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研究成果の概要（和文）：ダイヤモンドは多くの優れた特性を有するため、過酷な環境下で動作可能なパワーデバイス
の材料として有望なワイドギャップ半導体である。本研究では、ダイヤモンド表面の正孔キャリアの形成方法及び電界
効果トランジスタ(FET)デバイスプロセス条件とノーマリオン・オフ動作との関係を調査し、ノーマリオフ動作のメカ
ニズムについて議論した。またゲート絶縁膜の種類と構造の最適化を行い、ノーマリオフ型ダイヤモンドEFTの大電流
動作化の検討を行った。その結果、オン電流値としては比較的良好な値(-100~-200 A/mm)を比較的再現性良く得ること
に成功した。

研究成果の概要（英文）：Diamond is promising wide-gap semiconductor for the power devices operated under 
the hash environment owing to its excellent material property. In this study, we investigated the impact 
of formation method of hole carrier at the diamond surface and the device process condition of 
field-effect transistor on the normally-on and -off operation to discuss the normally-off operation 
mechanism. Based on the results, we optimized the gate material and structure. Finally, we reproducibly 
obtained the high on current (-100 to -200 A/mm) for normally-off FET devices.

研究分野： 半導体

キーワード： ダイヤモンド　電界効果トランジスタ　MOSFET　ゲート絶縁膜　原子層体積成長法　電子デバイス　パ
ワーデバイス　スパッタ法
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all of the IDS–VDS curves, which indicates there is good
ohmic contact formed between Au/Ti/Pd metal and the H-
diamond surface. The maximum IDS (IDSmax) of the MISFET
before annealing is !31.3 mA "mm!1, while those of the
MISFETs after annealing at 180 #C for 5 and 10 min are
!28.3 and !28.7 mA "mm!1, respectively. The transfer
characteristics of the MISFETs before and after annealing
are presented in Fig. 3. The threshold voltage (VTH) can be
determined according to the relationship between !

ffiffiffiffiffiffiffiffiffi
jIDSj

p

and VGS. Before annealing, VTH was 0.8 6 0.1 V for the
MISFET with normally on characteristic. However, after
annealing at 180 #C for 5 and 10 min, VTH changed to
!0.5 6 0.1 V with normally off characteristic. According to
the relationship between VTH and effective mobility (leff),

21

leff before and after annealing at 180 #C for 5 and 10 min
were calculated to be 56.5 6 0.5, 57.7 6 0.5, and
58.2 6 0.5 cm2 "V!1 " s!1, respectively. Note that leff is
almost constant for both the D- and E-mode MISFETs,
which indicates that annealing does not deteriorate the MIS
interface. Post annealing can change the operation of the
MISFET from normally on to normally off characteristics.

This indicates the holes in the H-diamond channel layer at
equilibrium stage24 disappear after annealing at 180 #C.

To clarify further the effect of annealing on the insula-
tor/H-diamond interface in the MISFETs, STEM images of
the LaAlO3/Al2O3/H-diamond structure and C-V characteris-
tics of MIS capacitors were obtained. Cross-sectional STEM
images of LaAlO3/Al2O3/H-diamond interfaces before and
after annealing are depicted in Figs. 4(a) and 4(b), respec-
tively. Annealing did not change the shape of the oxide/H-di-
amond interface or the amorphous structure of the oxide
insulators. Thus, low-temperature annealing at 180 #C did
not affect the crystalline structure of the insulator/diamond
interface. Figure 5 presents depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-diamond interface
before and after annealing at 180 #C. Before annealing, uni-
form distributions of La, Al, and O were observed. However,
the distribution of La and Al became non-uniform after
annealing. Figure 6 displays C-V characteristics of the
LaAlO3/Al2O3/H-diamond MIS capacitors before and after
annealing at 180 #C for 5 and 10 min. The inset is the top
view of a planar-type MIS capacitor. All the C-V curves
show distinct accumulation and depletion regions, which
suggest that a high-quality LaAlO3/Al2O3 insulator was fab-
ricated on the H-diamond surface. The depletion regions of
the C-V curves for the capacitors before and after annealing
at 180 #C for 5 min strongly depend on gate bias, which
indicates the LaAlO3/Al2O3/H-diamond interface has low
density.26,27 An annealing time of 10 min caused the deple-
tion region of the C-V curve to stretch out, which implies
that annealing for a longer period possibly degrades the qual-
ity of the LaAlO3/Al2O3/H-diamond interface.26,27 The most
important feature of the C-V curve is the voltage shift (VShift)
of 0.47 V induced by annealing. The flat-band voltage,
VFB¼VGS¼ 0 (indicated by a bold arrow), before annealing
shifts by !0.47 V after annealing at 180 #C. Therefore,
annealing decreases the negative charge density at the ALD-
Al2O3/H-diamond interface and Np in the H-diamond chan-
nel layer. Np can be evaluated by the following equation:

Np ¼ COX "
Vshif t

q
; (1)

FIG. 2. IDS-VDS characteristics of LaAlO3/Al2O3/H-diamond MISFETs (a)
before and after annealing at 180# for (b) 5 and (c) 10 min. VGS was varied
from !5.0 to 2.5 V in steps of þ0.5 V.

FIG. 3. Transfer characteristics of LaAlO3/Al2O3/H-diamond MISFETs
before and after annealing at 180# for 5 and 10 min. VDS was !5.0 V.
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where q and COX are the elemental charge (1.6! 10"19 C)
and maximum capacitance of the LaAlO3/Al2O3 insulator
(0.29 lF # cm"2), respectively. Using Eq. (1), Np is calculated
to be 8.5! 1011 cm"2.

IV. DISCUSSION

Table I summarizes the effect of annealing on the
normally on/off characteristics of the H-diamond-based
MISFETs with different oxide insulators and device struc-
tures, where the data include values reported in our previous
work.18–21 Before annealing, the LaAlO3/Al2O3/H-diamond
MISFETs possess positive VTH, corresponding to normally on
characteristics. Following annealing, VTH becomes negative,
which corresponds to normally off characteristics. Although
VTH with only either situation (not annealed or annealed) for
the SD-Ta2O5/ALD-Al2O3/H-diamond, SD-ZrO2/ALD-
Al2O3/H-diamond, and SD-HfO2/ALD-HfO2/H-diamond
MISFETs has been investigated in our previous studies,18,19,21

they show the same trend as that of the SD-LaAlO3/ALD-
Al2O3/H-diamond MISFETs. After annealing at 180 $C, Np of
the H-diamond channel layer of the MISFETs is believed to
be markedly decreased. Because surface C-H bonds and
adsorbed acceptors are required for hole accumulation under
equilibrium conditions (VGS¼ 0),15,16 the normally off char-
acteristics are believed to result from the decomposition of C-
H bonds or the disappearance of adsorbed acceptors. C-H

FIG. 4. Cross-sectional STEM images
of LaAlO3/Al2O3/H-diamond MISFETs
(a) before and (b) after annealing at
180 $C.

FIG. 5. Depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-
diamond interface (a) before and (b)
after annealing at 180 $C.

FIG. 6. C-V curves for LaAlO3/Al2O3/H-diamond MIS capacitors before
(black) and after annealing at 180 $C for 5 min (red) and 10 min (green). The
inset shows the top view of a planar-type MIS capacitor.
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all of the IDS–VDS curves, which indicates there is good
ohmic contact formed between Au/Ti/Pd metal and the H-
diamond surface. The maximum IDS (IDSmax) of the MISFET
before annealing is !31.3 mA "mm!1, while those of the
MISFETs after annealing at 180 #C for 5 and 10 min are
!28.3 and !28.7 mA "mm!1, respectively. The transfer
characteristics of the MISFETs before and after annealing
are presented in Fig. 3. The threshold voltage (VTH) can be
determined according to the relationship between !

ffiffiffiffiffiffiffiffiffi
jIDSj

p

and VGS. Before annealing, VTH was 0.8 6 0.1 V for the
MISFET with normally on characteristic. However, after
annealing at 180 #C for 5 and 10 min, VTH changed to
!0.5 6 0.1 V with normally off characteristic. According to
the relationship between VTH and effective mobility (leff),

21

leff before and after annealing at 180 #C for 5 and 10 min
were calculated to be 56.5 6 0.5, 57.7 6 0.5, and
58.2 6 0.5 cm2 "V!1 " s!1, respectively. Note that leff is
almost constant for both the D- and E-mode MISFETs,
which indicates that annealing does not deteriorate the MIS
interface. Post annealing can change the operation of the
MISFET from normally on to normally off characteristics.

This indicates the holes in the H-diamond channel layer at
equilibrium stage24 disappear after annealing at 180 #C.

To clarify further the effect of annealing on the insula-
tor/H-diamond interface in the MISFETs, STEM images of
the LaAlO3/Al2O3/H-diamond structure and C-V characteris-
tics of MIS capacitors were obtained. Cross-sectional STEM
images of LaAlO3/Al2O3/H-diamond interfaces before and
after annealing are depicted in Figs. 4(a) and 4(b), respec-
tively. Annealing did not change the shape of the oxide/H-di-
amond interface or the amorphous structure of the oxide
insulators. Thus, low-temperature annealing at 180 #C did
not affect the crystalline structure of the insulator/diamond
interface. Figure 5 presents depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-diamond interface
before and after annealing at 180 #C. Before annealing, uni-
form distributions of La, Al, and O were observed. However,
the distribution of La and Al became non-uniform after
annealing. Figure 6 displays C-V characteristics of the
LaAlO3/Al2O3/H-diamond MIS capacitors before and after
annealing at 180 #C for 5 and 10 min. The inset is the top
view of a planar-type MIS capacitor. All the C-V curves
show distinct accumulation and depletion regions, which
suggest that a high-quality LaAlO3/Al2O3 insulator was fab-
ricated on the H-diamond surface. The depletion regions of
the C-V curves for the capacitors before and after annealing
at 180 #C for 5 min strongly depend on gate bias, which
indicates the LaAlO3/Al2O3/H-diamond interface has low
density.26,27 An annealing time of 10 min caused the deple-
tion region of the C-V curve to stretch out, which implies
that annealing for a longer period possibly degrades the qual-
ity of the LaAlO3/Al2O3/H-diamond interface.26,27 The most
important feature of the C-V curve is the voltage shift (VShift)
of 0.47 V induced by annealing. The flat-band voltage,
VFB¼VGS¼ 0 (indicated by a bold arrow), before annealing
shifts by !0.47 V after annealing at 180 #C. Therefore,
annealing decreases the negative charge density at the ALD-
Al2O3/H-diamond interface and Np in the H-diamond chan-
nel layer. Np can be evaluated by the following equation:

Np ¼ COX "
Vshif t

q
; (1)

FIG. 2. IDS-VDS characteristics of LaAlO3/Al2O3/H-diamond MISFETs (a)
before and after annealing at 180# for (b) 5 and (c) 10 min. VGS was varied
from !5.0 to 2.5 V in steps of þ0.5 V.

FIG. 3. Transfer characteristics of LaAlO3/Al2O3/H-diamond MISFETs
before and after annealing at 180# for 5 and 10 min. VDS was !5.0 V.
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where q and COX are the elemental charge (1.6! 10"19 C)
and maximum capacitance of the LaAlO3/Al2O3 insulator
(0.29 lF # cm"2), respectively. Using Eq. (1), Np is calculated
to be 8.5! 1011 cm"2.

IV. DISCUSSION

Table I summarizes the effect of annealing on the
normally on/off characteristics of the H-diamond-based
MISFETs with different oxide insulators and device struc-
tures, where the data include values reported in our previous
work.18–21 Before annealing, the LaAlO3/Al2O3/H-diamond
MISFETs possess positive VTH, corresponding to normally on
characteristics. Following annealing, VTH becomes negative,
which corresponds to normally off characteristics. Although
VTH with only either situation (not annealed or annealed) for
the SD-Ta2O5/ALD-Al2O3/H-diamond, SD-ZrO2/ALD-
Al2O3/H-diamond, and SD-HfO2/ALD-HfO2/H-diamond
MISFETs has been investigated in our previous studies,18,19,21

they show the same trend as that of the SD-LaAlO3/ALD-
Al2O3/H-diamond MISFETs. After annealing at 180 $C, Np of
the H-diamond channel layer of the MISFETs is believed to
be markedly decreased. Because surface C-H bonds and
adsorbed acceptors are required for hole accumulation under
equilibrium conditions (VGS¼ 0),15,16 the normally off char-
acteristics are believed to result from the decomposition of C-
H bonds or the disappearance of adsorbed acceptors. C-H

FIG. 4. Cross-sectional STEM images
of LaAlO3/Al2O3/H-diamond MISFETs
(a) before and (b) after annealing at
180 $C.

FIG. 5. Depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-
diamond interface (a) before and (b)
after annealing at 180 $C.

FIG. 6. C-V curves for LaAlO3/Al2O3/H-diamond MIS capacitors before
(black) and after annealing at 180 $C for 5 min (red) and 10 min (green). The
inset shows the top view of a planar-type MIS capacitor.
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(0.29 lF # cm"2), respectively. Using Eq. (1), Np is calculated
to be 8.5! 1011 cm"2.
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tures, where the data include values reported in our previous
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MISFETs possess positive VTH, corresponding to normally on
characteristics. Following annealing, VTH becomes negative,
which corresponds to normally off characteristics. Although
VTH with only either situation (not annealed or annealed) for
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Al2O3/H-diamond, and SD-HfO2/ALD-HfO2/H-diamond
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they show the same trend as that of the SD-LaAlO3/ALD-
Al2O3/H-diamond MISFETs. After annealing at 180 $C, Np of
the H-diamond channel layer of the MISFETs is believed to
be markedly decreased. Because surface C-H bonds and
adsorbed acceptors are required for hole accumulation under
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acteristics are believed to result from the decomposition of C-
H bonds or the disappearance of adsorbed acceptors. C-H

FIG. 4. Cross-sectional STEM images
of LaAlO3/Al2O3/H-diamond MISFETs
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FIG. 5. Depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-
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(black) and after annealing at 180 $C for 5 min (red) and 10 min (green). The
inset shows the top view of a planar-type MIS capacitor.
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all of the IDS–VDS curves, which indicates there is good
ohmic contact formed between Au/Ti/Pd metal and the H-
diamond surface. The maximum IDS (IDSmax) of the MISFET
before annealing is !31.3 mA "mm!1, while those of the
MISFETs after annealing at 180 #C for 5 and 10 min are
!28.3 and !28.7 mA "mm!1, respectively. The transfer
characteristics of the MISFETs before and after annealing
are presented in Fig. 3. The threshold voltage (VTH) can be
determined according to the relationship between !

ffiffiffiffiffiffiffiffiffi
jIDSj

p

and VGS. Before annealing, VTH was 0.8 6 0.1 V for the
MISFET with normally on characteristic. However, after
annealing at 180 #C for 5 and 10 min, VTH changed to
!0.5 6 0.1 V with normally off characteristic. According to
the relationship between VTH and effective mobility (leff),

21

leff before and after annealing at 180 #C for 5 and 10 min
were calculated to be 56.5 6 0.5, 57.7 6 0.5, and
58.2 6 0.5 cm2 "V!1 " s!1, respectively. Note that leff is
almost constant for both the D- and E-mode MISFETs,
which indicates that annealing does not deteriorate the MIS
interface. Post annealing can change the operation of the
MISFET from normally on to normally off characteristics.

This indicates the holes in the H-diamond channel layer at
equilibrium stage24 disappear after annealing at 180 #C.

To clarify further the effect of annealing on the insula-
tor/H-diamond interface in the MISFETs, STEM images of
the LaAlO3/Al2O3/H-diamond structure and C-V characteris-
tics of MIS capacitors were obtained. Cross-sectional STEM
images of LaAlO3/Al2O3/H-diamond interfaces before and
after annealing are depicted in Figs. 4(a) and 4(b), respec-
tively. Annealing did not change the shape of the oxide/H-di-
amond interface or the amorphous structure of the oxide
insulators. Thus, low-temperature annealing at 180 #C did
not affect the crystalline structure of the insulator/diamond
interface. Figure 5 presents depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-diamond interface
before and after annealing at 180 #C. Before annealing, uni-
form distributions of La, Al, and O were observed. However,
the distribution of La and Al became non-uniform after
annealing. Figure 6 displays C-V characteristics of the
LaAlO3/Al2O3/H-diamond MIS capacitors before and after
annealing at 180 #C for 5 and 10 min. The inset is the top
view of a planar-type MIS capacitor. All the C-V curves
show distinct accumulation and depletion regions, which
suggest that a high-quality LaAlO3/Al2O3 insulator was fab-
ricated on the H-diamond surface. The depletion regions of
the C-V curves for the capacitors before and after annealing
at 180 #C for 5 min strongly depend on gate bias, which
indicates the LaAlO3/Al2O3/H-diamond interface has low
density.26,27 An annealing time of 10 min caused the deple-
tion region of the C-V curve to stretch out, which implies
that annealing for a longer period possibly degrades the qual-
ity of the LaAlO3/Al2O3/H-diamond interface.26,27 The most
important feature of the C-V curve is the voltage shift (VShift)
of 0.47 V induced by annealing. The flat-band voltage,
VFB¼VGS¼ 0 (indicated by a bold arrow), before annealing
shifts by !0.47 V after annealing at 180 #C. Therefore,
annealing decreases the negative charge density at the ALD-
Al2O3/H-diamond interface and Np in the H-diamond chan-
nel layer. Np can be evaluated by the following equation:

Np ¼ COX "
Vshif t

q
; (1)

FIG. 2. IDS-VDS characteristics of LaAlO3/Al2O3/H-diamond MISFETs (a)
before and after annealing at 180# for (b) 5 and (c) 10 min. VGS was varied
from !5.0 to 2.5 V in steps of þ0.5 V.

FIG. 3. Transfer characteristics of LaAlO3/Al2O3/H-diamond MISFETs
before and after annealing at 180# for 5 and 10 min. VDS was !5.0 V.
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all of the IDS–VDS curves, which indicates there is good
ohmic contact formed between Au/Ti/Pd metal and the H-
diamond surface. The maximum IDS (IDSmax) of the MISFET
before annealing is !31.3 mA "mm!1, while those of the
MISFETs after annealing at 180 #C for 5 and 10 min are
!28.3 and !28.7 mA "mm!1, respectively. The transfer
characteristics of the MISFETs before and after annealing
are presented in Fig. 3. The threshold voltage (VTH) can be
determined according to the relationship between !
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jIDSj

p

and VGS. Before annealing, VTH was 0.8 6 0.1 V for the
MISFET with normally on characteristic. However, after
annealing at 180 #C for 5 and 10 min, VTH changed to
!0.5 6 0.1 V with normally off characteristic. According to
the relationship between VTH and effective mobility (leff),
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were calculated to be 56.5 6 0.5, 57.7 6 0.5, and
58.2 6 0.5 cm2 "V!1 " s!1, respectively. Note that leff is
almost constant for both the D- and E-mode MISFETs,
which indicates that annealing does not deteriorate the MIS
interface. Post annealing can change the operation of the
MISFET from normally on to normally off characteristics.

This indicates the holes in the H-diamond channel layer at
equilibrium stage24 disappear after annealing at 180 #C.

To clarify further the effect of annealing on the insula-
tor/H-diamond interface in the MISFETs, STEM images of
the LaAlO3/Al2O3/H-diamond structure and C-V characteris-
tics of MIS capacitors were obtained. Cross-sectional STEM
images of LaAlO3/Al2O3/H-diamond interfaces before and
after annealing are depicted in Figs. 4(a) and 4(b), respec-
tively. Annealing did not change the shape of the oxide/H-di-
amond interface or the amorphous structure of the oxide
insulators. Thus, low-temperature annealing at 180 #C did
not affect the crystalline structure of the insulator/diamond
interface. Figure 5 presents depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-diamond interface
before and after annealing at 180 #C. Before annealing, uni-
form distributions of La, Al, and O were observed. However,
the distribution of La and Al became non-uniform after
annealing. Figure 6 displays C-V characteristics of the
LaAlO3/Al2O3/H-diamond MIS capacitors before and after
annealing at 180 #C for 5 and 10 min. The inset is the top
view of a planar-type MIS capacitor. All the C-V curves
show distinct accumulation and depletion regions, which
suggest that a high-quality LaAlO3/Al2O3 insulator was fab-
ricated on the H-diamond surface. The depletion regions of
the C-V curves for the capacitors before and after annealing
at 180 #C for 5 min strongly depend on gate bias, which
indicates the LaAlO3/Al2O3/H-diamond interface has low
density.26,27 An annealing time of 10 min caused the deple-
tion region of the C-V curve to stretch out, which implies
that annealing for a longer period possibly degrades the qual-
ity of the LaAlO3/Al2O3/H-diamond interface.26,27 The most
important feature of the C-V curve is the voltage shift (VShift)
of 0.47 V induced by annealing. The flat-band voltage,
VFB¼VGS¼ 0 (indicated by a bold arrow), before annealing
shifts by !0.47 V after annealing at 180 #C. Therefore,
annealing decreases the negative charge density at the ALD-
Al2O3/H-diamond interface and Np in the H-diamond chan-
nel layer. Np can be evaluated by the following equation:

Np ¼ COX "
Vshif t

q
; (1)

FIG. 2. IDS-VDS characteristics of LaAlO3/Al2O3/H-diamond MISFETs (a)
before and after annealing at 180# for (b) 5 and (c) 10 min. VGS was varied
from !5.0 to 2.5 V in steps of þ0.5 V.

FIG. 3. Transfer characteristics of LaAlO3/Al2O3/H-diamond MISFETs
before and after annealing at 180# for 5 and 10 min. VDS was !5.0 V.
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where q and COX are the elemental charge (1.6! 10"19 C)
and maximum capacitance of the LaAlO3/Al2O3 insulator
(0.29 lF # cm"2), respectively. Using Eq. (1), Np is calculated
to be 8.5! 1011 cm"2.

IV. DISCUSSION

Table I summarizes the effect of annealing on the
normally on/off characteristics of the H-diamond-based
MISFETs with different oxide insulators and device struc-
tures, where the data include values reported in our previous
work.18–21 Before annealing, the LaAlO3/Al2O3/H-diamond
MISFETs possess positive VTH, corresponding to normally on
characteristics. Following annealing, VTH becomes negative,
which corresponds to normally off characteristics. Although
VTH with only either situation (not annealed or annealed) for
the SD-Ta2O5/ALD-Al2O3/H-diamond, SD-ZrO2/ALD-
Al2O3/H-diamond, and SD-HfO2/ALD-HfO2/H-diamond
MISFETs has been investigated in our previous studies,18,19,21

they show the same trend as that of the SD-LaAlO3/ALD-
Al2O3/H-diamond MISFETs. After annealing at 180 $C, Np of
the H-diamond channel layer of the MISFETs is believed to
be markedly decreased. Because surface C-H bonds and
adsorbed acceptors are required for hole accumulation under
equilibrium conditions (VGS¼ 0),15,16 the normally off char-
acteristics are believed to result from the decomposition of C-
H bonds or the disappearance of adsorbed acceptors. C-H

FIG. 4. Cross-sectional STEM images
of LaAlO3/Al2O3/H-diamond MISFETs
(a) before and (b) after annealing at
180 $C.

FIG. 5. Depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-
diamond interface (a) before and (b)
after annealing at 180 $C.

FIG. 6. C-V curves for LaAlO3/Al2O3/H-diamond MIS capacitors before
(black) and after annealing at 180 $C for 5 min (red) and 10 min (green). The
inset shows the top view of a planar-type MIS capacitor.
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where q and COX are the elemental charge (1.6! 10"19 C)
and maximum capacitance of the LaAlO3/Al2O3 insulator
(0.29 lF # cm"2), respectively. Using Eq. (1), Np is calculated
to be 8.5! 1011 cm"2.
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normally on/off characteristics of the H-diamond-based
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tures, where the data include values reported in our previous
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all of the IDS–VDS curves, which indicates there is good
ohmic contact formed between Au/Ti/Pd metal and the H-
diamond surface. The maximum IDS (IDSmax) of the MISFET
before annealing is !31.3 mA "mm!1, while those of the
MISFETs after annealing at 180 #C for 5 and 10 min are
!28.3 and !28.7 mA "mm!1, respectively. The transfer
characteristics of the MISFETs before and after annealing
are presented in Fig. 3. The threshold voltage (VTH) can be
determined according to the relationship between !

ffiffiffiffiffiffiffiffiffi
jIDSj

p

and VGS. Before annealing, VTH was 0.8 6 0.1 V for the
MISFET with normally on characteristic. However, after
annealing at 180 #C for 5 and 10 min, VTH changed to
!0.5 6 0.1 V with normally off characteristic. According to
the relationship between VTH and effective mobility (leff),
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leff before and after annealing at 180 #C for 5 and 10 min
were calculated to be 56.5 6 0.5, 57.7 6 0.5, and
58.2 6 0.5 cm2 "V!1 " s!1, respectively. Note that leff is
almost constant for both the D- and E-mode MISFETs,
which indicates that annealing does not deteriorate the MIS
interface. Post annealing can change the operation of the
MISFET from normally on to normally off characteristics.

This indicates the holes in the H-diamond channel layer at
equilibrium stage24 disappear after annealing at 180 #C.

To clarify further the effect of annealing on the insula-
tor/H-diamond interface in the MISFETs, STEM images of
the LaAlO3/Al2O3/H-diamond structure and C-V characteris-
tics of MIS capacitors were obtained. Cross-sectional STEM
images of LaAlO3/Al2O3/H-diamond interfaces before and
after annealing are depicted in Figs. 4(a) and 4(b), respec-
tively. Annealing did not change the shape of the oxide/H-di-
amond interface or the amorphous structure of the oxide
insulators. Thus, low-temperature annealing at 180 #C did
not affect the crystalline structure of the insulator/diamond
interface. Figure 5 presents depth profiles of C, La, O, and
Al elements at the LaAlO3/Al2O3/H-diamond interface
before and after annealing at 180 #C. Before annealing, uni-
form distributions of La, Al, and O were observed. However,
the distribution of La and Al became non-uniform after
annealing. Figure 6 displays C-V characteristics of the
LaAlO3/Al2O3/H-diamond MIS capacitors before and after
annealing at 180 #C for 5 and 10 min. The inset is the top
view of a planar-type MIS capacitor. All the C-V curves
show distinct accumulation and depletion regions, which
suggest that a high-quality LaAlO3/Al2O3 insulator was fab-
ricated on the H-diamond surface. The depletion regions of
the C-V curves for the capacitors before and after annealing
at 180 #C for 5 min strongly depend on gate bias, which
indicates the LaAlO3/Al2O3/H-diamond interface has low
density.26,27 An annealing time of 10 min caused the deple-
tion region of the C-V curve to stretch out, which implies
that annealing for a longer period possibly degrades the qual-
ity of the LaAlO3/Al2O3/H-diamond interface.26,27 The most
important feature of the C-V curve is the voltage shift (VShift)
of 0.47 V induced by annealing. The flat-band voltage,
VFB¼VGS¼ 0 (indicated by a bold arrow), before annealing
shifts by !0.47 V after annealing at 180 #C. Therefore,
annealing decreases the negative charge density at the ALD-
Al2O3/H-diamond interface and Np in the H-diamond chan-
nel layer. Np can be evaluated by the following equation:

Np ¼ COX "
Vshif t

q
; (1)

FIG. 2. IDS-VDS characteristics of LaAlO3/Al2O3/H-diamond MISFETs (a)
before and after annealing at 180# for (b) 5 and (c) 10 min. VGS was varied
from !5.0 to 2.5 V in steps of þ0.5 V.

FIG. 3. Transfer characteristics of LaAlO3/Al2O3/H-diamond MISFETs
before and after annealing at 180# for 5 and 10 min. VDS was !5.0 V.
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