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We report on the electrical properties of thermally oxidizedGaN metal—oxide—semiconductor
(MOS) diodes withn* source regions fabricated on sapphire substrates.riTheegions were
selectively produced in Mg-doped GaN by+S\ coimplantation and subsequent annealing at
1300°C, and then 100-nm-thic-Ga,0O5; was grown by dry oxidation at 880°C for 5 h.
Capacitance—voltage measurements at room temperature display a surface inversion feature with an
onset voltage of~2.5V and show an extremely low interface trap density less than 1

x 10 eV tecm 2. These results suggest that the thermally grog«GaO;/p-GaN MOS
structure is a promising candidate for inversion-mode MOS field-effect transistors2008
American Institute of Physics[DOI: 10.1063/1.156781]1

GaN-based metal—oxide—semiconductMOS) struc- MOS structures witm™ source regions fabricated by using
tures using a number of gate dielectrics such asQza thermal dry oxidation and $iN coimplantation techniques
(Gd,03), AIN, SiO,, SiN,, and PIoZr, Ti)O; have been ex- might be expected to garner their outstanding potential.
tensively investigated for use in high-power and high-  B-Ga0O; has a wide band gap of 4.7 eV at room tem-
temperature electronic device applicatidn®. In particular,  perature and a dielectric constant of 10.2—%4 Pherefore,
the MOS structure equipped with a surface inversion mode ishermally growng-Ga,O;5 layer is expected to exhibit intrin-
important for high-power switching devices because it wouldsic properties with applications in dielectrics especially im-
provide for lower leakage currents and reduce power conportant for GaN MOS devices. The issue as to whether or not
sumption, enabling normally off operation with high block- the 8-Ga,0;/GaN MOS structures easily have a surface in-
ing voltage even at high temperatures. The GaN MOS strucversion mode should depend on their interface properties.
ture is generally known to show no surface inversion due ttHowever, in-depth data on the electrical properties of the
the extremely slow thermal generation of minority carriersthermally oxidizedp-GaN MOS structures have not yet been
caused by the wide band gap of 3.4%Recently, Kimet al. reported. In this study, we have fabricated thermally oxidized
have reported that Mg@FfGaN and SgO;/p-GaN gate- p-GaN MOS diodes witm™ source regions by combining
controlled MOS diodes witim™ source regions show inver- Si+N coimplantation and thermal dry oxidation techniques,
sion behavior at room temperatdfet’ In their reports, the  and have electrically investigated their interface properties.
selective-area Si-implanted regions play an effective role to  The epitaxial Mg-doped GaNGaN:Mg) films used in
provide an external source of minority carriers. However, thahese experiments were 2/6n thick. They were grown on
bottlenecks in these diodes may be a large interface trag-plane sapphire substrates by atmospheric pressure metalor-
density on the order of #8eV~*cm™? and poor electrical  ganic chemical-vapor deposition at 1130°C, with a prede-
activation of the Si-implanted regions, resulting in the largeposited 20 nm AIN buffer layer grown at 420 °C. The Mg
onset voltages of surface inversion. Regarding interfac@oncentration of the as-grown GaN:Mg layers was deter-
states, thermal dry oxidation of GaN is known to be effectivemined to be~5x 10 cm™3 by secondary ion mass spec-
in reducing the interface trap at the-G&03;/GaN MOS  trometry(SIMS) measurements. After growth, activation an-
interface™* In our previous study, the thermally grown nealing was performed at 700 °C for 10 min in flowing N
B-G&03/n-GaN MOS structures have been proven to dis-resulting in the free hole concentration of-2.5
play a low interface trap density on the order of x 10! cm3 as confirmed by room-temperature Hall-effect
10'ev-*em 2 In addition, an improvement ofi-type  measurements. Then, thermally oxidizpeGaN MOS di-
implantation-doping  characteristics for the" source is  odes withn* source regions were fabricated as follows. A
needed to form a satisfactory’p junction under the gate schematic of the complete MOS diode is shown in Fig. 1.
insulator. From this point of view, we have also reported thatpior to Si-N coimplantation, a Jsm-thick Ni layer was
coimplantation of StN and subsequent annealing at high sejectively deposited as a mask material for the implantation
temperatures enhance electricatype activation and struc- o the top surface of the samples by electron-beam evapora-
tural properties of the implanted regions, based on a sitejon, The GaN samples were implanted using pugeaNd
competition effect® *°Thus, the thermally oxidize-GaN  gir, gases as the sources of tH* and 23Si* species,
respectively, to create the™ source regions in GaN:Mg.
¥Electronic mail: y-nakano@mosk.tytlabs.co.jp First, multiple step N implantation was performed; the N
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ions were implanted at 240, 180, 120, 60, and 20 keV with

dosages of 1.8 1014, 6><1013, 8><1013, 7.5% 1013, and 3 FIG. 2. High-frequencyC-V hysteresis_curve§ at rciom tempera}ture for
thermally grownB-Ga0;/p-GaN MOS diode with am™ source region as

3 -2 ;
>_< 10" cm ’ geSpegt'Vely' to pmduce a mean N Concentra'the gate bias voltage is swept from5 to +5 V and then back te-5V at
tion of 1x 10'° cm™3 to a depth of~0.35um from the GaN  t, of 1 and 30 s, together with an ide@-V curve.

surface. Multiple Si implantation was then performed; the SiMOS sample with am* source region aty of 1 and 30 s

lons were mplantegi at 360’3200’ 120'360’ and 32 keV with oshectively. An ideaC—V curve is also shown. Gate bias
dosages of 2.8 10¥, 9x10%, 5.3<10%, 2.8<10", and voltage was scanned back and forth betwedhand 5 V. In
1.4x 10" cm?, respectively, to produce a mean Si coNCeN-y idealC—V curve, the flatband capacitanc@dg/C,y) is

i 9 -3 ! o
tration of 110" cm™* to a depth Of”0'35"_‘mé gere, the  calculated to be 0.855 by using a dielectric constant of 10.2.
N/Si ratio was kept-1 for an optimum doping® Allthe  The flatband voltageMgs) which is the corresponding volt-
implants were carried out at room temperature, with an inCiyige of the Cpa/C.), gives a value of-0.56 V from the
dent angle 7° off the surface normal. After implantation, themeasyredc -V curve att of 30 s. Thus, the flatband voltage
Ni layer was removed and then a 500-nm-thick SEpping gt (AV.p) gives a negative fixed oxide charge density
layer was deposited on the top surface of the |mplante(ENf) of 1.3x10° eV~cm 2. In addition, thety depen-
samples by rf sputtering at room temperature to provide ajence of the measura@-V curves is hardly observed in the
encapsulation cap for the subsequent implant activation anathand and depletion regions. That is, the total hysteresis
nealing. All the samples were annealed at 1300 °C for 5 miyindow at the flatband is found to be very small for the
in flowing N, gas. From the room-temperature Hall-effect measyredc—V curves under different sweep directions, re-
measuremgnts, the freg electron concentration of rthe gardless of,. Even though the frequency dependence of the
source regions was confirmed to bet.7x 10'® cm™°. After  accumulation capacitance is considered, the total interface
removing the SiQ capping layer, a 500-nm-thick Si layer trap density is estimated to be less than 1
was selectively deposited on the top surface of the GaN¢ 1% g1 cm=2.2617 Fyrthermore, the measure@—V
samples as a mask material for thermal oxidation by rf sputeyrves show capacitance saturation in the depletion region
tering at room temperature. The GaN samples were thegnd present a large deviation from the id@#V curve.
thermally oxidized at 880 °C fo5 h in flowing dry O, gas.  additionally, the referenced MOS sample without any
The formation of monoclinig3-Ga0; layer was confirmed  soyrce region was found to show a deep depletion feature.
by x-ray diffraction and its thickness was100 nm from  These results indicate that the capacitance saturation is prob-
SIMS measurements. After removing the Si mask by agply associated with the surface inversion induced by the
HF-HNG; solution (HF:HNQ=20:3), Al metal was jnjection of minority carriers from then* source region.
evaporated through a shadow mask to provide gate eleerhys, we can say that the capacitance saturation observed is
trodes. The dot gate electrode was 200 in diameter. After 5 typical feature of the surface inversion in the high-
metallization, the MOS samples were annealed at 500 °C fofrequencyC—V characteristics. A sudden and small capaci-
30 min in flowing N, gas. Finally, In metal was deposited at tance drop is also observed-aR.5 V in the measure@—V
200°C directly on the GaN:Mg active layer and thé  cyrves when the bias voltage is swept from accumulation to
source for ohmic electrodes. As a reference, thermally OXidepIetion, as shown in Fig. 2. This value may be an onset
dizedp-GaN MOS structures without any” source regions  yoltageV,, of the surface inversion for this MOS diode. On
were also fabricated by using the same methodology age other hand, the accumulation capacitance of the mea-
stated earlier. suredC—V characteristics seems to depend on theand

The MOS structures that we fabricated were charactersyeep direction. A large hysteresis is observed in the accu-
ized by using capacitance—-voltagé{V) measurements at my|lation region of the measure@—V curves atty of 1 s
room temperature. Th€—V measurements were performed ynder different sweep directions. This hysteresis dwindles
under a grounded source contact condition in the dark Wittgiway and the accumulation capacitance becomes slightly
an ac modulation level of 30 mV and frequencies rangingsmaller than a value expected from the id8alV curve with
from 100 Hz to 10 MHz. On thes€—V measurements, gate an increase of,. These results indicate the observed varia-
bias voltage is applied and the capacitance is measured aftghn in accumulation capacitance may be related to the pres-
a delay timety."'® The bias voltage andy are indepen- ence of defects inside of the-Ga,0; layer.
dently varied. Figure 3a) shows representative room-temperature

Figure 2 shows room-temperatu@e-V curves at a fre-  c_v curves at frequencies of 1, 2, 3, and 10 kHz for a
quency of 1 MHz for a thermally growyi%—Gg\EOg,/p-GaN thermall%lg’]row%-ﬁ%_g)l ./cfr’é/gnaN MQS s le with an™
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attained by the St N coimplantation and subsequent activa-
tion annealing at high temperatures in addition to the ex-
tremely low interface trap density at the GaO5/p-GaN
MOS interface. Here, Si activation efficiency of tme"
i source region is estimated to be47% from the implanted
! Si concentration of X 10'° cm™3, which value is the same
level as our previously reported vallfeAs a result, an im-
provement in characteristics of tieg p junction under the
. . . B-Ga0; layer gears up for the minority carrier injection
4 -2 0 2 4 6 8 10 from then™ source region. Moreover, the results obtained in
Gate Voltage (V) this study suggest that the thermally grown
O B-Ga05/p-GaN MOS structure is a promising candidate
for inversion-mode MOS field-effect transistors.
Vg = 6.0V In summary, the thermally growrB-GaO;/p-GaN
MOS structures with th@* source regions have been fabri-
cated by combining SiN coimplantation and thermal dry
oxidation techniques. From the frequency dependence of
C-V characteristics at room temperature, the surface inver-
(b) sion with theV,,, of ~2.5V can be clearly seen. This small
Vo, is considered to be attained by the enhanced
102 103 10% 105 108 107 implantation-doping characteristics and the extremely low
Frequency (Hz) interface trap density less thanx10*® eV tcm™2 at the
B-Ga0;/p-GaN MOS interface.
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