hall-effect measurements, O-implanted GaN displayed a shallow ionization level of ~18.3 meV after 1100
and 1200 °C anneals. In addition, secondary ion mass spectrometry measurements showed no measurable
redistribution of the O atoms by the annealing. These results indicated poor probability of the O atoms
occupying an N-lattice site in GaN. |

In Chapter 3, we focused on the electrical characterization of p-type GaN in advance of p-type implant
doping. First, current deep-level transient spectroscopy (-DLTS) technique has been applied to the
investigation on acceptor levels in Mg-doped GaN grown by metal-organic chemical-vapor deposition
(MOCVD). For activation of the Mg dopant, rapid thermal annealing was performed with an SiO,
encapsulation layer at 850 °C in Nz. IDLTS measurements on the fabricated Schottky diode revealed a
discrete deep level located at ~112 meV above the valence band, corresponding to the energy level measured
by the conventional thermal admittance spectroscopy (TAS).  This energy level was also in good agreement
with the frequency dependence of capacitance in view of the characteristic frequency. Therefore, this
energy level is most probably attributed to the Mg acceptor state itself. Second, TAS and IDLTS
techniques have been applied to the Schottky diodes fabricated on Mg-doped GaN grown. by MOCVD to
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investigate the dependence of the Mg acceptor levels on the annealing temperature. Both measurement
techniques revealed two deep acceptor levels with activation energies at ~135 and ~160 meV above the
valence band.  The former level was only seen when the samples were annealed at temperatures between
650 and 700 °C, and its presence corresponded with a significant increase 1n effective acceptor concentration,
as confirmed by low-frequency capacitance-voltage (C-V) measurements. Therefore, this acceptor level
was considered to dominate the electrical activation of Mg in GaN. |

In Chapter 4, we dealt with p-type implant doping of GaN by using Be dopant. - First, we have
electrically investigated the acceptor levels that ‘were present in Be-implanted GaN. Slight p-type
conductivity was attained in undoped GaN films by Be implantation and subsequent annealing at 1050 °C
with an SiO; encapsulation layer. Capacitance-frequency measurements showed a typical dispersion effect
characteristic of deep acceptors in the Schottky diodes fabriéated. TAS measurements revealed a discrete
deep level located at ~231 meV above the valence band. This energy level was in reasonable agreement
with the frequency dependence of the capacitance in view of the impurity transition frequency. Therefore,
this energy level was most probably assigned to a Be-related deep acceptor. Second, p-type regions were
produced in undoped GaN films by Be and Be+O implantation and subsequent annealing at temperatures
between 1000 and 1050 °C. From TAS measurements, the activation energy of the Be acceptor level was
found to decrease from ~240 to ~163 meV by the implantation of additional O atoms, which was in
reasonable agreement Awith the improvement in p-type doping characteristics, as determined by
room-temperature Hall-effect measurements. These results indicated that the Be+O co-implantation
reduced the depth of the Be acceptor level based on a site-competition effect. Therefore, these acceptor
levels were most probably attributable to Be atoms at interstitial and Ga-lattice sites, respectively.

In Chapter 5, we reported on some kinds of gate insulators of GaN. First, we have investigated the
interface properties of SiOx/n-GaN MOS structures by using C-V and capacitance transient techniques.  The
MOS diodes were fabricated by SiO, sputtering onto n-GaN epitaxial layers grown by atmospheric pressure

MOCVD on sapphire substrates. C-V characteristics showed a total interface state density of ~22x10"

142

—136—



Chapter 6. Conclusions and Future Trends 143

eV'lem? and djsplaYed capacitance saturation in deep depletion (> 15 V). The capacitance in deep
depletion was found to significantly increase by incident white light.. A capacitance transient was also seen
after applying reverse voltages, reflecting thermal emission of carriers from the Si0,/GaN interface. DLTS
measurements revealed a dominant interface trap with an activation energy of ~0.77 eV from the conduction
band, corresponding to the capacitance transient. Therefore, this interface trap was considered to induce
surface Fermi-level pinning, which resulted in the capacitance samrétion in the measured C-¥ characteristics.
Second, we have investigated the interface properties of thermally oxidized n-GaN MOS structures
fabricated on sapphire substrates. 100-nm-thick $-Ga,O; was grown by dry oxidation at 880 °C for 6 h.
From secondary ion mass spectrometry measurements, an intermediate Ga-oxynitride layer with composition
gradient was clearly observed at the 3-Ga,O3/GaN interface. - C-V measurements shoWed a deep depletion
feature and a low interface state density of ~5.5x10" eV'em? Additionally, no discrete interface traps
could be detected by DLTS measurements. These results indicated that the surface Fermi level was
unpinned at the B-Ga,O3/GaN interface, which was probably associated with the presence of the interfacial
Ga-oxynitride layer. Third, we have investigated the interface properties of SiO,/n-GaN MOS structures
with Ga-oxynitride interlayers.. B-GayOs 15 nm thick was grown by dry oxidation at 800 °C for 6 h, and
100-nm-thick | SiO, was then deposited by sputtering. From secondary ion mass spectrometry
measurements, 35-nm-thick Ga-oxynitride had composition gradient and O atoms diffused into deeper lying
region than the -Ga,Os/GaN interface besides the B-Ga)O; layer. C-V measurements showed a low
interface state density of ~3.9x10'° eV'em?, resulting in an unpinning of the surface Fermi-level.  These
characteristics were clearly different from those without the interlayer. - These stacked SiO»/B-Ga,Os/n-GaN
MOS structures were found to be equipped with both the outstanding interface properties and the good gate
dielectric characteristics. Furthermore, we have studied the electrical: properties of thermally. oxidized
p-GaN MOS strucﬁ1res with n” source regions fabricated on sapphire substrates. The n' regions were
selectively produced in Mg-doped GaN by Si+N co-implantation and subsequent annealing at 1300 °C, énd
then 100-nm-thick B-Ga,O; was grown by dry oxidation at 880 °C for 5 h.  Room-temperature C-V/

=
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measurements displayed a surface nversion feature with an onset voltage of ~2.5 V and showed an
extremely low interface state density less than 1x10" eV'lem™  These results suggested that the thermally
grown B-GaOs/p-GaN MOS structure was a promising candidate for inversion-mode GaN MOS

field-effect-transistors.

6.2 Suggestions for Future Works

In this work, we have developed some requisite processing technologies to facilitate the fabrication of
advanced inversion-mode GaN MOSFETs. Several important results can be obtained, as stated above,
whereas there are many problems remaining. ‘

As for n-type implantation doping of Ge and Si, good doping characteristics can be obtained by using a
co-implantation technique of additional N atoms, regardless of there being a number of implantation-induced
defects remaining even after activation annealing. In their doping process, howéver, high-temperature
annealing (> 1200 °C) is found to be required to activate the implanted dopant atoms. This annealing
temperature is much higher than the growth temperature (~1100 °C), which indicates that thermal stability of
GaN-based materials may be a concemn in the high-temperature annealing process. In fact, we find that
N-deficiency from GaN-lattice starts to occur at temperatures above 900 °C. Thus, an n-type
implantation-doping technique that enables relatively low-temperaﬁjre activation is more desirable. From
this point of view, O-implantation dopihg becomes a promising option. In this case, however, effective
activation efficiency of the implanted O atoms is too poor. . Therefore, the implantation-doping technique
should be better improved to be compatible with the low-temperature activation and the high activation
efficiency. Additionally, in advance of the fabrication of real GaN MOSFET devices, a satisfactory level of
contact resistivity for ohmic contacts to n-type implanted GaN should be assessed and then be feedbacked to
the implaht activation efficiency.

P-type GaN layers have to be formed selectively to realize power device structures that enable a

normally-off operation for EV electronic applications. ' Thus, p-type implantation doping is a most attractive
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processing technology. In particular, the Be+O co-implantation technique is found to reduce the depth of
fhc Be acceptor level based on a site-competition effect. However, the present doping level is inadequate to
fabricate these power devices. A significant increase in effective acceptor concentration is needed in
connection with a decrease in acceptor energy level to improve p-type activation efficiency. To that end, we
will have to optimize an O/Be ratio and annealing conditions for the Be+O co-implantation process.
Furthermore, ohmic contacts to p-type implanted GaN should be assessed.

Regarding gate insulators, a low interface state density, a low leakage current, and a high breakdown
voltage need to be obtained. From this point of view, the combination of thermal dry oxidation and SiO;
deposition is considered to be a powerful tool to overcome troublesome issues of GaN MOS structures. A
stacked SiO,/B-Ga,O3/GaN MOS structure is found to improve both the electrical interface prdperties and the
gate dielectric characteristics; the B-Ga,O; interlayer provides good electrical interface properties and the
SiO; layer reduces gate leakage currents and enhances oxide breakdown voltages, respectively.  To enhance
these characteristics, a photoelectrochemical oxidatién technique which yields very smooth thin oxide surface
and a high-temperature SiO, deposition technique which improves gate characteristics, become prbrrﬁsing
practical options. In addition, gate metals should be assessed for real GaN MOSFET devices. |

At present, available GaN epitaxial layers have poor crystal quality, compared to Si and GaAs. They
have high dislocation densities on the order of 10°- 10" em™.  In accordance with an advance in the GaN
growth technique, the crystal quality will be improved remarkably. - Thus, the present characteristics of the
ion-implantation doping and the gate insulators will be better improved with a rise of GaN crystal quality.
In addition, these processing technologies should be combined to fabricate real GaN MOSFET devices. In
this case, some thermal management may be an open issue. In particular, the difference of annealing
temperatures between n- and p-type implant activation may be a bottleneck when both implantation-doping
techniques are simultaneously applied to the realization of their device design.

Furthermore, physical source of deep levels in GaN and related materials are not known in general.

Particularly, any correlation between defects and electronic propertiés in GaN has not been well understood,
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because there are a large number of different types of defects may be present; dislocations, point defects,
complexes, extrinsic & intrinsic defects. | Among them, electronic défects, especially implantation-induced
defects probably seem to limit performance of FETs.  Therefore, we will have to pay much more attentions
to point defects in GaN in the near future. In particular, electrical characterization of process-induced point

defects will gear up for the establishment of basic technologies for GaN power devices.
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Chapter　5．　GaNL　MOS　Structures97Ch紐pter　5GaN　MOS．Stmctures5．11ntroduction　　G註Nhas　at仕acted　much辻岐erest　fbr　high�femperature　and　high−power　eIectronic　appHca口ons　because　ofits　ou鳳anding　proper巨es，　such　as　a　wide　band　gap　of　3．39　eV；ahigh　breakdown　field　of　5xlO6　V／cm，　and　aゆ・a・�o丘・n．輯・・1・・i取・f2・7・107　c�u・［1・2］・距ce皿1エ．an�ob…fG醐・ld−e艶・・幡i鏡・聡（FE聴）such　as　hetem　bipolar　transistors，　me一一〇＞dde−semiconductor　heterostructure　FE恥，　andme囲一〇xide−semiconductor（MOS）FE馳have　been　r（塑。貫ed［3−6］．　h　p�qcul鉱the　G臼N　MOS　s杜ucn辻eequipped　with　a　sur藍ace　hlversion　mode　as　a　mhlori取一carrier　channel　is　ve琢�qportant負）r　high−powerswitching　gpphcadons　hl　EV　electmnics　shlce　it　would　provide　fbr　lower　leakagβcurrents　and　reduce　powercom�oP廿on，　eI曲1血g　noH副y−oぜope魎onへ舳山面bIoc�qg　vol�se　even翫h帥tempe欝es・Howeveろthe　potenhal　of　advanced　GaN　MOS　devices　has　been　yet　hard　to　gamer　because　of　in免riorh劇ators　and　insulato∬GaN�qe血ces．　The　fkst　GaN　MOS　structure　using　a　gate　insulator　corEis百ng　ofdeposited　Ga203（Gd203）has　been　reported　by　Renθ’αZ［5］．　Since　then，　sevelal　approaches　have　beenemployed　to　develop　an　hlsulatoガGaN珂OS　structure　using　either　a　GaN　native　oxide（β一Ga203）or　adeposhed　h：1sulator　using　Ga203（Gd203），　AIN，．SiO2，　Si3N4，　Pb（ZちTi）03，　PBT（p−phenylehebenzobis血iazgle），MgO，　and　Sc203　in　view　of　gate．insulator　materials［6−18］．　Howeve蔦none　exhibits　opt�qal　characteristics．乃・b・皿・ne、ksh釧・been　s面ace　Fe血一level　p�q9舳・血慮・ガGaN�u・�qce，　w�q・hi・awel一�q・wnproblem．with　most　GaN，　and　poor�q3ulator．quaHt）乙Thus，　both　issues　need　to　beっvercome最）r．the．励ricadon　of　advanced　GaN　MOS　devices．　In　parほcula鳥conven廿onal　GaN　MOS．structures　have　been魚mdt。　h訓，alオ9，�q，血，．甑，d・nsi取・n血…d・士・f1012　eV一｝�p2，・e・皿面9並血・F・�oi−1・v・lp�q997−91一98Chapter　5，　GaN　MOS　Structuresat　the　GaN　sur伍ce．　hl　addition，　in−depth　data　on　the　electdcal　pK）per口es　of　the　GaN　MOS　s駐uc加res　havenot　yet　been　repo蔦e己In血s　c珈teちwe　h即e釦。圃on血e　elec面。烈。�qcte伽on　of　some．�q由of．G・N　MO串蜘・血・・．　F賊�q・ecd・耳ξユw・単・・甜9翫・血・�q・血ce　p・・頗…f・・�o・面・副SiO・／匪q州MOS蜘・磁・・byushg・即�ti伽ce一・・1咤・（σ伽d・即�ti伽ce幡i・血tec�qq…エ19］・．　　Am・ng・n�o悦・・fG州MOS血・傭・・t�q�q・悦・n　p舳usly・ep・盛磯・血・細�S一・幻・�q・ntec�qique　used魚rβ一G鋤03お�o翫ion　has　o撮y　limited　success　on　GaN　and　has　been　proven彼）reduce　theinterface　t【ap　by　more　than　one　order　of　magnitude　oompared　to　the　other　deposition　methods　in　addition　toiお・impl・�pd・おy�oy［8］・β一G御0・i・g・n・・田y�q・�ot・坤・3而d・b�pd　g即of4・7　eV包「oo甲tempemture［20］．　Dgpendillg　on　growth　con（htions，β一Ga203　can　be　an�q3ulator　or　a　semiconductor；growing　under　o）dd面ng　conditions血esults�qins面adngβ一Ga203，　wh皿e　that　grown　under　feducingcondidons　is　se�uconductive．　Thus，　theβ一G鋤031ayer　gro�oby　the�o副（ky　oxidぬon�u幽be　expectedto　exhibit　int血sic　properdes　with　applica丘ons　in　dielectdcs　espe6ially�qporm　fbr　the　MOS　charactehsdcs．Howeve鳥in冠ep由伽on血e　elec恒。烈prope而es　of　the　the�o烈lyρxidセed　GaN　MOS就ructures　have　notyet　been　repo貰ed．．hl　sec廿on　5．3，　the　inte撫e　prope面es　of血e血e�oaUy　oxidセed聾GaN　MOS蜘。�qeshave　been　invesdgated　electdcan払Imd　the　results：are　compared　l　to　those　of　spu並ered　SiO2／n−GaN　MOSstructures［18］．　　Regarding　i窺er偽ce甑es翫血e　GaN　MOS　inte魚ces，血e�o烈dly　and　photoelec廿oche�uc副（PEC）o）ddadon　of　GaN　is�qown　to　be　ef驚cdve　in　reducing　the　intθ血ce噸e　densiW　a　．theβ一Ga20yGaNinte血ce［7，8，15，21−24］．　In　section　5．3，止e血e�o烈Iy　grownβ一G趣0血一GaN　MOS舘uc雛es　have　beenproven　to（五splay　a　low　hlte血e　state　density　on　the　order　of　1010　eVlcm2，　resul血g　hl　an　unp�qjng．of　thesur食ace　Fe�oi−level　at　the　p−Ga203∠n−GaN　inter毎ce［18］．　Ih　a　r�oow　sense，　the　interfacial　Ga−oxynitridelayer　is　considered　to　play　a　sig血ficant　role　in　improvhlg　the　electdc副inter魚ce　properdes」Howeveちβ一Ga203／n−GaN　MOS　structures司so　showed　relaU▽ely，large　gate　leakage　current　compared　to　that　of　theSiO2／n−GaN　MOS　stnlctures，　which　may　be　caused　by　a　poor　qua旺ty　ofβ一Ga2031ayer　and　a　smallbonduction−band　QfBet　of〜0．9　eV　between　GaN　andβ一Ga203，　bearillg�qrn血d　thatβ一Ga203　has　a　band　gap98一92一Chapter　5，　GaN　MOS　Structures99of　47　eV　at　room　temperature［20］．　There我）re，　a…寛acked　gate　hlsulator　consi…踊ng　ofβ一Ga203　andwell一�qown（五ele面。　SiO2　might　be　e聯cted　to　improve　the　gate　diele嘩。　ch町acte磁ics［25，26］．　That　is，in　the　SiO2／β一Ga203／n−GaN　MOS　structures，　the　p−Ga203　interlayer　can　provide．　good　electrical　i�qer飴�tproper口es　and・the　SiO21ayer　should　redu�tgate　leakage　currents　and　enhance　oxide　breakdown　voltages，resulhng　in　overoorゆg　the　troUbl『some　issues　of（｝aN−based　MOS　structures，　as甑ed　earHer　HoweveちIm　in−dgpth　study　on　the　el�ttdcal　properdes　of　the　SiO2／β一Ga203／n−G臼N　MOS　s�guctures　have　not　yet　beenrepo貫ed．　hl　secdon　54，　we　have　fabricated　the鏡acked　SiO2／β一（｝a203／n−GaN　MOS　structures　by　usingthe�oal　dW　o）dd面on　and　SiO2．deposidon　tec�qiques，　and　have　inve甜g泌ed　the　chaacte曲cs　ofSiO2／h−GaN　illter農aces　withβ一Ga203　h〕terlayer『，　in　oomparison．with　those　of　conventional　SiO2∠n−GaNhlterfaces［27］．　　The　p−G臼N　MOS　s伽cture，　impor田nt魚r．power　s嚇tching　devices，　is　gener蛆y�qown　to‘show　nos血einversion　due　to　the　ex腫emely　slow　the�o烈gener加on　of　mino晦ca�uers　ca聡ed　by　the　wide　bandgap　of　3．39　eV［10］．　Re6end払Klmθ’α乙have　r叩orted　tha：MgOな）一GaN　and　Sc20：遮）一GaN　gate−controlledMOS　diodes　with　n＋source　regiorE　show　inversion　behavior　at　room　temperature［16，17］．　In　their　repoks，the　selec廿ve−area　Si−implanted・regions．play　an．ef驚ctive．　role　to　provide　an　extemal　source　ofrninodty　caniers．H・w・v・繭・b・樋�pec�qh止・・e再・d・・m町b・al�r・血・血ce甑・d・鋤・n血…d・・．・f1・12「eV】cm2and　poor　electrical　acdvahon　of廿1e　Si一�qplanted　regions・resultin9辻【the　Iarge　onset　voltage30f　sur農ace�qe蔦ion。　Regarding　intelface　s倣es，血e�o烈dly　o）d伽on　of　GaN　is�qo功n　to　be　e館ctive　in　reducing　the�qe血ce血ap瓠theβ一G鋤OyGaN　MOS．i血er飴ce，　as　s倣ed副）ove［821］．．In　secdon　5．3，血e血e�o囲ygrownβ一Ga203／n−GaN　MOS訊ructures　have　been　prbven　to　display．　a　low　inter飴ce　state　density　on　the　order・f1010　eVlcm2［18］・h磁出d・脚�qP・・v・m・飢・fn一卵・�qpl漁・n−d・P血9・瞬・t・曲・・偽・止・n＋source　is　needed　to魚�oas加s魚ctoly　n＋吹@j�oction　under　the　g翫e　insul翫。エ．　From　this　rゆ�qt　of　vieW　wehave　also　rq）orted　that　co−implantaUon　of　Si＋N　and　subsequent　amealin窪at　high　temperatures　enhanceelectrical　n−type　actiVation　and　structural　proper匠es　of　the�qplanted．regions，　based　on　a　site−compe琶tione騰t，as…戯ed　in　sec丘on　2．3．［28−30］．．　Thus，血e血e�oa皿y　o）ddized　p−GaN　MdS蜘ctures　with　n＋source99一93一100Chapter　5．　GaN　MOS　Structuresregions飴bhc甑ed　by　us血g　the�o烈（hy　oxi（ぬ丘on　and　Si十N　co−implan倣ion　tec�qiques　mi幽be　expected　to9・m6曲・辻・u働・�q9P・t・血i烈．β一Gの0・�q・而d・b�pdg即・f4・7・V翫…mt・即・ゆ・加d・．dielec面。　co�qt　of　10．2−14．2［20］．　There鉛re，　a　th�p1訓y即。�oβ一G亀031町er　is　expected　to　e）曲itintdnsic　properdes　with　apphcations　in　d玉ele面cs　e鑓）eciany　impor�qt　R）r　F｝aN　MOS　device3　The　issue　asto　whether　or　not　theβ一（｝a20yGaN　MOS就ructures　easiy　have　a　sur農ace　hlversion　mode　should　depend　onthehr庄er飴ce　proper症es．　Howeve萄�q一dep血畝on　the　ele面。烈prol魎es．of　the　the�oally　oxidセedP−G姻．MOS・�q・伽es「q・n・t　y・t加・血・ep・個．1・・ecH・n　5．5，肥h即・励畝・d止・�o田y面・地・dP−G姻単Q蹟d・・舳n＋s・腱ce・e幽by・・mb�qg　si州・ぴ�qpl四一d血・rn鵡・畑・ntechniques，　and　have血vesdgated血eh’�qer伽e　proper丘es　electrically［22］・5．2．SiO2／n−GaN　MOS　Struc加res5．2．1Expenmental−　　丘eepi剛G・N血・wα・暫・�oby�q・・ph・h・p・ess皿・mr甲州r・h・�u・烈一・御・蜘si廿on（MOCVD）on　a「plane開pp�qe　substrates．　First　a　20　n止n　AIN　buf振er　layer　was　deposited　at　400。C，　and血・nSi−d・P・d　3一ゆ一面・k　G姻1町・・was理・�o宏1050・C　as�p�tdY・1町・・職・GaN�t丘・・1町・・比d丘ee　electron　concentra廿ons　of〜7．6x1017　cm弓，　mobHities　of凡440　cm2八zs　and　threadipg　dislocation　densitiesof　2−5x　109　cm2　as　determined　by血oom−tempera加re　Hall−ef驚ct　measuremenしs　an4　t�osmission　electron�u・…c・pi・・り・e面…．抽・Si・・nce血頗・n一曲・・血・edt・比一6．8・10’7　cm6　by・eb・n・切i・nmass　spec往ometry　measuremen�s．　A丘er　grow肛late田1　dot−and一寸g　GaN　MOS　diodes　w6re魚bhcated　as・h・�o�q．eig．5⊥．e魔・100一�o一門・k　SiO、1町・・wおd・p・・並・d・n止・t・P・面�t・・f血・G・N　sampl・・おagate辻1sulator　by　radio一丘requency　sputterhg　us血g　an　SiO2　target　　The　sputte血900ndidohs　are　shown血肝ble　5．1．　The　SiO21ayer　was　se16ctively　removed　by　wet−etbhing　ushlg　a　photoHthogrgphic　technique　fbr』Q�qcc・漁・t曲ecdy�S・GaN・・d・・1・y・聯d血・n理m・幽お・v御�嚇血�R・・�qi・wm朗kt・provide　gate　and　ohmic　electrodes．　The　dot　gate　electrode　was　50σ．μm　in　diamete蔦and　was　sur跡ounded　bythe血g　ohmic　elec鎚ode．　A衰er　metaUizadorちthe　MOS　sarnples　were　amealed　at　450。C　fbr　30　min　in　a100−94一Chapter　5．　GaN　MOS　Struc焦ures101．r血rogen　atmosphere．�Rafe9oわm’cση9♪Aloわm’cO7ηω・牽Al贈lOOn由S10∬・AlL　‘3μmSi−doped　GaN5　　　　熱鞘　　　　　　　　　転@　　健A踊、　　　　い、唐≠垂垂b撃秩ﾌ@　　・Ay、トへ・嚇　　　　　　　　　　　　　輯@　　　毛　yFlG　5．1．　Schemadc　cross−section　ofan　SiOっ／n−GaN　MIS　diode　f註bhcated．TAB】LE　5。1・　Sputterh19◎ondi丘ons　fbr　deposi廿on　ofan　SiO2　gate　layerParameterSet　valueTarget−Substrate　Distance（mm）　　　Base　Pressure（Torr）　　Substrate　Temperature（K）　　　　Spu廿ering　Ga6　　Processing　Pressure（Torr）　　　lnput　RF−Power（W）　　　40＜2k10−6　　300Ar−30％02　7x10−3　　200　　The　f諭bricated　SiO2／GaN　MOS　diodes　were　characterized　by　means　of　c�oent−voltage（みの，　C−Kcapacitance−time（CL’）and　dee昼level　transient　spectroscopy（DLrS）tec�qques．．Theみ7measurements101一95一102Chapter　5．　GaN　MOS　Structureswere　carried　ou亡in　the　da士k　at　a　voltage　step　of　O．l　V　under　a　convenhonal　dc　mode．　On　the　C−7measurements，　convendonal．@CΨ（nomlal　C一りand　pulsed　CL7［31］methods　have　been　employe（L　Both血eme捌remenおwere　per飾�oed　in　the（疲k翫a丘equency　of　l　MH2　and　a　vol毎ge鏡ep　of　O．1　V　v舳・謡・u・d・1留t�q・な0・血・p皿・edρ二Vmeas�p・卑・鵬・n・頗t・f血・p樋・e卿・m・・n・i鏡・・f榊・職…as・h・�o血Fig　5・2・At血・t晦・，・p皿・磁・・1�r・・f＋30Vi・即pli瓠脚P・・ach�pacc�o曲n・e錘・ntemporadly　The　holdhlg　t�qe砺is　fixed　a口ms．　SequenUa皿y；bias　vohage　is　apphed　and　the　capacitanceis　measured　a食er躯　The　bias　voltage　andなare　indgpender戯y　varied．　PhotoσFmeasurements　were　alsoconducted　under　v面te　lig町t　iluminahon　by　ushlg　a　meτcury　lamp．　haddi廿on，　to　evaluate　t�qedependence　of　charghlg　and　discharghlg　in　deep　depletioh　at　the．SiO2／GaN　inter由ce，　oonvenUonal　C一’m・蹴・m・臨w・・ep・而�o・d血血・眈kbyus�q9宙・p岬σ7tec�qiq・・，お甑・d伽…F�q・�o・・e・DLrS　measuremen�swere（沿rried　out御empe伽res　between　85　and　475　K　mdef　the　same　cond亘on　as　theCイmeasurements　to　inve…虹gate　deep−level　cehters　at　the　SiO2／GaN　hlter飴ce．．�@o醒。＞ω．歪協　　鳩iiitim一．　も証協．4一一一→’d　　．…協．　　　　1ぐ一一一一’リレFIG　5．2．　The　pulse　pa虻em　ofthe　bias　voltage　on　pulsedσ7measuremeDts．102−96一Chapter　5．　GaN　MO串Structures103．5．2．2．Resm髭s紐nd　Discussion　　Figure　5．3　shows　room4empelatureみ7characteristics釦r　the　f註bricated　SiO2／GaN　MOS　diodes．　Thereverse　breakdown　and　the　fbrward　tum−on　voltages　are−35．7　and　13．6　V；respectivelyl　From　the　gate　SiO2血。�qess　of−100�o，血e　co跡espo曲g鱒田d　breakdowll且eld　is　cal磁ed　to　be−1．4　MV／cmef驚cdvely　　1α6ぐ暮1α・≧）10−8●あ⊆　10−9Φ∩．一　10−105彗10−110　　10−12295K：　▲　　＝　　＝turn−on　　　　　　　　一30　　　−20　　　−10　　　　0　　　　10　　　　20　　　　　　　　　　　　　　　Gate　Voltage（V）HG　5．3．　Rρom≒tempera瞳g　I」Vρh軍acterisdcs　fbr　the　f乞bricated　SiO2／n−GaNMOS　diodes．　　Figures　54（a）and　54（b）respecdvely　showちpic組room−tempera皿e　no�o烈and　pulsed　C−7c�ozes　fbrthe　fabricated　SiO2／GaN　MOS　diodes．atなof　1，5and　30　s．　Ideal　C−7c�o7es　with　inve聡ion　mode　are　alsoshown．　Bias　vol兜e　wお曲ept丘om＋20（acc�o曲ion）to−30　V（deple丘on）and血en　back　to＋20　V　Inboth　curves・theρ｛4）acitance　tends　to　be『atしπated辻L　deep　depletion曲ere　the　reverse　voltage　is　lalger　than　15VIn　the血ct　sense，血e�Saciセmce　in　deep　depletion　is　clearly　s舳翫ed　reg�pdless　ofをi紬e　no�o創σ7curves，　whereas　theなdependence　of血e　capacitance　is　se（｝n�qthe　pulsed　CL　7　curves；the　capacitance�qdeepdepledon　Slightly　inc士eases　to　the　saturahon　cε司pacitamce　ofthe　normal（ン7charactehstics　with　an辻lcrease　o£103−97一104Chapter　5，　GaN　MOS　Structures砂．This　c司pac�qce　transier旺is　caused　by　themlal　emission　of　ca面e！s　fヒom　the　SiO2／GaN　inter毎ce　inaccordance　with可〜ply�qg　the　reve給e　voltaεe（＞15V）．　In　addition，　the　capacitance　t�osient　see】鵬to　havealong　time　constant　of　the　order　of　several　seconds　at　room　tempera加re，　indica血【g　that、the　observedcapacitεmce　satura丘on　is　associated　with　deep�qer藍a�t1凱es　enelgeti6aHy　far　away　fbom　the　conductionband　edge　of　GaN．　Thus，　the　pulsedσ7　method　is　an　ef驚ctive　tool　to　evaluate　t�qe．　dependence　of　否OへO　否0へo1．00．90．80．71．0090．80．7（a）normal　C・V　CFBICox＝0．983…一・一一一　　ぼ　　　　　　　　　　　　　　　　　　　　　　　　　　i　．　　　　　　　　　　’　　　　　；．；　　“　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■　　3　　　　　　　　　　　　　　　　　　　●　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　o　　・　　　　　　　　　　　　　　　　　　　　　　　　■　　　　　　　　　　　　七ヒ　　＝　　　　　　　　　　　　　　　　　　●　　．　　　　　　　　　　　　　　　　　　　　　　　　■　　　　　　　　　　　　　　　　　　　　　　　　の　　　　　　　　　　　　　　　　　　　　　　　　の　　コ　　　　　　　　　　　　　リ　　i　　　ジ　　・w　　iVTH　295K．iiV・．．iV・・　　　』畢：　　　駕幽　・．　ノ　　　　　　　　　瞭・　　　　　　願・　’．霞　　メ’．　　・　　　ノ　　　　　　　　　　　　　　　　　　　　のロ　　　　　　　　　　　　　　　　　　　ミ　ヒ　　　ノ　　　　　　　　　　　　　　　　リコ　　　　　　　　　　　　　　　の｛・　ノ覗i　　メー　ideal（inv．）i　　　△　exp．（1s）i　　　團　exp．（5s）iVFB　●　exp．（30s）（b）pu量sed　C−v　　　i　iVa　CFBICox＝0。983・・…一一一一一i・　　i　　．　　　　ノ　駐“：’iVbジiv・“　7ノ炉　　冊295K　垂　　　　メ　．』　　　　　〜　．　　　　！　．　　　　　　　　　　　　　　■　馨　　　　　　　　　●ヒヒ　　コ　　　　　　　　の　ミ　　　　ぷ　i　　ノく一・ideal（inv．）　i　　　△　exp．（1s）　i　　　圖　exp，（5s）　iVFB　●　exp．（30s）一30r一20　　　−10　　　　0　　　　10　　Gate　Voltage（V）20HG　5．4．（a）Nor圃C−7and（b）pulsedσ7curves　at　room　temperature．fbr　the魚bricated　SiO2／h−GaN　MOS　diodes　as・lhe　bias　voltage　is　sw6pt丘om諸蹴計d出enbacや＋2QV翫をρf1・加d308toge血畔「舳104−98一Chapter　5，　GaN　MOS　Structures105charging　and　discha劇ng　at　the　SiO2／GaN　inte血ce．　Here，　h：1　the　ideal　C−7curve，　the　flatband　capacitance，qκαr，is　calculated　to　be　O．983．　In　both　curves　of　Figs．5．4（a）and　5．4（b），　slight　hysteresis　is　observed　atなof　l　s，　whereas　a　much　lalger毎crease　qf　hysteresis　windows　is　seen　with　increas単g幅　The　hy…凱eresiswindows　show　a　tendency　to　be　saturated　at　aroundなof　30　s．　This　hysteresis　behavior　illdicates　cha喀eexchahge　between　the　deep　inte血ce　states　and　the　bu∬（GaN．　Here，レ各is　the　flatb．and　voltageレ袖when　thebiお・・1�s・g…丘・m　acc�o皿面・n　t・deep　d・pl・d・n�pd砺i・肱曲�p止・v・1箆・・weep・軸deepd・pl・廿・nt・acc�o咽qn　h螂・・f血・n・翻σ7・h�o・t6d曲・，血・垢i・＋49V鋤・f30・，as・h・�o血Fig・54（a）・　This且atband　voltε鳴e　shi食（∠1恥）to　the　positive　side　gives　a　f敷ed　oxide　chalge　densi取ハケof−1．1・10’2eVlcm2舳・就・・g葡ve　c�s・・三面b劇面・SiO、．　h・d磁甑、。mp�p，d舳血，67data　at壊of　l　s，　the垢and％sh燈toward　begativ6　and　positive　voltages，　respectivel払a吻of　30　s．　Thisimphes　the　presen�tof　numerous　residual　negε比ive　charges　at　the　SiO2／GaN　inter飴ce．　These　interfacestates　can　be　attributed　to　acceptor−hke�q：er飴ce　electron　traps．．隣一砺【is　the　total　hysteresis　whldow　atn曲and．　The　l�re　window鋤of　30　s　is〜9．1　V血血e　po�o烈σ7characゆ甜cs，　which　coπespon（k　to　atotal　interface　state　density〈懸of　at　least〜2．2x　1012　eV’lcm2．　Theハヶandハ愁，　calculated丘orn　the　pulsed　C−7method�pe　in　agreeme伽i血血ose食om　the　no�o副σ7me血od，　respec丘vely　　Figure　5．5（a）shows競）ical　temperature　dependence　of　the　pulsed　C−7curves　atなof　30　s　fbr　the魚bricated　SiO2／GaN　MOS　diodes．　The　bias　voltage　was　scanned　back　and貴）r出between＋20　and−30　V　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Lrr・The　capacitance　sat�otion　in　deep　depletion　becomes　clear　with　the　rish！g　of　temperature．　The　hysteresiswindow　becomes　sma皿wi血in・罪easingτempe・a・u1・e　even　a・なof　30・・Figure　5・5（b）show・智picalな．dependence　of‡he　pulsed　C−7curves　at　373　K藍）r　the　fabricated　SiO2／GaN　MIS　diodes．　The　capacitancetransient　in　deep　deple虚on　can　be　clearly　seen　even　at　373　K；the　cap舞citance　in　deep　depletion　gradu紐lyhlcreases　uI）to　a　saturahon　value　with司n血crease　of功．　These　results　also辻」dicate　the　observed　cap3citancesatula丘on　is　probably　concemed　with　locaHzed　4eeぴlevel　traps　at　the　SlO2／GaN　hlterface．105一99一106Chapter　5．　GaN　MOS　Structures　きO　o　蓉Oへ．o1．00．90．80，71．00。9、0．80．7．（a）td：30s　ξξψ　チ　’．　〜’〜0295K●A323k　團373K　●．423K（b》、CFBICox＝0．981”一一一373K　〜　ノ∫ノレ苓・　弟　　’　’一　idea1（inv．）△　exp．（1s）囲　exp．（5s）●eや・（30s）一30．一20　　　−10　　　　0．　　　10　　　Gate　Voltage（V＞．20F【G5．5．（a）Tbmperature　dependence　ofpulsed（｝7curves　atなof30　s　asthe　bias　voltage　is　swept丘om＋20　to−30Vand　then　back　to＋20　V（b）義〜dependence　ofpulsedσ7curves　at　373　K　as　the　bias　vo互tage　is　swept食om＋20　to−30Vand　then　back　to＋20　V　　Tb　cla的弓e　inter偽ce　trap　gene田tion　in　the魚bhcated　SiO2／GaN．MOS　diodes，　photo　C−7measuremenおwere　ca�ued　out翫．room　temperature．　Fi創re　5．6　shows　typical　room−tempe伽re　no�oaIand　pulsedρ一γcurves　atなof　5　s　with　and　without　the　white．light　illuminadon．　hl　both　C−7methods，　asignificant　dif琵rence　betw�tn　with　and　without　the　photo　illuminadon　can　be　clearly　seen　in　deep　depletion106一100一Chapter　5，　GaN　MOS　Structures107of　the　measuredσ7characteri…虹cs．　The　capacitance　hl　d6ep　depletion　la瑠ely　increases　up．　to　a　saturation唄・・by血e　c・n血・・usph・t・in�o血ぬ・蜘d・面・自・・i蝉・韻．h・・ease・f・h飢9・d・mi�Q止・�q・・聡i・nregion　which　leads　to　a　reducdon　of　the　depledon　region　width．　That　is，　exposing　the　SiO2／GaN　MOS磁odes　to　the　white　hght　produces　hole−el�ttron　pahs　only　at　the　GaN　su血ce　where　the　gate　me観（gateelectrode）is　not　present．　SequentiaUy；the　SiO2／GaN　inter飴ce　at　the　edge　of　the　gate　electrode　reaches�qversion　and　can　act　Uke　an　n＋source．　In　this　case，　the　capaci1加ce　sh6uldεqpProach　a　value　expected　whenan血veBion　layer　is鉛�o（ガ．　Ih　addi廿on，　the　capaci伯nce�qdeep　d（�iledon　grad副y　decreおes　when血e‘曲ite　li餌is　r�poved．　Ths　res皿t曲ecdy　implies血e　presence　of　n�oerous　hte血ce甑es，　i．e．止e．capacitance　value　decays　due　to　hole−cap町e　process　by　the血e血ce　s戯es・　Thus，　the　photo血ducedc塊es　m町coπespond　to血e　s�oof血e　hveBαi　c比rges　and血e�qe曲ce廿apl£d　ch�res．　Conve聡elメthe　interface　states　are　consid6red　to　illduce　sur農ace　Fe�oi　leYel　p�qng　at　the　SiO2／GaN　illte血ce，醐chleads　to　the　cεqpaci1加ce　satu1Hdon　in　deep　depledon　of　t車e（�qk　C−7chamcteris廿cs　hEtead　of　actual．holehversion［32，33］．　Therefbre，廿le�qer飽ce　state　density　should　bεreduced血order　to　achieve　hlversionmode　hl　the　SiO2／GaN　MOS　structures．1．0　　0．9否．o　0　　0．80．7舎td：5s295K　　／　　　　　β●○　　　メ　　　！　　．ぐonormalCV●　　pulsed　CV△　normal　CV＋photoム　pulsed　CV＋photo　　　　　　　　一30　　　−20　　　−10　　　　0　　　　10　　　20　　　　　　　　　　　　　　　　Gate　Voltage（V）FIG　5．6　Room　tem診elature　ofnormal　and　pulsed（｝7curves　at　4／of　5　s　withεmd　whhout　white　Hght　i皿�oinadon　fbr　the　SiO2／n−GaN　MOS　diodes魚bdcatedas　the　bias　voltage　is　swgpt丘om＋20　to−30　V　and　then　back　to＋20　V107一101一108Chapter　5．　GaN　MOS　Structures　Tb＝ex飢血e　the　c即acitance幡ie瓶observed溢deep　deple廿。恥Cイmeasuremen給were　pe面�oed　in血・伽kby　m・�o・f血・p粗・ed（｝7　tec�qique　as　m・血・n団油・vαFi騨・5・7（・）Sh・w・卯i・副biasvoltage　depepdence　of　the　capacitance　transier眈at　room　t�ppera瞼e　f）r　the勧ricated　SiO2／GaN　MOSdiodes．（易tneans　final　capac�qce．　T脚。　capacitan�ttransien蛤are　clearly　seen，　which　is　labeled　G　andゐas　shown　in面s　figure．　By　comb�q1g　with．the　measured　C−7　characteri虹cs　as　s倣ed　above，　bo血。〜paci伽ce廿邸ie血s　co�tspond　to血e�oal　emissions　of　ca�uers　fbm出e　SiO2／GaN　ir庄�u�te［11］。1．0∈⊆〜o，900．81．0ε匙〜o．900．8（a）・5V．10V−15V−0−25Vぐ一G295Kぐ一1（b）398K　　　373K　　　　348Kぐ一Eぐ国G尋■1295K323KVG＝一25V10一与　．10−410−3　　10−2　　　10−1　　　100　　　　Time（s）．101　　　102　　　103　．HG5乳�ABiお・・1愉9・�odΦ）t・m蜘�p・dr圓・nce・f・即・rl賦hansient　R）r　the魚bhcated　SiO／n−GaN　MOS　diodes　a丘er　applying　the　biasvoltage　of−25　V108一102一Chapter　5，　GaN　MOS　Structures109The　capacitance　signi五can廿y　tncreases　wi廿l　an　hlcrease　of　reve】se　vo11�re茸br　the　capacilmce　trarBient　G，whereas　the　capacitance　variation　rema血s　sma丑independent　of　reverse　voItage　fbr　the　slow　capacitancetransient　Z　　The　relaxation　t�qe　fbr　both　cεφacit�oce伽sients　G　and　l　becohles　longer　with辻Lcreasing　thereverse　voltage，　which　is　a　typical　chamcteri…虹。　of　inte血ce　states．　h　par口culaろthe　capacitance　transient　Gseems　to　be　associated　with　the　capacitance　saturadon　observed　kl．　the　CL　7　characteds廿cs　as　s瞬ed　in　Figs・5．4（a）and　5．4（b）頭view　of　a　relaxation　tlme．　Figure　5．7（b）shows　typical　Cイcurves　after．　apply童ロg　thebias　voltage　of−25　V　R）r　the　filbricated　SiO2／GaN　MOS　diodes　at　295（room　tempelature），323，348，373　and398K，　respectively　The　relaxa口on　time　ibr　both　capacitance　transientsσand　I　becomes　shorter　hlaccor（�qce　wi血the曲g　of血e　t�p卿跡e，　which　is�qreおon池1e郷6e血em舳血e血eo可of血e�o記carrier　emission　based　on　the　Shockleシ・Read」Hall（SR耳）statistics．　In　additio恥acapacitan己e　transient　E舳。蝕，el細。n血，。f−10−5　s　sh。w、up　h血・d’・�o・・翫t・mp・鱒・・�L・・血�p一330　K．　　Tb　estirnate　the　activaUon　ene�ries　f〜）r　the　carrier　e�ussions　of　the　capacitance　transients，　DLTSme眠remen魯were　per偽�oed　under　the　same　condi廿on　as　theαmeasuremen鱈as　s臓ed　above．　Fi騨e5．8sho馬s瑚；）ical　DLrS　spectra　measured　on　the　f自bdcated　SiO2／GaN　MOS　diodes　at　vahous　rate　windows∫1／わ．The　DITS　signal，ρω一CωL　is　displayed丘）r　the　rate　vのndows’1（rns）／わ（ms）＝4／8，5／10，8／1φ，　and10∠20；the　carder　emission　Iates　are　173．3，138．6，86．6，　and　69．3　sOl，　re電）ecdvely　　The　spectra　reveal　threepe曲証aromd　330，430，　and　460　K，　which　co跡e即ond　to　the　capacitance幡ients　E，σ，　Imd　I　in　Fig．5．7Φ），・e叩ec廿v・ly乃・・ep榔・hRt・w�pd聯・・t・即・・a伽・舗血�p血・・ease・f止e　c�u・卜・�ussi・n・翫・，．which　hldicates　that　both　peaks　are　assigned　to　deep−leveI　cer直els　at　the　SiO2／GaN　h〕te血ce．　In　particulaちthe　the皿al　activa口on　ene瑠y　fbr　the　ca�uer　emission　fbom　the　do�unant　deep　center　G，　was　detem血ed　by　anAr血henius　analysis　ofthe　emission　rate，　as　sho叩in　the　inset　of　Fig・5・8・　The　acdvahon　ene�ry　is　est�qatedto　be〜0．77　eV　fbr　the　6　center　fbm　the　slope　of　the�qes　fitted　to　thgse　plots，　which　value　is　in　goodagreemer庄with　that　reported　in　our　previous　study［34］．　This　enelgy　is　sUb叙antiaHy　that　fbr　electronemission�qo　conducdon　band．　Conside血g　that　the　capacitancg　t�osient　G　is　related　to　the　capacitancesa加rahon　in　the　measuredσ7characteristics　as　men丘oned　above，　this　inte�u為ce　t【ap　may　dominandy　induce109一103一の9ヨむ歪あの0ΣZo50め．δ・昼僑二〇　目タ£愚・垂垂・蟹．．．忌塁口．’nll．当◇勇ll「1霧§　　む’§慧憶旧当葦　　　　　の　潜剛騨認澗層樋測瀞一　E　　　山q汐〉ミゆト亨。吟ρN立　　．§．・婆d9ゆ00D寸　　　需＿　と　睾’�jX蓮．（NΦ　Ω．　∈　Φ　←　o・q⊃，「r一蝉．@‘？　　・†　　即マー。　　o・　o　　oヒ　　　　マコの　　　　マ　　　　　マロ（乙一＞1し一S）乙⊥1Ue　e↓eとUO！SS1明　　慈ば〜　q　　匹Q　　Oマ　　　　マ　　　　くつ　　　くつ　．（」d）leu61SS⊥一1G〕811叢叢．§舞碁器遷1叢．肩OQ．「二1畿謹集義．．　1　　つ　コ9　1Chapter　5，　GaN　MOS　Structures1115．3Tberm紐Hy　O】dd並ed　n−G劉N　MOS　Stmctures5．3．1Expehmental　　The　epit田dal　G臼N伽s　in　these　exper�qents　were　grown　by　a�qospheric　pressure　MOCVD　on　a−planesapp�qe　sub甜飢es．　F撤a20�oAIN　b曲1町er　was　deposit甑400。C，　and血en　Si−doped　3一μm一面ckGaN　layer　was　grown　at　1050。C　as　an　active　layer　The　GaN　active　layer　had丘ee　electroh◎oncentrationsof〜7．6x10】7　cln6　and　mob丑ities　of−440　cm2〈1s　as　dete�ojned　by　room�femperature　Hall−ef匝ctm・血m�pお．：田・Si・・nce舳・n　w翻・…�u�q・d　t・b・一6．8・1017　cm％y　SIMS　m・蹴・m・血・lA負er　gro甑1記e圃dot−and一寸g　GaN　MOS　diodes　were魚bdc翫ed　by　a血e�o瓠oxid銀ion　tec�qique，　assho�o血Fig．5．9．　Fi撤a500一�o一面ck　Si　layer　w鎚selecdvely　deposited　on血e　top　s曲ce　of血e　GaNsample　as　a　mask　materia1丑）r　th�pmal　o）dda丘on　by　RF　sputtering　at　nominal　room　temperature．　Thissample　was　then　them囲y　oxidized翫880。C魚r　6h　in（】穿oxygen御bient　The魚�o組ion　of　monoclinicβ一Ga孕03　was　confirmed　by　x．ray　dif［laction（XRD）．　A負er　removing　the　Si　mask　by　a　HF−HNO3　soludon（HF：HNO3＝20：3）fbr　ohmic　cor賦act　d廿ectly　on　the　GaN　ac廿ve　layeち．AI　metal　was　evap6rated　through　ashadow　mask　to　provide　gate　and　ohmic　electrodes．　The　dot　gate　electK）de　was　500．μm　in　diamete幕andwas　surrounded　by　the血g馳盾?ｍｉｃ　electrode　with　a　50μ：卑．　gq）．　A丑er　metalliza廿on，　the　MOS　samples　were惚α切。乃〃2’cOゼ〃9♪AlllA1o伽’cOゼ〃9♪‘　l　　l’A13μmSi−doped　GaNFIG　5．9．　Schemadc　cross−s�t廿on　ofathe�oaUy　oxidセedβ・Ga20yn−GaNMOS　s�qcture．111一105一112Chapter　5，　GaN　MOS　Structures｛mnealed　at　450。C　fbr　30　min　in�utrogen　ambient．　As　a　refヒrence，3pu賃ered　SiO2／n−GaN　MOS．diodes�oples　were副so　prep謝v顧th止e　Si（》面。ゆess　of−100�o曲g　convendon烈me血odolo駆おdescribed　hl　seclion　5．2．　　The　MOS即acitors　were　characterized　by　using　high一丘equenρy　CL　7　Imd　C一’techniques　to　evaluatetime　dependence　of　chargipg　and　discharging　at　the　MOS　inter飴ce．　The　measuremen的were　perlb�oed　inthe　da主k　at　a　fヒequency　of　l　MHz　with　an　ac　moduladon　of　30　mV：On　both　meaε�oements，　one　unit　ofthepulse　pattem　consists　of　two　stages．　A食er　applying　a　l　ms　pulsed　voltage　of＋20　V　to　approach　anaccumulation　region　temporaril》もbias　voltage　is　sequenUaUy　applied　and　the　c司pacitance　is　measured　after　adelay　dmeな．　The　bias　vol�re　and罐e�qdepende血ly　v面ed．μme蹴�pe礁were　pe面�oed　in血e曲kat　a　voltage　stgp　of　O．1　V　u茸der　a　convenUonal　dc　mode．　The　surface　mo堤）hology　and血ucture　of　thethe�oaly　oxidセed　GaN　samples　were　analy乙ed　by鋤�uc鉛rce　microscopy（AFM）and　cross−sec廿onal伽smission　elec廿on　microscopy（XTE1＞1），　respecdvel》�e5．3．2Results　and　Discussion　　Figure　5．10shows　SIMS　pro創es　of　G嬬N，　and　O鉱oms　in　the　the�o創1y　o】d（iセed　GaN　sample．　A　pureGa　o虹de　con�qg　no　N就oms　can　be　cle鱒seen血血e曲ce　re錘on　of−100�owhae血e　GaM鵬been・・即1・t・ly・虹・地・d・盟・1町・・i・p・・b池ly　id・血・訓而舳・m・n・・�q・β一G亀0・1碗おP・血・edby　XRD．　In　addi廿on，　ambiguous　broad　6）dde／GaN　inler臨e　is訓so　seen，　indica血g　the魚�o翫ion　of　an�qe�oe磁eGa−ox）�u面de　1町er　v舳鱒ed　composi廿ons�q血e　d叩血rβ衷on　of　100−400�o丘om血es曲ce．　This　Gaっx）面de　layer　is　bund　to　be魚�oed　in夢vi励1y　under町the�o烈oxi（�qon　condidons．Thus，　the　the�o副oxidation　of　GaN　may　be　d叩ende血on血e　combined　ef驚ct　ofthe　ir庄er農aci記reacdon　anddiffUsion　mecha�usm．　　Figures　5．ll（a）and　5．11（b）show　typical　AFM　and　XTEM　images　of　the　the�oa皿y　o）ddセed　GaNs�ople．　From　the　AFM　image，　the　s曲ce　mo叩hology　is鉛und　to　become　ve堀rough．　with　a　mean112一106一．Chapter　5．　GaN　MOS　Structures113言色．詮望2三而⊆　あのΣあコ　ロリ　レぐロ　　コロロココ　ココロロコロコリレぐロロコココロGa・O・Gaρxy”�各e総1：、1←隔一→iロロココロココココココココココココロココロロロロロロコロコココココロ　ココロロロロ　ロコ潟　　　Ga”　　　Ga　　　　　　　　　　NO0200400　‘600Depth（nm）8001000FIG　5．10．　SIMS　prof皿es　ofGa，　N，　and　O　atoms　h1血e　them血Hy　oxidセedβ一Ga203ん1−GaN　slructure．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　らて　rou幽ess　R“四〇f−23．3�oby血e�o烈dly　o幻（�qo且T匡＄non一面拓�omo仙olo倒�qdic翫es肱血e�Jo麺（�qon　of　GaN　m町be　e血。幽dsloc血。鵬．抽e血e�o訓y　o虹（囲1町er　is−200�o面。�qess丘om　the　XTEM�qと壌es，　which　value　is　in　reasonable　agreemen　v舳the　ef飴cdve面。�qess　of　the　gatehlsulator　estimated．fk）m　CL　7　data，　as　discussed　later　Ih　addition，　pon：）us　polycrystalline　shapes　can　beobserved　in　the　thermally　grown　l3一（�_a2031ayeL　　Roomイempera由re」に7characteris丘cs　are　shown　in　Fig．5．12．　Compared　to血e　re免renced　SiO2／Ga：NMOS蜘。伽e，止eβ一G鋤03／GaN　MOS血。伽e　shows　l�re　leak昭e　c�oenお血�q止血e　acc�o皿訊ion　andd・pl・廿・n・e錘・m．1・p菰i・皿鉱�q血・�t・�o咽・n・e望・舳・g翫・．leak廻e　c�o・nt・価・β一G助。、／G・NMOS甜ucture　is　two　orders　of　magnitude　larger　than　that　ofthe　SiO2／GaN　MOS血ucture　f自bricated，　v面ch．is　prob誠）ly　associ翫ed　v舳｛he　decrease　in　ef騰。廿ve　thic�qess　oftheβ一G亀031ayer　due　to　its　porous伽cture，お甑・d．h・r・h一一・�o訓y匹・・mβ一G鋤0・1町・・has・・m・磁・ad・�p�r・血・i・w・f騨・charactehs丘cs．113一107一114Chapter　5，　GaN　MOS　StructuresFIG　5．11．（a）AFM　and（b）XTEM　images　of止e出e�oany　oxid圃β一Ga20》n−GaN　snucture．o　114−108一Chapter　5，　GaN　MOS　Structures115　　10−4ぐ暮≧10’6ζだ望10−8呂り510−1・警0　　10−12β一Ga203，GaNSio21GaN295K0．37MVlc　　　　　　：　　　　　　▼口　　　　▲　　　　：1．36MVlcm　　　　　　　　　　一30　　　−20　　　−10　　　　0　　　　10　　　　20　　　　　　　　　　　　　　　　　　Gate　Voitage（V）HG　5．12．　RDom述empe伽爵7characte繭cs　ofthe　the�oally　oxidized住Ga20／n−GaN　MOS　s腔ucture，　together　with　that　ofthe　re免！enced　SiO2／GaNMOS　s加cture，　　Figure　5．13（a）shows卿ical　room4emper蜘re　C−7curves釦r　the出e�oally　o）ddセed　MOS　capacitorsat后of　1，5，　and　30　s，　resp�ttively　An　ideal　C−7curve　with　an　inversion　mode　is　also　shown．　Bias　voltagewas　swept　fbom＋20（accumulation）to−30　V（depletion）．　By　using　a．dielectric　constant　of．εむα203＝14，　ane驚。亘ve　thic�qess　of誌u1磁brwおe三門ed　to　be−220�o倉om出e　capaci伽ce�q血e　accumul加on　re函on，which　value　is　considerably　thicker　than　that　ofβ一Ga2031ayer　T恥eなdependence　of　the　measured　C−7curves　is　hardly　ever　seen；alittleな一dependence　of　capacitance　is　observed　in　the　wbak　depledon　region．Additionally；adeep　depletion　fもature　can　be　observed　in宙e　depletion　reg量on　regardless　ofな，　which　issigni負cantly　dif驚rent　fk）m　a　situatlon　of　sputtered　SiO2／n−GaN　MOS　system　as…聯ed　in　the　previous　section5．2．．In　the　ideal　C−7curve，　the　flatband　capacilmce，　C髭καr，　is　calculated　to　be　O．978．　The　naU）andvoltage（恥）which　is　the　corresponding　voltage　of　the　C云がC（以，　gives　a　value　of〜6ユVfめτn　the　measuredσ・uw・勘・f30・・、．：』…血・n獅d・・1田9・雌（∠嘱）9…a圃・ぬde　ch�r・den・iW（吻・f−6．7xIOH　eV−1cm’2．　Figure　5．13（b）shows取pical　roorh−temperature　C−7　hysteresis　curves最）r　the115一109一116Chapter　5，　GaN　MOS　Structures1．00．9　　oo　O・8δ　　0．70．60．51．00．9　　oo　O・8δ　　O，70．6（a》．b，B1％．。．97＄＿一面△VF298K　　　　　字◆◆　　　　　　　◆iV　　　　　　　　　　FB　　　　　　　執’　　　　　　　　　　一ideaIβ一Ga203’GaN　　　−o−exp，（1s）　　　　　　　　　　■r島一exp．（5s）　　　　　　　　　　一■【exp．（30s）ideal　　　　　　　　　　　　　v、↓（b》　　　CFBICox＝0．978・……・・…Sio21GaN0．5　−30β一Gζ、O、ノGaN　298K↑　｝v、td：30　s△Odep，・・＞accum．▲●accum，一＞dep．一20　　　　−10　　　　　0　　　　　10　　　Gate　Voltage（V）20HG　5．13．（a）High−fbequencyσ7curセes　at　room　tempelature　fbr　the　the�oa皿yo）dd佐d陥2QyGaN．　MOS甜ucture　as　the　bias　voltage　is　swept丘om＋20　to−30Vat　140f　l，5，　and　30　s，　toge吐1er　with　an　ideal（＝Lグcurve．　．（b）High一二cquency（｝レ7hysteresis　curve　at　room　temperature　fbr　the　the】�oUy　o）ddセedβ舶20yGaN　MOSand　the　spu廿ered　SiOyn−GaN　MOS甜uctUres　as　the　bias　voltage　is　swept　fbom＋20to−30Vand　then　back　to＋20　V　aロ、10f　30　s．the�oally　oxidセed　MOS　and　the　re色renced　SiO2／GaN、　MOS　cap�tito廊翫后of　30　s，　re叩ecdvelγBi〜おvoltage　was　scanned　back　and　fbrth　between＋20　and−30　V　La【ge　hysteresis　is　observed　R）r　the　SiO2／GaNMOS　capacitgr　fabricated，　wh且e　a　small　hysteresis　whdow　is　seen　fbr　the　thermaUy　oxidセed　MOS　one．116一1．10一Chapter　5．　GaN　MOS　Structures117This　hysteresi忌indicates　charge　exchange　between　the　deep血te漁ce　states　and　the　bulk　GaN．　Here，酷is血e恥when　the　bias　vol囎e　goes丘om　acc�o腰on　to　deep　d（胆ledon飢萌is伽when血e　vol兜esweeps　fbom　deep　depletion　to　accumula丘on．　hl　both　the　capacitors，　to　a　greater　or　less　extent，　the％and砺shi丘toward　negative　and　positive　voltages，　respectivel》〜with　an　hlcrease　of毎　This　imphes　the　presence　ofresidual　negadve　charges　at　the　MOS�qe血ce，　These　inter癒ce…舶tes　can　be　a面buted　to　acceptor−1寧e�q，血ce　el・・惣・n脚・一砺一例i・血・t・副醐・・e・i・�qd・w翫n曲�pd．職・厨・t・h・i・血d・w面・血・血e�oa皿yoxidi鴉d　and血e　SiO2／GaN　MOS卿acito甑砂f　30　s　are−0．5　and〜9．1　V　which　coπespond　to。、。囲�q，血ce、倣，　dゆ。f　a　l，お・二5．5。101・�pd−22・1012　eVlc血2，・e・圃・・ly恥・血・�o囲yo）ddized　MOS　s�ople　is長）und　to　have　an　incredibly　lower　inter飴ce　state　density　than　the　spu賃ered　MOSone．　Thus，　the　deep　depletion　fヒature　observed　in　theσ7characteristics　is　due　to　this．much　low　der6i妙of�qe曲ce　s倣es血r　the　the�o訓y　oxidセed　MOS　sample，　which　is　lと�rely　dif陀ren｛丘om　a　situa茸on　of出esp応ered　MOS蜘plρwhere　a　l�re　n�ober　of�qe曲ce脚s　may血duce　s磁ace　Fe副evel　p�qg舳eMO細・血ce，・e・皿t�q9�q血e　c即・・i伽ce・館翫i・n・b・ew・d血血・deep　d・pl・d・n・e浮・n・f血・C−7・�o・・　　Figure　5．14　shows卿ical　Cイ。�o1es誼er　appl）曲g　the　bias　vo11�re　of−25　V魚r　the血e�o烈ly　oxidセedMOS　samples　at　298（room　tempelature），323，373，　and　423　K　respecdvelY　A　Cイcurve　fbr　the　spu賃eredMOS　sarnple　at　298　K　is　also　shown．（易means　f�qal　capacit2mce・In　the　refヒrenced　Mos　sample・wecan　obse！ve　some蝕and　slow　capaciセmceせ�oien応（E，　G，　and乃coπe叩onding　to　the　the�oal　emissio弼・ofcarders丘om　the　MOS�q：er飴ce　states，　as甑ed　in　the　pre“ous　secdon　5．2．　On　the　other　hand，　in　thethe�o1皿y　oxidセed　MOS　sample，　sm瓠趣t　capaci瞬e廿�oient　wi血the　opposhe　code　is　seen，　which　seemstb　re且ect　the困ependence　ofthe　cL　7charactehsdcs，　as　stated　above・　In　addihon．　tempera血e−independer盛ofthe　capacitance廿ansie血is　seen，　which�qplies畝it　is　not　the卿ical　chaacter　of　in｛e血ce甑es，　Thus，this　smaU　capacitance　t舳ient　may　be　related　to　the　presence　of　the　i1並e�oediate　Ga．oxyl亘tride　layer　at　the．Mos�q，曲ce．肋i・，面・ph・n6mβ・・n　i・c…id・・ed　t・加・�p・ed　by血・�q・d・1・y・w・lhg・f血・depletion　layer　in　the　iptermediate　layer　with　g士aded　compositions　upon　applying　reverse　voltages．117一111一118Chapter　5，　GaN　MOS　Structures1．11．0葦⊆〜0．900．80．7．．．．．．．・Q98K　，．・…323K％額．β一Ga203’GaN373K，423Kぐ＿　　�_　　　　SiO21GaN（295K）矧■G　　lms　　　　　＋10V〈一1f’lme一25V　　　　　　10−5　　10−4　．110−3　　10−2　　　10−1　　　100　　　101　　　102　　　103　　　　　　　　　　　　　　　　　　　Time（s）HG　5．14、艶mper蜘re　dependence　ofcapaci�qce漁nsient蝕the　the�o田lyoxidセedβ一Ga203／GaN　MOS甜uctu�径f胎r　applying　the　bias　vohage　of−25　V：Room−tempe旧ture　capacitance　transient　is　als6　shown　fbr　the　sp磁e歪d　SiO2／n−GaNMOS　s�qcture．　　Figure　5．15　shows卿ical　DLrS　spec往a　measured　on　the．血e�oa11y　o幻dセed　and　the　spu並ered　MOSsamples．　Here，　the　DLFS　signa］，　ICσ〃一CωL　is　displayed我）r　the　rate　v丙ndows’1（ms）／わ（ms）＝10／20；the・館i・・emissi・甑・i・69・3ぎ1・hth・・e色・en・螂iO・／G姻MOS・�oplr，・・m・DπS　p・廊�p・d・tect・d菰・mund　300−480　K　w�q・h・・讐・・p・nd　t・止e　capaci伽ce脚・i・n凪G・�pd伽Fig・5・14・・e・pecd・rlyIn　particulaろamain　deep　interface　trap　G　is　located　at�k0．77　eV　below　the　conduction　band，　fbom　anAπhenihs　analysis　of血e　emission瓢es鉛r　dle　G　peak．　T�qs�qter飽ce卿probably血duced　the　Fe�oilevel　pinning　ef驚ct　at　the　SiO2／GaN　interface　upon　applying　reverse　voltages，　as漁ted　above．　On　the　otherhand，　in　the　th6�oally　o）ddセed　MOS　sample，　no　DLrS　pe曲can　be　detected．’This　result�qplies　that　thereare　no　ef陀cdve　deep．卿s　at　the　the�oally　oxi�Kd　MOS�qter伍ce．　ThereR）re，　the　sur伍ce　Fe�oi　level　isconsidered　to　be　probably　unp�qned　in　the　the�oally　oxidized　MOS血ctures，　which　is　signi行cantly　di鏑rent什om　the　situatlon　of　sputtered　SiO2／n−GaN　MOS　s�ople．．These　distinguished　in斡r伍ce　prope丘ies　may　beprobably　as50ciated　with　the　presence　ofthe　interfacia】Ga−oxynitride　Iayer118一112一Chapter　5，　GaN　MOS　Structures1191．6藍1，2慧．蚤。．8器旨・・4　　0．0．tllt2：10ms120msSio2’GaN、�jEG（陶0．77eV）1〆β一Ga203，GaN80180　　　　　280　　　　．　380　　Temp6rature（K）480HG　5。15．．加ical　DLrS　sp�tせa　at　a倣e　w�qdow1〃20f　10ms／20　ms飽r血e　the�oallyoxidiz£d住Ga203／GaN　MOS　and　the　sputtered　SiO2／n−GaN　MOS　structures　a丘er　applyingthe　bi孕s　voltage　of−25　V：・　　hsu�o脚立e�qte曲ce　prope�ues　of色e宙e�oally　oぬdセed　G姻MOS　capacito聡h訓e　beeninve諏gated　electrically　by　usingσ7　and　capacitance　t�osient　techniques．　From　the　C一’and　DLTSmeasurements，　no　deep　interface　tr司p　can　be　observed，　which　is　ln　good　agreements　with　the　4eep　depletion免ature飢1d　the　low　inter佑ce　s�嚇ensi取of〜5．5xlOlo　eVI6h12　dete�oined　by　theσ7　measuremenお．There飽re，　the　surhce　Fe�onevel　is　probably　unpinned猷he　MOS　s�qc加res飴bhcated　by　a　the�oallyoxidadon　tec�qique．5．4Chamctenstics　of　SiO2／n−GaN　Inter鉛ces　withβ一G紐203　hter1裂yers．5．4．1：Experiment劉l　　The　epitaxial　GaN行�qs　used　in　these　expehments　were　grown　by　a並nosphedc　pressure　MOCVD　ona−plane　sapp�qe　substrates．　Fhst　a　20　nm　AIN　buf琵r　layer　was　depogited　at　420。C，　and　then　Si−doped119一113一120Chapter　5，　GaN．MOS　Structures4一μm−thick　GaN　Iayer　was　grown　at　l　130。C　as　an　active　laye監　The　GaN　active　layer　had　fbee　electron、。nce伽i。m。f9．〜巌1017　cm�`dm。bihh，、。f263、m・配，　asd，t，曲，dby，・。m−t・mp6臨・H訓一e飴・tm・お斑・血・n鳳乃・Si・・nce�梶En　w翻・…血・ed　t・b・一1・10’8　cm弓QIMS　meas皿・m・鵬．A丘er　grow血，1翫er烈dot−and−ring　SiO2／β一Gあ03／GaN　MOS卿acitors　were勧甑（虹by血e�o訓oxidぬon�pdSiO・d・p・・iti・n・ec�qq・…入・ch・m鋤・・f血e　cGmpl・t・SiO・／β一脚yG州￥OS・即acit・・is　sh・�o毎Fig・5・16・F魔・500一�o一当・k　si　l町・・w甲・elec廿・・ly＃・p・・it瓠・n血etoP謡ace　of血e　G姻s�ople．as　a　mask　n！atehal　R）r　them恥al　o）ddadon　by　RF　spu並e血g　at　room　t�ppe凱ure．　The　GaN　samples　were血・n血・�o烈ly・幻dセ・d翫800・C魚・6h�q・畑・・研9弓・油bi・血．：［h・魚�o頗・n・fm・n・・�q・β一G鋤0・was　oon丘�o［ed　by　XRD．　A食er　removing　the　Si　mask　by　a　HF−HNO3　soludoh（HF：HNO3＝20：3），100一�o一面ck　SiO21町er　was　deposit副on血e　top　s恥血�te　o紬e　GaN　samples　as　a　g厳e　delec面。　by　RFsputtering　using　an　SiO2　target　This　SiO2．layer　was　splectively　removed’by　wet　etching　usillg　aphotolithographic　tech軍que　and　then　Al　metal　was　evaporated　through　a　shadow脚sk　to　pro樋de　gate　andohmic　elec廿odes．　The　dot　g旗elec廿ode　was　500脚inφamete照nd　was　surrounded　by血e血g　ohmicelectmde　with　a　50μm　gap．　A食er　metaUiza廿on，　the　stacked　SiO2／β一Ga203／GaN　MOS　s�oples　were像α勿。伽’cO”η9♪AlllAlo伽’cOゼ〃8）P●　　．∵《｝a一、Ol魎de．．．．．．4μmSi−doped　GaNAlF耳G5．16．　Schematic　cross−section　ofthe　complete　SiO2／β」Ga20：ゾGaNMOS…加gture・　120−114一Chapter　5，　GaN　MOS　Structures121Imnealed　at　400。C負）r　20　mln　in　r直trogen　ambier虻．　As　a　refヒrence，　conve血ional　SiO2／n−GaN　MOSsamples舳。砿町β一G助03�qerl型ers　were烈so　prep肛ed　wi舳e　SiO2面。�qess　of　lOO�oby　us血gconventional　methodology［19］．　　The餓ed烈proper匠es　of血e�oally　oxidized　G州samples　were　anal）7ed　by　XRD，　SIMS，　and　AFMmeasurements．　The　MOS　c斑）acito蔦that　we　f池ricated　were　assessed　byみK　C−Kα，　and　DHS．tec�qiques．　Theみ7　meas�o�pe廊were　ca�ued　out　in血e眈k翫avol咤e　step　of　O．1　V　mder　aconven丘onal　dc　mode．　The　C−7meおuremen捻were　also　per偽�oed　in　the　d誼翫a丘equency　of　l　MHzand　a　voltage　step　of　O．01　V　with　various　delay　t�qe功．　On　the（ンmeasurements，　the　time　dependence　ofthe　capacitance　under　a　reverse　voltage　was　measured　after　applying　a　1−ms｛）ulsed　voltage　of＋10　V　toapproach�pacc�o踊on　re蟄on　tempo面IY抽e　D口S　meas皿eme鵬were　cゆed　out瓠tempera�qesbetween　80　and　475　K　under　the　same　oondition　as　the　C＝’measurements．5．4．2Results訊nd　Discussion　　Figure　5．17　shows　SIMS　prof丑es　of　Ga，　N，　and　O　atoms　in　a　themlaHy　o）ddized　GaN　sample　befbreSiO2　deposition．　A　pure（捻。幻de　con血g　no　Moms　is　seen血止e　s曲ce　re錘on　of−15�o，　where止eqaN　has　been　completely　o）ddized．　This　layer　probably　corresponds　to　the　monoc�qicβ一Ga2031ayer　ascon駈mαi　by　XRD．　In　ad出廿。ゆ出e　deeper　lゆg　re窪on　of　15−50�o倉om血e　s磁ace，．止eβ一G助03　is幡鉤�o・d血・血・GaN，肱i・，一35二�o一面・k皿・�o・di翫・Ga一・x》�u面d・1町・・舳・・m脚・iti・n脚・凱is　seen．　　Figures　5，18（a）and　5．18（b），　respecdvelメshow　typical　AFM�qages　of　GaN　sarnples　beR）re　and　a食erthe�oal　dry　o）d（�qon．　A　clear　dif驚rence　can　be　seen　be榊egn　them．　Be魚re血er田al（hy　oxidation，smoo血s漁ce　molpholo剖舳an�ober　of　go舳steps　is　cle訂ly　observe¢where血e　mean　rou蜘essR“四is−0．35�o．　In　addtion，　some伽k　po血s甑we　can　see　coπespond　to�qea血g　disloc翫ions．　Insh即co皿砥止e　s曲ce　molpholo倒is　seen　to　become　vely　rough舳R“，50f−13．6�oby血e耶副d塀Qxi（�qon，　indic翻ng　non−u曲�ooxi（1面on　of　GaN　In　a　narrow　sense，　polyclys囲�qe　shapes輌th　sm記1121一115一122Chapter　5，　GaN　MOS　Structures　壽…Gか・x卿d・｝舞董霧。挿Ga2。3Ga〜＝司唖・リレ＜1・・…　r・。・闘・・…　騨明・闘・・・…　龍・。・開…　巳…　開昌．．・咀騨闘・・・・…　層・伽レl　　　　　　　　　Gal　　　　　　　　No100　　　　200　　　　300　　　Depth（nm）400FIG　5．17．　SIMS　profUes　ofGa，　N，　and　O　atoms　hl　a　thennany　o）dd佐d　n．GaNsalr嘆）le　befbre　SiO2　deposi廿on．潤遇’繭鞍難懸韓羅、き蝉　鞍塾編熱騒　　／蜘難簿麟i　　　　　　　　　　　　蟹ぱ　　　灘　　　　　鐘靴鷲HG　5．18．　AFM　hnages　ofn．GaN　samples（a）belbre　and（b）a負er　the�o訓dry　oxida匠on　　　　　　　　　　　つBo血�q�res　are　5x5μ【1ゴ．幽nsセe　of−10�oc�pbe　cle田ly　obsewed血血e　o幻de　s顧�te，　whch　sugge曲血舳e　oぬ面on　occ鵬prefbrer虻ia皿y　at　dislocation　sites．　In　par暖culεuらahigher　degree　of　roughness　at　the　oxide　surfiace　can　bea血bu　ed　to血e　process色枷res　ofthe�o烈（坤oxidation．122一116一Chapter　5，　GaN　MOS　Structures125．　　Room｛emperatu士e貴）rward匹7chalacteri甜cs　of　SiO2／GaN　MOS　samples　with　and　wi血outβ一Ga203血erl町er�pe　shown血血『imet．of　Fig．5．19．　Th叫7（撤a，　gf血e　l　OO一�o一面ckβ一G助03加一αN　MOSsample　that　we　have　previously　fabricated　are　also　shown［18］．　The．SiO2／β一Ga203／GaN　sample　shows　areladve　lalge　leakage　c�oent　of　1．2μA／cm2　at　a　gate　voltage　of＋20『V；compared　to　4．3　nA／cm20f　theconvendonal　SiO2／GaN　sample．　This　hlcrease　hl　fbrward　leakage　current　by　the　presence　of　theβ一Ga203�qerlayer　is　probably　caused　by　a　reduc廿on　in　ef驚cdve　thic�qess　of　SiO21ayer　due　to　the　rough　o燭e　s面ace，as　shown　in　Fig．5．18（b）．　From　lhe　s面ace　roughness　R刀鴛oftheβ一Ga203　interlaye蔦the　ef驚ctive　thic�qessof血e　SiO21町er　is　e甜m翫ed　to　be−73�o．　Howeve繭e　SiO2／β一G助03／G姻�ople　dspl町s　a　leak鰭ecurrent　by　less　than　one　order　of　magφtude　comp�gd　to　that　of　theβ一Ga203／GaN　MOS　s�pple．　h1・ddi甑b・血・�oples　sh・w　h帥・幻d・b・e・kd・�o・・1�s…f一三V／・m・r9�pdless・f血・p・e・ence・f血・β一Ga203　hlterlayer　　Fi騨e　5．19　shows．卿ic誕mo田一t�ppera加e　C−V　hy就eresis　c�o1es飴r　SiO2／GaN　MOS　samples舳ahd　withoutβ一Ga203　interlayer　at勿of　30　s，　re呂pectiマ61y　Their　correspond血g　ideal　C−7curves　with　an鵬rsi・n　m・d・π・烈…h・皿・・mid・血9止・�q9・e館・t・価・Siq・1・y・ちas甑・d・b・ve　Biお・・1兜・wお・c・�鈎ack　md魚曲b・伽een−30（d・や1・ti・n）�pd＋20・V（acc�o�梶En）．　A　d・6p　d・pl�Ifbature　can　be　cleany　observed　in　the　depletion　r弔gi6n　fbr　the　SiO2／β一Ga20：ノGξN　sample，　whereascapacitance　satumtion　is　s�tロfbr　the　SiO2／GaN　sample．　Ih　addition，　a　lalge　hysteres玲is　observed貴）r　theSiO・／G姻・�opl・・而1・a町・m烈1髄・・e・i・蜘d・wis　seen魚ゆ・Siρ・／β価OyG・N・�ppl・・寧・・ehysteresis　v曲dows　should　reflect　chalge　exchange　between‘狽?ｅ　deep　interface　traps　and　the　bulk　GaN．Thus，　these　results　suggest　that　the　SiO2／β一Ga203／GaN　sample　has　much　lowe士h】ter飴ce．traps　than　theSiO2／GaN　s�ople，　which　probably　results　in　unp�qng　the　sur負ace　Ferrni−level　at　theβ一Ga203／GaN　inter魚ce．H・・e，血血・辻id・記σ7・�o・・，血・励�od　capaci�q�t（（玩轟）i・c烈磁・d　t・b・0．9輪nd　O．♀80釦・血・SiO2／GaN　MOS　samples　with　and　without重heβ一Ga203血erlayeちrespec丘velγ．瑠is　the　flatband　voltage恥h・n止・bias　v・1�r・g…丘・m　deep　d・pl・廿・n・・acc�o皿面9一帽i・舳wh・曲・．・rl咤・・weep・丘・m　acc血踊・n　t・deep　d・pl・丘・n　l虜一嚇i・・止・t・面蜘・・e・i・�qd・幅且翫b�pポ田・123一117−r124Ch自pter　5，　GaN　MOS　Structureshysteresis　w孟ndows飴r　the　SiO2／GaN　MOS　samples　with　and　without　the　interlayer　are〜0．15艮nd〜15．8　V；wh、h。。π・・p・nd　t・at・面血・血・・伽・d・nsi取・f瓠1・おt−3．〜改10’o副4．5・1012　eVlc�u2，・e甲ec廿・・lyThus，　the　SiO2／β一Ga203／GaN　sa止nple　is　fbund　to　show　an　h：1cre（五bly　lower　inter飴ce　t【ap　densi取than　theSiO2／GaN．sarnple，　which　is　the　sarne　level　as　that　ofthe　p−Ga20yG臼N　MOS　sample　that　we　have　previouslyre1）orted　in　sec丘on　5．3［18］．　き。へo1．00．80．60．4CFBICox＝0．980i15．8V　iiぐ一一一→レi4’“Sio21Ga’d臼a∬●　●　●　騨　顧　o　願　隔　■　　　　　　o　・　・　　ラSio21β・Ga2031GaN　メ智04邑1。・書1。，茎1。1。11。，、o　コ　ロ　コ　コ　コ　コ　コ　ロ　　　ロ　コ　コ　ロ　ロ≡　　　0．944｝←0．15Vβ一Ga203’GaN　　1　　いio・’G・NSio2’β・Ga203’GaNO　　5　　10　　15　20　　25　Gate　Voltage　V｝一30　　−20　　．一10　　　0　　　　10　　　　　Gate　Voltage（V）20FIG　5．19．　High一丘equency　hysteresis（Ψcurves　at　room　tempe獄ture章）rSiO2／β一Ga20yn−GaN　and　SiO2／n−GaN�oples　as　bias　vohage　is　swept丘om−30to十20　V　and出en　back　to−30Vat義，　of　30　s，　together　with　respective　id副σFcurves．　hlset　shows　fbrwardみFcha働。重eristics　of　SiO2／β一Ga20／n−GaNεmd　SiO2／n−GaN　samples，　together　wlth　those　of　100nm6血ickβ一Ga20：海一GaN．MOS　sample．．　　1。。d下甑tQ，v甑，血・d・p・nd・nce・f・h咄9�pd　d・cha幽9血deep　d・pl・H・n舳・・虹d・／GaNinter魚ce，　convendonal　Cイmeasurements　were　perR）r血ed．　Figure　5．20　shows　typical　room−tempera加reC一’・�o・・誼・即p醜・g翫・Y・1砲9・・f−25V魚・SiO・／G姻MOS　sampl・・舳・nd舳・耐P一（｝のρ・124一118一Chapter　5，∫GaN　MOS　Structures125interlayeL　（窃，，　means五nal　capacitance．　A　Ialge　capad重ance　transient　J　with画e　timeρon｛虻antτof〜20　ms　isseen鉛r血e　SiO2／（預N　sample，　where叡�o�q飴of副。即aci伽ce幡ie蘭舳血e　opposite　codes　aeseen　fbr　the　SiO2／β一Ga203／GaN　samかle；one　is　a　f誌t　capacitance　transient　H　with　theτof−0．i　ms　and　theother　is　a　slow　capacitance　t朕msier比1with　theτof　O．l　s．　Theτfbr　aU　the　capacitance　transier並s　tends　tobecome　longer　with　increasing　the　reverse　voltage，　which　indicates　a智pical　characterisdc　of　the　oxide／GaNinter飴�t．　Howeve蔦the跳t　capacitance幡ient　H　is　independent　of　temperature，　which　implies　that　it　is・・t・卿i・記・h�o・t…f�q・血ce卿・．：面・cap・・i�qce幡ig孟Hm帥e　c�o・d　by血・�q・d・1町swe皿ng　of　the　depledon　Iayer血the　i血e�o繭組e　Gaっ）ら�u血de　layer　upon即plying　reverse　vol�res［18］．The　o血er　capaci伯nce幡ienお1andみ舳rel面vely　longτco∬espond　to血e血e�oal　e�ussion　ofρa雌s．丘om　the�qe�uace　traps　at　oxide／GaN　hlter伍ce，　because　they　show　the…虻rong　dependence　ofτon　temperature．F咀the�oore，　DLrS　measu爬me皿s　were　ca�ued　out　mder　th6　salne　con（h耳on　as　theαmeasurerpe血s　to1．0ε0．990　　0．80，7　　　　　　　　　　　　　’Sio・1β・G・・O・ノGaN与ム　4　　　　　　　　　　ゆ　≡　H　　　　　　鼻　　　　　　　　　　　≡　　　　　　　　　　JむSio2’GaN宝10’1も『10’2く＄10−3菱＝10−4・塞蓬10あ四　　　　　　Sio2’GaN。評　Sio2’β・Ga203’G白N2．0　　　　　　　3．0　　　　　　．4．0　　　1000π（K’110−510・410−310−210−1．P00101102103　　　　　　　　　　　　Time（s）F【G5．20．　Capacitance　t朕msien直s　fbr　SiO2／β一Ga20：ノn−GaN　and　SiO2／h−GaN　samples山脚P1｝血gbiasv・1血9・・f25　V�q・t・h・鴨�qh・舳pl・鵬・f・�ussi・甑・・丘・mDLTS　measuremen鱈of　SiO2／β一Ga20：ノn−G自N　and　SiO2／n−GaN　samples．125一119一126Chapter　5，．　GaN　MOS　Structures坤vestigate　deep−1月目el　centers　at　the　o）dde／GaN　inter偽ce・　Ih　both　samples・to　a　greater　or　Iess　extent・respective　DLTS　spectra　show　a　dominant　peak，　which　corresponds　to　the　bapacitan6e　transients，　I　and　J　at…mt・即・伽α．e・・m血h・�uおpl・給gf血e　e血ssi・n・翫…口唱・h・�o駆血・血・t並Fig　520，止・the�o烈acdv頗。血ene噛es飽r　the　6a�uer　e�ussion丘om　the　dor曲nt　inter飴ce廿aps謎e　es廿med　to　be〜0．62and−0．．25　eV　fbr　the　SiO2／GaN　MOS　samples　with　and　withgut　theβ」Ga203　intedaye墓respecdvelyThus，　the　SiO2／β一Ga203／G毎N捌口ple　has　a　deep　illte出ace　t町）level　at　O．62　eV　below　the　conduction　band　attheβ一Ga203／GaN　hlterface．．Howeveちthe　sur食ace　Fe�oi　level　is　conside跡ed　to　be　probably　unpinnedbecause　ofthe　extremely　low血er飴ce　trap　de丘sity；as　dete�olned　by　theσ7measurements．　This　behavioris　significantly　dif〔ヒrent丘om　a　situadon　of　the　SiO2／GaN　sample　without　theβ一Ga203�qtedayeちhl　which　an�ober．of血te曲ce蜘s’血dude血e　sし面�te　Fe�oi−level　p�qg　e色ct．舳e．SiO2／GaN�qe曲ce咽n　　　　　　　　　　　　　　　　　　　　しapplying　rbverse　voltages．　These　disdnguished　inter痕ace　pK）per丘es　of　the　SiO2／GaN　sample　with　theβ一Gφ03ir腫erlayer　may　be　probablyおsoci鉱ed画血the　presence　ofthe　inte�oedi泌e　Gみ。）g�u面de　layer．hs�o町we�qe　demons姻血舳e漁cked　SiO2／β一�樺ﾛ。面proves　bo血．血e　ele面。別枠t・血ce　p・・P・並ies　and血・g就・出d6・面。　ch貫・rt・醜・・f血・ルGaN　MOS血・価…Th・t・戯�q晦・・倣・den・i騨お・・�q翫・dt・b・3．〜改10’o　eVlc血判．n・．舳副．g翫・leak鋸・．・�o・血was−12μV・�u魚・agate　voltage　of＋20　V二5・5Therm紐11y　Oxidized　p−G紐N　MQS　structuf6s　With　n＋source　Regions5．5．1Experimental．北eepi伽烈Mg−d・P・d（洲（GaN・Mg）�q・聡・d励・・e　6・p・血・e鷹w・・e　2．5凹面・k乃・yw・秩Eg・�o・冊pl蹴即画・・ub噸・・by・血・・ph・d・p・ess�p・MOCVp翫1130。C・舳・pre−deposited　20�oAIN　b晒e晦er餌。�o翫420。C．1he　Mg　cQnce血ぬon　of血e　as一即Qwn（捻N：Mgl・yers　was　d・t・�q・d　t・b・一5klO18　c�u3　by　SIMS．m・駕�p・m・西部・・餌・w肛�td・加・n・m・曲g　wおper偽�oed翫700。C沁r　10舳in且owing　N2，　resul血g　in　the丘ee　hole　concen圃on　of〜25x1016　cmβasco�u�qed　by　room−te卿e耐礎e　Hall−ef距ct　measureme血．　The頭he�oally　o嘩（澁zed　p−GaN　MOS　diodes126二120一Chapter　5，　GaN　MOS　Structures127with　n＋source　regions　were　fhbricated　as　fbHows．　A　schematib　ofthe　complete　MOS　diode　is　shown　in蛮ig．5．21．Prior　to　Si＋N　60一�qplanta丘on，　a　1一μm一廿ick　Ni　layer　was　selectively　deposited　as　a　mask　material　R）r血・�qP1悶励・n・n血・t・P・面ace・f血e・ampl・・by・lecmn−b・・m・v姻面・n恥G姻samp1・・w・・eimpl飢瓠us血9P斑・N・�pd　S狙・gase・as止…堀・宇・・f血e　14邸�pd　28Si＋speci・・，・e・pecti・・1メt…戯・血・n＋唐順pce止egions　in（治N：Mg。　F鳳，　mul廿ple聯N＋implan励on　was　per飴�oed；血e邸iom　w6re�qplanted　at　240，180，120，60，　and　20　keV　with　dosages　of　1．8xlO14，6xIOI3，8x1013，7．5x1013，　and　3xlO13cm9C　respecdvelエto　produ�t．　a　me�pNooncen励on　of　lxlO19�p6　to　a　dep止of−0．35μm倉6m血e　G姻s漁ce．　Mulhple　Si＋implan1�qon　wお血en　per飾�oed；出e　Sl＋ions　were　impl繊ed翫360，200，120，60，and　30　keV．wifh　dosages　of　2．5x1014，9xlO13，5．3x1013，2．8x　1013，　and　1．4x　1013　cm2，　respectivel）〜毒。　produce・m�pSi・・ncen甑i・n・f　1・101g　cm“t・ad・p血・f−0．35脚．　H，，e，血，　N／Si，鋤。　wお．k。p・一1鉛，�popt�qum　doping［28，29］．　AII　the�qplants　were　carried　out　at．room　tempera加re，　with　an　incideht　angle　7。・舳・・慮ace　n・�o烈・岨r・�qpl�pゆ・・血・球i　l町・・was　rem・v・d�pd．血・n・500一�o一面・k　SiO・capphlg　layer　was　deposhed　on　the　top　su血ce　of　the．加plε血ed　s�oples　by　RF　sputte血g　at　roomtemperature　to　provide　an　encapsula廿on　cap　fbr　the　subsequent�qplant　acUvation　annea血19．　A11止esarロples　v暫ere　annealed　at　1300。C　R）r　5　min　in　flowing　N2　gas．　From　the　momrtemperatUre　Hall　ef驚ct，measurements，　the丘ee　electron　concentration　of　the　n＋source‘regions　was　co�uinned　to　be〜4．7x　1018　crh−3．岨er　remo血g血e’riO2　c即p血g　l町eろa500一�o一面ck　Si　layer　was　selec廿vely　deposited　on血e　top　s漁ceof　the　GaN　samples　as　a　mask甑e認沁r　the�o副oxid面on　by　RF　spu廿e血g翫room　temperature．　TheG姻samples　were血en　the�oa皿y　oxidized　at　880。C餅5hin　Howing�Q02　gas．　The恥r噸ion　ofmonoc�qicβ一G助031即er　was　co�u�qed　by　Xm　and　i曲。�qess　was帆100．�o丘om　SIMS　me蹴gmenお。A丘er　removing　the　Si　mask　by　a　HF−HNO3　soludon（HF：耳NO3＝20＝3），　Al　met副was　selectively　evaporated血・u帥・・h記・wmおkt6　P・・画d¢9雄e　elec住・“…凸・d・t　g年e　elec廿・d・was　500岬血出�o・t・・岨・rmetalHzation，　the．MOS．samples　were　anne副ed　at　500。ρfbr　30　min　in　flowing　N2　gas．　Fina取In　me峰wおd・p・・it・d翫200．C曲ecUy・耳血・G・N・Mg・・d・・1・y・・�pd止・n＋s・皿ceや・・�qc　el・ρ廿・d…．飴・re色rence，　the�o訓y　o）ddセed　p−GaN　MOS舘uc伽es　v舳out�py　n＋source　regions　were　als吻bhc翫ed　by127一121一．128Chapter　5．　GaN　MOS　Structuresus廿1g　the　same　methodology　as　s彪並ed　above．　　抽・MOS・加・伽・・伽w・励h・測w・・e　c�qt・蜘by　ushg（｝7　measu・�p・礁翫…mtemかerature．　The　CL　7　measurements　were　per貴）rmed　under　a　grounded　sour�tco血act　con（Htion　in　thed缶kwith　an　ac　moduladon　level　of　30　mV　and　fヒequencies　rahghlg　fヒom　l　OO　Hz　to　10MHz．　On　theseσ7measurements，　gate　bias　voltage　is　apphed　and　the　capacitance　is　measured　a食er　a　delay　time功［18，34］．The　bias　vol�re　andなare�qdependel貰ly　varied・`lβ一Ga203P・GaNA1203　Sub『trateHG　5．2L　Schemadc　cross−sec廿on　ofathe�o副1y　grown住Ga20血G串N　MOS　diodewith　an　n＋sou・℃e　region，5．5．2Results劉nd　Discussi6血　　Fii典e　5．22（a）shows　room−tempera�qe　CΨc�o1es瓠a丘equehcy　of　l　MHz飴r　a　the�o皿y　grown住Ga203／p・GaN　MOS　s面ple　with　an　n＋source　region　atなof　l　and　30　s，　respectivelγ　An　ideal　CL　7　cur＞ei・組…h・幅．G翫・biasv・1�r・w甲・c�o瓠b・・k�pd凹凹b・榊een・5�pd5V　h血・id・烈σ・�o6，the且atband　capacitance（CEκ飢）is　calculated．狽潤@be　O．855　by　using　a　dielectricρohs髄t　of　10．2．．The齢�pd・・1�s・�仇bdh．i・血e　c・π・・脚・d血9・・1�r・・f血・（C潮d蜘），盛…a曲・・f−0．56　V肋m血・　128−122一Chapter　5，　GaN　MOS　Structures1291．0×0．800へ0　　0．60．4td：1std：30s　　＝　　：●8■■巳　　■■　　…　　ニV6B口●accum．一＞dep．ロOdep．今accum．△VFB　　（a》・・bFBICox＝0．855　　舎　　コ　V　　onidea1295K一5　−4　−3一2　−1　0　1　2Gate　Vo匿tage（V）3　4　5　　1．0　　0．8ぎ0．6900．4　　0．2　　0．0　　　　　　　　　　　…CFBIC・x＝0・855’一一”ｳ巳’”△Vtd：30S295K　Oaccum．一＞dep．　●dep．今accum．FB・　…　…VFB■●■■廓脚■ideaI（b》一5　−4　−3一2−10F12345Gate　Voltage（V》HG　5．22．　High−fbequencyσ7hysteresis　curves　at　room　tempe甑ure　f〜）r　the�oaHy　　　　　　　　　　　　　　　　　　　　　　　　　　キ　　　　　　　　　　　　コgrown「レGa20yp−GaN　MOS　diodes（a）with　and（b）without　an　n　source　reglon　asthe　gate　bias　voltage　is　swept　fbom−5　to＋5　V　and　then　back　to二5　V　at∫d　of　I　and　30　s，together　v頭th　an　idealσ7curve。measured　C−7curve　at　1レof30　s．　Thus，　the　flatband　voltage　sh遣（∠1レ袖）浮ves　a　negative　fixed　o＞dde　chargedensity（珊）of　1．3x1010　eVlc�u乳　hl　addi廿on，　the功dependence　of　the　measured（37c�ozes　is　ha臨dly・b・e・v・d藍止・脚・nd�pd　d・pl・ガ・n・e暫・凪肋i・，止・t・励y・t・・e・i・血d・w・t止・且翫bmd　i・免�odto　be　vely　smaU丘）r　lhe　measuredσ7　curves�oder　dif驚rent　sweep　direc廿ons，　regardless　of偏　Even129一123一130Chapter　5．　GaN．MOS　Structures止�K血・倉・q・・n・yd・p・nd・nce・f血・�t・�oω血on　c聖a�Qce　is　conside「e繭e　to楓�qe娘�te甑ed，鵬i砂i、e血瓢，dt。b・less廿�o1・1010ev−1伽塗．［16；17］I　F血・�o・・e，血・m蹴・dc−7・即essh・w・即aci�q・e・a・噸・n酌・d・pl・廿・n．・ゆn�pd　p・e・e皿al�r・d・舳・・丘・m．血・id・烈σ．・�o・・Addd咄止・・e色・en・rdM6s．・ぬpl・舳・蜘n＋・・田ce・6忠・昇i・ゆd・Q．・h・w・deep−d・pl・ti・nl振・色・血・［！51・おd・cus・ed1甑e「σig　522Φ））・．�hese「es皿碑dc翫e肱曲。脚�qce田�ohonisP・・b池lyas…i翫・d舳止・・面ace�q・凶i・n�qd・・磁by血・切ecdGn・fm海・鱒・面・曲m血・n＋・D�pce・e凄・且．Th囎，　we　c・n町腰血e　c即・・1�qce・a�qd・n・b・e圃i胆卿i・魁魚・血・・f止・・面�t・、hversi・n血血・蝉・quencyσ7ch蹴cte狽唐рaEI　A働dden�pdr副．c即aci伽ce伽opis烈sDobsewed鉦一2．5V�q血e　me�oed（Ψc�oes　wh6n血e　bi甲．vol咤e　is　swept丘om�tc�o�覚n　to　deple丘6n，おshown愛n　Fig．5．22（a）．　This　value　may　be　an　onset　voltage砺ofthe　sur飴ce　inveBion　fbr仕丁s　MOS　diode．0。血，6血。，h�pd，血・a・6�o皿曲・n・・p・・i�qce・f血・meas�o・d　C・γ・曲・t・h甜・・seem・t・d・p・nd・n血・細・wee帥・ゆAl�r・hγ・…e・1・i・・b・e押曲飲e　acc�o踊・n・e騨・f血・m・面・dσ7．・�o・・鋤・f1・md・・醗・ent．・weep血ec廿・揺．：阻・hy鏡・・e・i5　dw�q田・・聞md血e　acc�oω鋤・n●c如・・i�qce　bec・mes　sli蜘ly・m副1・・伽・曲e　expect・d丘・m血・id・烈¢一7・�o・舳�p�q・・eお・喚These　res皿ts�qdic翫e血60bse圃v翻on�q�tc�o皿ぬon　capaci�Sce　m帥e　rel謝to血e　presehce　ofdefヒcts　inside　of　theβ一コ口2031ay銘which．is　in　reasonable　agreeme肛with　those　discussed　previously　in　section　5．3．　　　　Figu垣5．23（a）shows　representadve　room述emperature　C−7curves　at　fヒequencies　of　1，2，3，　and　10kHz．％・a血・�o訓y伊b�oβ一（ね、o如一G姻Mos・�opl・舳�p・土・・�o・・e錘・n鋤・f　30・，・e・pec丘・・1γGae　biおvol�re　wおswept仕om　4　V（�tc�o慮ion）to＋10V（deple亘on）．　Ah血creおe　in　capaci伽ce　canbe　clearly　seen　when　the　bias　voltage　is　apphed　towards　the　depletion　region，　regar（Hess・of　measuremer瞳仕equency　Ths　phehomenon　is　a域pical　behavior．of　the　sur£ace　inversion　in　the　low−fヒequency　C−7　charactehsdcs．　As　shown�qFig．5．23（b），　the辻【version　capacitahce　is　fbund　to　hlcrease　significandy　withdecreasing　measurement丘equency　This　is　probably　caused　by　the　incomplete　ionizahon　of　Mg　dopImts　in　130−124一Chapter　5，　GaN　MOS　Structures13160εε040茎塁鵠20900（a》295K％・与1kHz2kHz3kHz10kHz一4＾1．0」穿0．89り�@0．6薯邸0．4琶巴。・20　0一20　　2　　4　　6Gate　Voltage（V》810（b》≡＝▼VG＝6．OV　295K102103　　　　　104　　　　　105　　　　　106　　　Frequency（Hz》107HG　5．23．（a）Rbom4empe！atureσ7curves　at丘equencies　of　l，2，3，　and　l　O　kHzfbr　therma且y　gmwnβ一Ga20血GaN　MOS　diode　wi｛h　an　n＋source　region　as血e　gatebias　vollage　is　swept丘om−4　to＋10Vat身of　30　s．（b）Frequency　dβpendence　ofinversion　capacitance　at　bias　volIage　ofOVat　room　tempe餓ture　fbr　thermaHy　gro脚nβ・Ga20／P−G自N　MOS　diode　with．an　n＋source　region．血eGaN：Mg　acdve　layeちas　stated　in　ch斑）ter　3［36−41］．　That　is，　as　the　measurement　fbequency　is　decreased，the　Mg　deep　acceptors　can丘）llow　the丘equency　voltage　moduladon，　resulting　in　an�qpmvement　of　theminority　carrier切�ttion　fbom重he　n＋source　region．　This　inversion　behavior　could　be　seen　even　at　200。C．131一125一132Cわapter　5　　GaN　MOS　StructuresThe砺，，　of　the　sur食ace　invelsion　is〜2．5　V；v岨ch　value　seems　to　be　independent　of　measurement　fヒequencylThe％，，　of　the　low−fヒequency　C−7chalacteristics　is　also　in　good　agreement　with　that　of　the　high−fbequencycharacte亘stics　as　stated　above．　The　C−7　characteri甜cs　are　Hkely　to　be　classified�q010w−and止亘gh一丘equency免atures　at　a　fbequency　of−40　kHz，　which　characteristic　fbequency　may　correspond　to　theimpu鱒transi廿on　fbequencyf　of　the　Mg　deep　acceptors　in　the　GaN：Mg　ac丘ve　layeちas　shown　in　Fig．5．23（b）［3641］．In　ad磁tioU　a　decre麗e　of　capaci�qce�q血e　acc�o踊on　re錘on　is　due　to血e　poor　o�qniccontact　to　the　GaN：Mg　layer　　The　ef龍chve砺，　of　the　su血ce　hlversion　is　estimated　to　be〜2　V　fbom　the∠殊B．　This瑞，，　obt血ed　inthis　study　is　apparently　much　smaller　than　the　values　in　the　previous　Hterature［16，171．　This　reduction　in臨7is　considered　to　be　cauEed　by　the　enhanced�qplantation−doP辻Lg　charactedsdcs　at�qed　by　the　Si＋Nco一�qplantation　and　subsequent　activadon　annea�qg　at　high　temperatures　in　addidon　to　the　extremely　low血er飴ce　trap　density　at　theβ一Ga203／p−GaN　MOS　inter飴ce．　Here，　in　the　Si王N　co一�qplanted　regior�dthesheet　c副er　conce血雄onη、　and血e　elec廿on　mobi助μare　l．66x1014�p2　and　63．4　cm2配s，　respecdvel又丘om　room−temperature　Han−ef龍ct　measuremen的．　Thus，　ef驚。廿ve　Si　acdvadon　e岱ciency；刀幽＆，of　the　n＋書5。Onmi　；糠、25nm潅・蓬　　・0．OnmFIG　5．24．　AFM�qages　of　Si十N　co−implとmted　p−GaN（a）befbre　and（b）a段er　anllea�qg　at　1300　QC．　　　　　　　　　　つBoth加nages　are　5x5μmr．132一126一Chapter　5，　GaN　MOS　Structures133source　region　is　estimate4　to　be〜38％fヒom　the　total　implaDted　Si　dosageηg　of　4．35x1014　cmρ．　Tbis　valuei・血・�梶Eゐ1・寧eem・血舳・皿P帥・・1y・ep・並・d・烈・・［28］．　h・ddi甑．・m・・血・面�t6molphology　can　be　s甲n　in血e　AFM�qages（Figs．5．24（a）and　5．24（b））be％re　and　aRer　acdv雄onameahng　at　l　300。C，　although　the　ac丘vation　annealing　induces　the　out−dif丘Eion　ofthe　Si　atoms　towards　theGaN　sur食ac弔倉om　SIMS　measurements　as　shown　in　Fig．5．25．　As　a　consequence，　an　improvement　in．characteh甜cs　ofthe　n＋吹@junction　under　theβ一Ga2031ayer　gears　up　fbr　lhe　mjnority　carrier珂ection　fbm　then＋唐盾浮窒モ?　region．　Moreoveちthe　results　ob�qed　in　this　study　suggest伽the　thermally　grownβ一Ga20かGaN　MOS血cture　is　a　pro�us血g　candid翫e角r　inversion−mode　MOSFE胎．1020�D∈i10199ニ££101852001017あ　　1016S’MS　da拍《1300．C　anneaり7’R’ハ〃dafa360ke　　　　　　　　　200eV　　　　　120eV　　60eV30eV0200　　　　400　Depth（nm）600HG　525．　SIMS　prof丑es　ofhl耳）lanted　Si　atoms血P−G姻ε血r　annとahng訊1300。C，toge血er舳�o曲血　133−127一134Chapter　5．　GaN　MOS　Structures　　The　characterisdcs　of寸herlnally　gro�oβ一Ga20／p−GaN　MOS　structures　without．　any　n＋source　regions訓・誕・・h・・甜9劇・lec悟・烈IY　As　sh・・曲．Fig・5・22Φ）・血・恥衷・・s・曲・・f−1・05　Vサ・m．止・．measuredσ7curve．．Thus，　the∠恥gives　a　negaUve五xed　oxide　ch�re　de面ty〈ヶof　2．4xIOlo　eVlcm2．Ih　addition，　the砿dependence　of　the　measureすC−7curves　is　hardly　observed，　which　is　identical　with　thesi加ahon　ofβ一Ga20如一GaN　MOS　structure　with　an　n＋source　regi6n．　The　sweep　dkec廿on　induced　totalhysteresis　v血dow　17諺一期δl　at　the　flatband　is　fbund　to　be−o．02　v　even　at　long．　t�qe破of　30　s，　which　small−value　oorresponds　to　a　low�qer毎ce　state　density　of〜1x1010　eVlcm�A．　This　value　is　also　the　same　level　asth訊ofβ一G亀Oyn−G自N　MOS舘ucture　with　an　n＋source　region，　F血he�oore，　th6　mea皿edσ7c田vespresent　a　laτge　deviation　fbm　the　ideal　C−7curve　in　the　depletion　region．　Bea血g　in　rnind　that　the　su血cehlversion　generaUy　results　hl　the　capaci1舳ce　saturadon　on　the　high−fbequency　C−7characteris廿cs　and　that　theMOS�ople　fi山hc鉦ed　has　low　hlte血ce　traps　aS　mendoned　hereir�dthe　observed　behavior　is　hkely　to　showb・血deep　d・pl・廿・・�pd・面ace�q・聡i・・魚・血・・．血戟Ed・か1・噂・n・e停・n　　Figure　5．26�Bshows卿ic烈C−7culves翫愈e（pencies　of　l，3．and　10　kHz飽r　a血e�o烈ly　grownβ一Ga2034）一GaN　MOS　sample　without　any　n÷source　region，　respe面velγ　F鳳relaUvely　smaU　c即acitance血餅eacc�o曲ion　re蟄on　is．癒�uld　due　to血e　poor　ohmic．co血ct　to．撃?αNMg　layeちwhch　res吻血�qaccur翫e　acc�o皿翫ion　capaci甑ce．　Here姐eちlow一丘equency　C−7chaacteds廿cs　are　q細面vely甑ed．An　increase　hl　capacitance　can　be　clearly　seen　when　the　bias＞01tage　is　apphed　towards　the　depletion　region，・eg盆dless・f．　m・お一・ht丘・q・・n・γh・駕曲b・h舗・r　gf・即・・i血�ti・翻・9…t・血・low−fヒequencyσ7characteristics　that　have　previously　repolted　to　be　observed　in　the　gate　controlled　MOSdiodes　with　n＋source　regions［16，17］．　Thus，　this　phenomenon　probably　seems　to　correspond　to　a　typical免ature　ofthe　s曲ce　inversion　in　the　low一期equency　C−7characteh甜cs．　The　GaN　MOS獣ructures　without�pyn＋・・…e蟄一・g・n・・飢y�q・騨・・h・w・r・面�t・�q・・聡i・n卿mt・m四四・・bec棚・血・generation　rate　of　the　r�unority　carriers　is　extremely　lowl　T猛ng　account　of　the　high−fヒequency　C−7characteristic耳as　stated　earher，　we　can　say　th耳t　the　sur飴ce　inversion　occuls　at　room　tempera加re　in　the　p−GaN．MOS　sample　without血y　n＋source　regiorB．　The　su血ce　inversion　observed�oy　result　fbom　characteristics134一128一Chapter　5．　GaN　MOS　Structures135　　0．2εε8轟。．1岩巴8　　0．0《a）295KVonマ　▼1kH。職　　誘輩　　も『　　　％　　　3kHz10kHz一5　　0．8¢ε0．68器。．4芳巴。．28　　0　0　　　　　　5Gate　Voltage（V》10（b）08秘8．OVOV295K102103　　　　　104　　　　　105　　　　　106　　　Frequency（Hz》107耳頁G5．〜6．（a）Room遜empemture　C−7curves　at　fヒequencies　of　l，3，　and　10kHz負）rthermally　grownβ一Ga20血GaN　MOS　diode　without　any　n＋source　region　asthe　gate　bias　voltage　is　swept　f｝om−5　to＋10V、．（b）Frequency　dependence　ofinversion　capaci佐m�tat　bias　voltage．of　8　V　at　room　tempeIature　fbr　thermallygrownβ一Ga20／p−GaN　MOS　diode　without　any　n＋source　region．．of　the�o訓y．grownβ一Gあ03笹GaN　i血er飴ce．　As　sho�o�qFig．5。26（b），　the血version　capaci伯nce訊9寵voltage　of　8　V　is　fbund　to　increase　signlfican韻y　with　decreasing　measurement　fヒequency　This　is　probablycaused　by　the　incomplete　ionizadon　of　Mg　dopants　in　the　GaN：Mg　ac虚ve　layer［36−41］，　as　stated　herein．The　onset　voltage％1，0fthe　sur食ace　inversion　seems　to　depend　on　measurement　fヒequency；the％1，　decreases135一129一．136Chapter　5，　GaN　MOS　Structu．res側副y舳d・�peas血g　meas礎・m・飢丘・q・・n・γ凸・％。・b�q・d血面・MOS血・血・舳・ut町n＋．source　region　is　apparently　much　smaller　than　the　values　previously　reported　in　the　hterature［16，17］．　Thisreduction　in砺ηis　considered　to　originate　fk）m　the　presence　of　ef五cient　gene痴on　cer宜ers丘）r血oritycarrier　i切ecdon　in　addidon　to　the　low�qe血ce　t旧ps　at　theβ一Ga203／p−GaN　MOS　inte血ce　as甑ed　above．F・・m血r魚・t肱血・田翁gdi・1・c宏i・曲G・N・・t　as・弔r・mb�qd・n　ce血ers［42・43］・血e　od帥of血e・b・ew・d・漁ceh・・鱒鰐加・el翫・dt・血・面・1・・的・郎・�qt・面・・fh・t・m・pi樋訊G・N乃囎・止・・e，副t・・b�q曲面・MOS血・伽・舳・ut�py　h千・・血ce・e錘・np・・b曲ly・ug9・生魚血・d・1・・諭・min　p−GaN　help　to　provide　an　extemal　source　of油norhy　ca�uers　inst6ad　of　n＋source　regions，　resulthlg血thep�q曲�o訊ion　of止e　s顧ace　inversion舳eβ一Ga203φ一GaN　MOS　i皿er伽e．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　キhs�o融e血e�o囎。�oβ一働0かG副MOSs血。血es三三en　so�oere錘曲e悦en魚bricated　by　comb�q：ng　Si＋N　co−implantation　and　the�oal　d可oxidation　techniΦes．　From　the　fヒequencyd・p・ndpnce・fσ7・h忽・・t・h甜・・翫…mt6mp・・血・，血・�qace�q・・おi・n而舳・％。・f−2．5　V　can　b・clearly　seen．　This　small％．　is　considered　to　be　at�qed　by　the．enhanced　irnplantation−doping　characteris廿cs�pd血eeゆ・m・lyl・w面・血・・血t・den・i妙iess血�p1・1010eVlc出2舳・β一Gの0、φ・G州MOS�q・血ce．5．6Conclusion．　　We　have　inve…虹gated　i煎er飴ce　prope貢ies　ofGaN　MOS鏡ructures　equipped庸th　SiO2　gnd／orβ一Ga203　asagate�q3ulator　by　using　high一丘equency　CL　7　and　capacitance　transier庄techniques．　From　theσ・7m・蹴・m鄭，止・β一G・、0、単一G姻MOS血・血・・h・w・al・w�q・命ce瓢・d・嚇・f−5．5・1010eVlcm身，while　the　SiO2／n−GaN　MOS　structure　displays　capacitance　sat�odon　in．deep　deple豆on（＞15　V）and　a　tota1血・魚ce騨・d・ゆ・f伽ρ’2　rVlcm匿恥止・・曲ce　F・即1・v・1　i・p・・b曲ly脚圃舳・β一Ga203／GaN血e血ce，　which　may　be　probably　associated　with　the　presence　ofthe�qle曲cial　Ga．oxynitridelayeL　In　addition，　the　stacked　SiO2／β一G鋤Oyn−GaN　MOS　structure　is魚und　to　imprDve　both　the　electdcal．i血e曲ce　pmpe貫ies　and　the　g翫e　dielec面。　characted部ics．　R血he�oore，　we　have働died　elec面cal　prope�ues・f止・p−G亀OyP−GaN　MOS・血・加・而血�p．n＋・・�pce・e錘・n臨・町田．・n即P�q・甜b・甑・＆Th・n＋　136−130一Chapter　5．　GaN　MOS　Structures137・e頷・n・w・・e・electi・・ly　p・・d・�td血Mg−d・P・d　GaN　by　Si＋N・・一im画励・n・nd・ub・eq・・nt�o・訓血9宏1300。C，　and血en　100一�o一血ckβ一G鋤03　was理owl　by�Joぬ（�qon　at　880。C％r　5　h．Room辻empera由reσ7measurements　display　a　sur飽ce　inversion　fbature　with　an　onset　voltage　of〜2．5　Vand　show　an　ex腫emely　low　inte血ce　state　density　less　than　l　x1011eV−lcm72．　These　results　suggest血at　thetherma皿y　grownβ一Ga203／p−GaN　MOS　structure　is　a　promising　candidate　fbr　inversion−mode　MOSFETs．Refbrences［1］H．Morkog，　S．　Strite，　G　B．　Gao，　M．　E．　Lir』B．　Sverdlov　and　M　S．　Bums，　J．　AppL　Phys．76，1363（1994）．［2］TPChow　and　R．　Tンagi，　EEE　Trans．　Electron　Devi�ts　41，1481（1994）．［3］J．H繊A．　G　Ba（μR．工Shul，　C．　G　W皿so恥しZhang，　E　Ren，　A．　P　Zhang，　G　T　Dang，　S．　M．　Donovan，X．A．　Cao，　H．　Cho，　K．　B．　Jmg，　C．　R．　Abema止払S．　J．　Pealto几and　R　G咄son，　AppL　Phys．　Lett　74，2702（1999）．［4］M．A．　Khan，　X．　Hu，　A．伽al¢，　G　Sim瓜J．　Yimg，　R　Gaska，　and　M．　S．　Shur，　AppL　Phys．　Lett．77．1339（2000）．［5］ERe醐．　Hong，　S．　N．　G　Ch馬M．　A．　M�pcus，　M　J．　Sch�o繊A．　Baca　S．」．　Pe血on，�pd　C．　R．Abemathy；Appl．　Phys．　Lett．73，3893（1998）．［6］J．WJo�q30恥B，　Luo，　E　Ren，　B．　P　Gil亀W．　Khs�qamoo血払CR　Abema戯S．　J．　Pem甑J．1．　Chyi，工E．：Nee，　C．　M．　Lee，　and　C．　C．　Chuo，　Appl．　Phys．　Lett．77，3230（2000）．［7］HH・ng・KA・舳・鳳J・Kw・・HMNg・J・N・B認1飢9・・恥A・RK・血・1エPM�oae雌A・YCh・・C・M．Le似J．1Ch）埴，　and　T　S．　LaメJ．　Vと。．　Sci．騰。�qoL　B　18，1453（2006）．［8］H．K血S．　Park，　and　H　Hwang，　J．　Vac。　Sci．　Tbc�qoL　B　19，579（2001）．‘［9］H．Ka舳，　M．　Hara，　E　Nakam臓and　S．�qとmag亀Elec怠on　Le肱34，592（1998）．［10］HC．　Case》〜J蔦GGFounta�q，　R　G　Ahe）もB．　P　Kelleろand　S．　P　Denbaars，　Appl．　Phys．　Lett．68，1850（1996）．［11］PCherらWWang，　S．　J．　Chu亀．　and　Y　D．　Zheng，　AppL　Phys．　Le廿．79，3530（2001）．　137−131一138Chapter　5，　G自N　MOS　Structures［12］S。Alul�qmaran，　T　Egawa，　H．　Is臨wa，　T　Jimbo，　and　M．　Umeno，AppL　Phys．　Le柱．73，809（1998）．［13］W．PLi，　R　Zhang，　Y　G　Zhou，　J．　Yin，　H．　M　Bu，　Z．　Y　ho，　B．　Shen，　Y　Shi，　R　L　Ji｛mg，　S．　L．　qu，　Z．　GLi“YD．Zheng，　md　Z．　C．　H�og，　Appl．　Phys厩75，2416（1999）．［14］L．WTu，　P且Tsao，　K．　H，　Lee，1．　Lo，　S．　J．　Bai，　C．　C．　W馬K．　Y　Hsieh，｛md　J．　K．　Sheu，　Appl．　Phys．　Le柱．79，4589（2001）．［15］TRo妓eゆ．醐stele，工Ste�oeろEFe魂er，　J．　Aderhol¢J．（捌，　V　Schwe幽C．血。�qe蔦M。　K�op，and　M．　Heuker�dAppl．　Phys．　Le賃．76，3923（2000）．［16］J．Ki叫R．　Me�q（塊B．　Luo，　E　Ren，　B．　P（瓶A．　H．01�qe，　C．瓦A加�o血猛S．　J．　Pe頒。珪and　YIrokawa，　Appl．　Phys．　Lett．80，4555（2002）．［17］J．K�q，　R．　Mehとmdlu，　B。　Luo，　E　Ren，　B．　P　Gila，　A　H　On血e，　C．　R．　Abemath払S．工Pea貰。瓦and　YIrokawa，　AppL　Phys．　Le賃．81，372（2002）．［18］YNakano　and　T　J�qbo，　Appl．　Phys．　LetL　82，218（2003）．［19］YNakano　and　T　Ji血bo，　J．　V自。．　Sci．　Tbchnol．　B　21，1364（2003）．．［20］H．H．　Tipph：1s，　Phys．　Rev：140，316（1965）．［21］D・エF“YH・Kw・岨W�q9・CエP飢k・KH・B�t凪YCh・・．D・HS甑CHB・・�pdK・S・Chung，　Appl．　Phys．、LetL　80，446（2002）．［22］J．WSeo，　C．　S．　Oh　H　S．　Jeong，　J．　W　Yang，　K．　Y　L�q，　C．　J．＆bo馬and　H．　J．　Lee，　App1．　Phys．　Le賃．81，1029（2002）．［23］YNakano，　T　Kachi，　and　T　J�qbo，　Appl．　Phys．　Lett．82，2443（2003）．［24］C．Lee，　H．　CherしH．　Lee，　AppL　Phys．　Lett．82，4304（2003）。［25］R．Therrien，　G　Lucovsk）もand　R　E　Davis，　Phys．　s槍t　s6L（a）176，793（1999）．［26］J．W．　Jo�qsor」B．　P　G鵡B．　Luo，　K　P　Lee，　C．　R　Abemath払S．　J．　Pealton，　J．1．　Ch》d，　T　E．　N�t，　C．　MLee，　C．　C．　Chuo，　and　E　Ren，　J．　Electrochem．　Soc．14寧，　G303（2001）。［27］YNakano，　T　Kachi，　and　T　J�qbo，　Appl．　Phys．　Letし83，4336−4338（2003）．［28］YNakano　and　T．　Ji血bo，　J．　AppL　Phys．92，3815（2002）．138−1．32一Chapter　5，　GaN　MOS　Structures139［29］YNa�qao　and　T　Kachi，　AppL　Phys．　Lett．79，1468（2001）．［30］YNa�qao　and工Kachi，　J．　AppL　Phys．91，884（2002）．［31］TYbshimu戦N．　F両�qur亀D．　Ito，　and　T　Ito，　J．　Appl．　Phys．87，3444（2000）．［32］L．GMeineB，　Appl．　Phys．　Lett．33，747（1978）．［33］YMoch副d　and　M糠Appl．　Phys．　LeU．69，3051（1996）．［34］YNakano　and　T　Ji血bo，　Appl．　Phys．　Lett．80，4756（2002）．［35］YNakano，　T　Kachi，．and　T　J�qbo，　J．　Vac．　Sic．　Tbc�qoL　B　21，2220（2003）。【36］D．Seghier　and　H．　P　Gislason，　Appl．　Phys．　Le杭．88，6483（2000）．［37］ND．　Nguyen，　M　Ge�o揃n，　M．　Sc�qei魯，．　B．　SchbeUe蔦M．　Hueken，　J．　Appl．　Phys．90，985（2001）．［38］YNakano　and　T　Kachi，　Appl．　Phys．　Lett．79，1631（2001）．［39］YNakano　and　T　J�qbo，　J．　App1．　Phys．92，5587（2002）．［40］YNakano　and　T　J�qbo，　Appl．　Phys．　Lett．81，3990（2002）．［41］YNakano，　T　Kachi，　and　T　J�qbo，　AppL　Phys．　LetL　82，2082（2003）．［42］S．J．　Rosne蔦E．　C．　Carr，　M．　J．　Ludowise，　G　G並ola�u，　and　H．1．　Eriksor』Appl．　Phys．　Lett．70，420（1997）．［43］z．Z．　Bandi6，　P　M．　Bridge篤EC．　Piquene，　and　T　C．　McGil，　Appl．　Phys．　LetL　72，3166（1998）．139一133一140Chapter　6．　Conclusions　and　Future　TrendsChapter　6Conclusions　and　Fu加re　Trends6．1Conclusions　Of　this　Work　　This　disser圃［on　has丘）cused　on　the　developme煎md　mders由nding　of　requisite　processing　tec�qologiessuch　as　n一＆P−type�qplan甑ion　doping　and　gate圃ato士s　of（｝aN　to魚6ih倣e　the制）ricadon　of　advancedinversior曲ode　GaN　nie槍1《））dde’se�uconductor且eld−ef〔ヒct　transi…並ors（MOSFETも）。　Here，　wes�o血ed面s血se血don　as劔ows．　　In　Chapter　l，the　s城e−o舳e−a貢GεN　power　MOSFE北柏at�ught　be　expected　to　replace　the　Si　powerdevices血high−power　s輌tc�qg　applic血om釦r　ne曲加re．EV　elec廿。�ucs，鴨re　discussed　and　somerequisite　basic　tec�qologies　such　as　n一＆p−type�qplant　doping　and　g嘩e�qsulator60f　GaN　were　chos�p．、　　In　Chapter　2，　we　reported　on　n一環pe�qpla飢doping．　of　Ga：N．　by　ush：1εGe，　Si，　and　O　dopants。　F加t，　wehave　inve甜gated　the　dophig　chamcteristics　and　structural　de色cts　of　Ge＋N　co一�qplanted　GaN．　N−typer6gions　were　produced　in　undoped　GaN　f�qby　Ge　and　Ge＋N　implantadon　and　subsequer虻annealhlg　withan　SiO2　encapsula直on　layer　at　1300。C．�qproved　Ge−doping　characteristiCs　were　achieved我）r　GaN　byGe＋N　co一�qplantation，　at血ng　acdvation　ef且ciencies　of〜44％，　whereas　in　the　case　of　conventional　Ge�qplan面6n，．the　activadon　ef且ciency　was　low　due　to　the　lack　of　N．　atoms　fbτma血�qng　the　GaNstoichio即etry．　　From　transrnission　electron　microscopic　observadons，　the　darnage　hlduced　by　thec6」implanta丘on　was　enthrely　restored　by　anneaHng　at　1300。C．　However，　positK）n　ann丑1ila丘onspectr6scopic　measurements　revealed　the．creadon　of　new　vacancy−type　defヒcts　with　mafkedly　di伍erentcharacteristics　ili　the　electrically　activated　regions　by　the　anneahng　ofboth　Ge−and　Ge＋N一�qplanted　samples．Second，　Si−doping　6haracteristics　have　been　syste�oticany�qves廿gated　fbr　Si＋N　corh：nplanted　GaN．N−type　regions　were　produ�td　in　undoped　GaN　fi�qs　by　the　co−implantation　and　subsequer岐anneahng．with．．140−134一Chapter　6．　Conclusions　and　Future　Trends．141εmSiO2　encapsulation　layer離high．tempelatures．　The　sheet　carrier　concentradon　was　seen　to　be　precisely・・血・囲・b・伽�t・3・1012cm�`nd　5・1d4　cm2舳Si・・ti・面・n・伍・i・n6i…f四50％wh・n血e　sampl・・were　annealed　at　l　300。C．　From　a［omic食）r�tmicroscopic　observa旺ons，　the　oo−implanted　sample　showedsmooth　surface　molpho16gy　identical　with　that　befbre�qplantadon，　whereas　Ga　islands　were　fbund　to　be魚�o（対in　su血ce　region　by血e　acdv鋤on　annea血g血the　case　of　convendonal　Si�qplan伽on．　There飴re，the　Si＋N　oo一�qplantation　technique　tumed　out　to　be　an　ef琵ctive　method　to　enhan�telectrical　and　structuralproper匠es　hl　view　of　GaN　stoichiomet彫　Howeveろimplanta匠op−induced�ucK）一defbcts　remained　evena飾er　the　high適emめerature　annealingかrocess長）r　both　Si−and　Si＋N−impIanted　GaN　sampIes．　Furthemlore，dophlg　characteri…虹cs、of　O−implanted　GaN　have　b�tn　hwestigated｛汐stematically丘om　a　viev陛）bint　of�oe血gte即em伽e．凸e�qpl�ped　O宏。鵬加�oe　elec恒。訓y�tHveおan聯e　do脚姐er�oe訓jng　above　l　O50。C，　but　with　a　low　activa丘on　ef五ciency　of　only　1．1％．　Fmm　variable　temperatureHall−ef匝ct　measurements，0−implar曲d　G臼N　displayed　a　sha皿ow　ior血ation　Ievel　of〜18．3　meV　a食er　l　100and　1200。C　anneals．　Ih　addition，　secondaηion　mass　spectrometry　measurements　showed　no　measurableredist曲ution　of　the　O　atoms　by　the　amea�qg．　These　results　h：1dicated　poor　probabihty　of　the　O　atomsoccup）吐ng　an　N−lat匠ce　site　hl　GaN．　　hl　Chapter　3，　we　fbcused　on　the　electrical　characterization　of　p，type　GaN　in　advance　of　p−type　implantdop血9・　Firsち　current　deep−level　transier庄聯ctroscopy　（1」pLTS）technique　has　been　apPhed　to　theinve…虹ga廿on　on　acceptor　levels　in　Mg−doped　GaN　grown　by　metal−organic’モ?ｅｍｉｃａｌ−vapor　dgposi廿on（MOCVp）．　For　acdva口on．　of　the　Mg　dop飢Iapid血e�o烈�oe訓ing　was　per飴�oed　wi血�pSiO2encap…二三on　layer　at　850。C　in　N2．みDUS　measulements　on　the鋤虹cated　Schotdくy　diode　revealed　adiscrete　deep　level　located　at〜112meV　above　lheマalence　band，　corre鐘）ondjng　to　the　energy　level　measuredby　the　convendonahher血al　admittance　sp�ttroscopy（TAS）．　T1亘s　ene�ry　level　was　also　in　good　agreementwith　the茸equency　depen4ence　of　capacitance　in　view　of　the　characteristic　fヒequencyl　Therefbre，　thisenelgy　level　is　most　probably　attributed　to　the　Mg　acceptor甑e　itself　Second，．］AS　andみDLrStec�qques　have　been　apphed　to　the　Schot磁y　diodes励hcated　on　Mg−dqped　GaN　grown’b凵@MOCVD　to141一135一142Chapter　6，　　Conclusions　and　Future　Trendsinvestigate　the　dependenρe．of　the　Mg　acceptor・level畠on　the　ameahng　tempera跡e．．Both　measurementtech�uqμes　revealed　two　deep　acceptor　Ievels　with・activadon　en6類es　at〜135　and〜160　meV．　above　thev副ence　band．　The鉤�oer　Ievel　wおonly　seen．when　the　samples　were�oe面面tempe�較es　be卵een650．顕d700．・C，�pd．i魯P・6・e・・e・・∬・・p・・d・d舳・．・i幽・血�q・・鐸・．血ε焼・丘・・accept・・c・nce�u融as　conft�oed　by　low」丘equency　capacitance−voltage（C甲）measuremer酷．　There丘）re，　this　acceptor　levelwas　considered　to　dorninate　the　electdcal　ac廿vati6n　ofMg　in　GaN．　　．In’Ch即t・・4，　w・d・訓踊血．戸一卵・�qpl庶d・P血96f　G州by囎並9后・d・卿．　F魔；w・h訓・・lec面・烈ly　h…tig翫ed．血e　a・。・めt・・1・v・16�qt．w■・p・e・e回顧Be一�qpl磁・d　G・N　Sh幽や一卿・conduc廿vity　was　attajned血．uhdOped　GaN　fUms　by　Be　implantation　and　s廿bsとquent　ameahng　at　1050　dC舳�pSiO・en・即・甑i・nl町・・d即・・i伽ce畑・n・ymr蹴eme廊showeda騨ic蜘e蔦i6ne焼ctcharacterisUc　of　deep　acceptors　hl　the　Schottky　diodes　fabricated，　TAS　measurεmen的revealed　a　discretedeep　level　located　at〜231　meV．　above　the　valence　band．・This．enelgy　level　was　in　reasgnable　agreementwith　the　f卜equency　dependence　of　the　capacitance　in　view　of　the�qpurity　transition　fヒequ早nc）�e　Therefbre，this　ene�sy　level　was　most　p沁bably　assigngd　to　a　Be」related　deep　acc6ptoL　Second，　p一向pe　regions　v←ereproduced．　in．　undoped　GaN　fi�qls　by　Be　and　Be＋0�qplantation　and　subsequent御ea�qg，　at．temperatufesbetweεn　1000　and　1050。C．．From　TAS　measurements，．　the　ac廿vation　energy　of　th6　Be　acceptor　level　was　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ド食）und　to　decrease倉qm〜240　to．〜163　mgV　by　the�qplantaUon　of　additior囲Oatolns，　which　was　hlreasonable　agreem6nt　with　the�qprovement　in　p−type　dophig　characteri…虹csうas　determined　byroom−tefnperature．Han二ef琵ct　measurements．　These．resUlts　indicated　that　the　Be＋O　co−i血かlantationreduced　the　depth　6f　the　Be　acceptor　le、zel　based　on．a　site−competi亘on　ef臣ctl　There我）re，　these　accΦtorlevels　were　most　probably　a�qbutable　to　Be　atd�us　at　interstidal　and　Ga−latUce　sites，　resp6cti＞ely　　　In　Chapter　5；we　reporled　on　some�qds　of　gate憾ulators　of　GaN．“Fhlst，　vφe　have．�qestigated　theinter魚ce　proper丘es　of　SiO2／n−G自N　MOS　structUres　by　usingσ7ahd　capacitan6e　t貰msier虻tech�uques．．．TheMOS　diodes宙ere励hc翫ed　by　SiO2　sp応e血g　o血to　n−GaN　epi伽烈．撃≠凾?ｒｓ　grown　by　a�qos画ehc　pressureM・CVD　6。、apP�q，，煎飢，、．　C−7、ha。、・，面ds　sh。w，d。t。油，出�t，甑・．．d・mi取．・f−2．2・1012　142−1．36一Chal）ter　6．　　Conclusions　and　Future　Trends143．eV−1�p2�pd　dsplayed　c即aci伽ce　sa加r加on　in　deep　depledon．（＞15　V）．乃e　capaci伽ce血deepdgpledon　was　ib�od　to　signi丘。副y　increase　by　incide血：white　hght．　A　capacitan『e　transient　was　also　seen．誼er　applying　reverse　vol�res，　re且ec丘ng　the�o創emission　of　ca�ue蔦丘om　the　SiO2／GaN　ir随e血ce．．DLrSmeasurements　revealed　a　dor血ant�qe血ce　trap　with　an　acdvadon　energy　of〜0．77　eV　fヒom　the　conductionband，　correspondhlg　to　the　capacitance　t！ansient．　Therefbre，　this　interf註ce　trap　was　considered　to　hlduce・�uaceFe�oi−1・v・lp�q9・而・h・e・皿t・d血血・購i髄・e＄・臆加・珈止・meas�o・d・研�Kact・d蕊i…Second，　we　have　inve甜g翫ed　the　inter飴ce　proper丘es　of　the�oally　oxid圃n−GaN　MOS曲uctures蜥。謝on即p�qe　sub曲tes．100一�o一雌ckβ一G助03　wお暫。�oby　d汐。幻dぬon翫880ρC魚r　6　h．From　second飢y　ion　mおs　spec面me噂measureme血s，　an　i皿e�oedi説e　Ga−o綱面de　layer　v舳composidongradient　was　cleady　observed　at　theβ一Ga20yGaN�q［er佑ce．．C−7measurements　showed　a　deep　depletion免ature　and　a　low　illterface…覚at6　density　of�k5．5x1010　eVlcm2，　AdditionaU）もno．discrete　interface　trapscould　be　detected　by　DLTS　measurements．　These　results　jndicated　that　the　sur偽ce．Fe�uユevel　wasunphmed　at　theβ一Ga203／GaN　interface，　Which　was　pmbably　associated　with　the　presence　of　the　i11te血cialGa−oxynitdde　layer．　Third，　we．have　hlvesdgated　the．i�qer飴ce　proper匠es　of．SiO2／n−GaN　MOS…就ructures舳（ね一〇加面de�qerl留e蔦．・β一GのOl　l5�o．面ck　was暫。�oby�Jo虹（�qon翫800。C魚r　6　h，　and100一�o一面ck　SiO2　wお止en　de加sit（ガ．by　spuue血g．　From　secon（助ion　mass　spe¢�qo皿町m（駕ureme鵬．35一�o一面ck　Ga−ox頭垣de　h�嬰　composi廿on餌a磁ent　and　O�Sms団魅ed�qo　deeper　l）血gregibn　than　theβ一Ga203／Ga：N．　hlte血ce　besides　theβ一Ga2031ayeL　C−7　measuremer［的showed　a　low加ter飴ce　s鳳e　density　of〜3．9xIOlo　eVlclnρ，　r穿sul丘ng　in　an　mp圃ng　of　th臼s血e　Fe面一level．　Thesecharacteri甜cs．　were　clearly　d盤rer睦fbom　those　without　the　i血erlayeL．These．stacked　SiO2／β一Ga20ミ／nrGaNMOSまru6tures　were貴）und　to　be　equipped　with　both　the　out…舳ding　irにe血ce　proper丘es　a取d　the　good　gatediele面。　characte磁ics．．　F舳e�oore，　we　have血died　the　ele面。烈・．　properdes．　bf血e�o烈ly．　oぬdセedp−GaN　MOS誰uctures　with　n＋sour�tregions　fabricated　on　sapphire　sub…詫rates．　The　n＋regions．wereselectively　produced　in　Mg・doped　GaN　by　lSi＋N　co−implantation　and　subsequent　almeahng　at　1300。C，　and血en　l　OO一�o一面ckβ一G鋤03．was　gown　by（坤．　o虹（励on翫．．880。C魚r　5　h．．Room−telnpe鱒eσ7　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　“143一137一144Chapter　6，　　Conclusiohs　and．Future　Trendsmeasurements　di§played　a　su出ace　invelsion　fbature　with　an　o血set　voltage　of〜2，5　V　and呂howed　an・甜・m・ly　l・w�q・曲。繊・d・鵬i域less血�o1・1010．EV−1cm2．恥・・e甲・dts　sug9・就・d血t血・．血・�o訓ygrownβ一Ga2034）一GaN　MOS　structure　was　a　pK）�us血g　candidate　fbr　inversion−mode　GaN　MOSfield−e騰ct−transistols．6・2醇u琴96s血・ns血rFutureW・r�q　　　Ih面s　wod〜we　have　developed　some　requisite　processing　technologies　to佑c皿tate　the励rica廿gn　ofadvanced　inversion−mode　G試N　MOSFE聴．　Seve捌impor�St　results．can　be　obtained，　as甑ed　above，whereas　there　are　many　problems　rema�qng．　　　As　fbr　n−type　h：nplanta口on　doping　of　Ge　and　Si；good　doping　characteri…虹bs　can　be　obta血ed　by　ushlg　aco一同nplantε虹on　technique　of　addidonal　N　atoms，．regardless　ofthere　be辻医g　a　numb6r　of�qPlantadon−inducedde奪。おremと血�qg　even諭er　acdv甜on　anneahng．　In舳dop血g　proc�ts，　howeveちhi幽�p1£ra雄e�oe蝕ng（＞1200。C）is四脚d　to　be　req血ed　to　acdvate、the�qpla血ed　dop町田oms．　This　annea巨ngt・脚・伽・i・m・・hh帥・・廿�o血・暫・w出t・甲P・伽・．（一1100．C）；wh・h血d・翫・蜘血・�u魏bih取・f．GaN−based　materials　may　be　a　concem　in　the　high−tempera加re　amealing　process．　hl　fね。ちWe五nd　thatN−deficiency　fセom　GaN−1atUce　s鵬to　occur　at　tempera�qes　above　900。C．．@Thus，　an　n−type�qplantation・｛10ping　technique　that　enables　relatively　low・｛emperature　acdvation　is　more　desh・able．　Fromthis　point　of　view；0。�qplanta亘on　doping　becomes　a　promising　gption．　h　this　case，　howeveろef飴ctiveactivadon　efHciency　of　the�qplanted　O　atoms　is　too　poor，Therefbre，　the�qplan励onrdophlg　techniqueshould　be　better　improved　to　be　compatible　with　the　low−temperature　activadoh　and　the　high　aごtiva：口onefHciency　Addi廿ona皿払in　advance　ofthe　fabricadon　of　re烈GaN　MOSFET　devi�ts，　a　satis勉to塀1evel　ofconbct　resistivity　fbr　ohmic　con壌cts　to耳一碗）e　implanted　GaN　should　be　assessed　and　then　be　fヒedbacked　tothe�qplant　acdvadon　efHciency　　　P−type　GaN　layers　have．to　be　fbtrned　selectively　to　rea五ze　power　device　s住uctures　that　enable　aho�oany−o仔oper凱ion癒r　EV　elec廿onic　app五。ぬ。偲．τh乱E，1｝略pe�qplan励on　dop並g　is　a　mo鏡a血ac亘ve144−138一ノChapter　6．　Conclusions　and　Future　Trends145processing　tec�qology。　In　p面cular，血e　Be＋O　co−implan伽on　tec�qique　is魚und　to　reduce血e　depth　of』th『Be　acceptor　level　based　on　a　site−competition　ef驚ct　Howeveちthe　present　dophlg　level　is　inadequate　to魚bricate　these　power　devices．　A　significant．　increase　hl　ef艶ctive　acceptor　concen住ation　is　needed　illconnection　with　a　decrease　hl　acc曾ptor　energy　level　to　improve　p−type　ac廿vadon　e伍cienc）乙　丁之）that　end，　wewi皿have　to（4）thnize　an　O乃3e励。　and　annea血g　conditions」br　the　Be＋0◎o一�qplantation　process．Fu曲e�oore，　o圃。　co血。魯to　I》卿e　impl血ed　GaN　should　beおsess（ガ．　　　Regarding　gate�qsulatoB，　a　low　inter偽ce　state　density，　a　low　leakage　currenちand　a　high　breakdownvol囎e　need　to　be　ob伽ed．　From　this　poi血of　vie�r血e　combinadon　of　the�o烈dry　oxid飢ion　and　SiO2deposidon　is　oonsidered　to　be　a　power飢tool　to　overoome　troublesome　issues　of　GaN　MOS…血uctures．　A鏡acked　SiO2／β一Ga20yGaN　MOS　structure　is　fbund　to　improve　both　the　electdcal　inter飴ce　properdes　and　thegate　dielectdc　chamctedstics；theβ一Ga203　illterlayer　provides　good　electrical　hlte魚ce　properties　and　theSiO21ayer　reduces　gate　leakage　currer岐s　and　enhances　oxide　breakdown　vol�res，　respecdvely　　Tb　enhancethese　characteristics，　a　phot�tlectrochemical　o》dda丘on　t�th�uque　vvhich）4elds　very　smooth　thhl　oxide　sur飴ceand　a　high｛emperature　SiO2　deposition　tech�uque　which�qproves　gate　characteristics，　become　promisingpracdcal　opdons．　hl　addidon，　gate　metals　should　be　assessed　R）r　real　GaN　MOSFET　devices．　　　At　presenちavailable　GaN　epita）dal　layers　have　poor　crystal　quaH以compared　to　Si　and　GaAs．　Theyhave　high　disloca丘on　densities　on　the　order　of　l　O6−1010　cm2．　h　accordεmce　with　an　a4vance　in　the　GaN即・w血tec�qiqμ・・止e　c脚q叫i騨H　b・�qP・・舳em肛k油ly・北…止・p・e・e皿・h飢・・t・醜・・f血・i・聾�qpl�p�q・ゆP血9・nd出・g宏・血�K・rs輔励・U・・�qP・・v・d舳・丘・e・f　GaN・三囲q副i域・Ih』ad（藍don，　these　pro�tssing　technologies　should　be　combined　to魚bric包e　real　GaN　MOSFET　devices．　In面scase，　some血e�o烈manageme血m印y　be　an　open　issue．　In　p面cul磯the　di旋rence　of　ameaHngtemperatures　be｛ween、　n−and　p−type�qpla血ac廿vation　may　be　a　bo劔eneck曲en　both　implan1�qon−dopingtechniques　are　s�qultaneously　apPlied　to　the　reall卑don　ofthehr　device　design・　　　Fu血e�oore，　physic烈source　of　deq）1evels血Ga：N　and　rel証ed　med組s賦not�qow蜘gener烈．Particularly；any　correlatioh　between　defbcts　and　electronic　proper丘es　in　GaN　has　not　been　well　unde聡togd，145一139一146Chapter　6．　．Conclusions　and　Future　Trendsbeca聡e血ere．�pe　a　l飢ge　n�o焼r　of雌ere血｛即es　of　de免。お血即be　prese血；disl�t頗。旙，　po�qde色。お，・・mpl・x・・，・・血i・＆血血・i・d・魚・魯．　Am・ng血・m，・lec廿・�u・d・免・魯，・隅・i記y血pl・mi・ゆducedde免。おprob訓）ly　seem　to　I�qit　per飴�oance　Of　FE踏．　Th侍re魚re，　we　w皿have　to　pay　much　more煎endo懸to　po辻比defヒcts並GaN　i【i　the　near　fUtし瞳e・　In　par虹cu1印らelectrical　chalacterLzahon　of　process−induced　po血tde色。舗U　geπ．up三曲e　e鋤hs�qe皿ofbおic　tec圃。錘es魚r　d｛NI沿wer、de“�ts．　146−140一

