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Abstract: The interface properties of Zr-Si-N/hydrogen-terminated diamond (H-diamond) metal insulator semiconductor field

transistors (MISFETs) with and without Al,O, protective layer were studied. The Al,O, protection layer and Zr-Si-N insulation layer
were deposited by atomic layer deposition (ALD) and radio frequency (RF) sputter methods, respectively. The transfer characteristics
of the MISFETs show that the gate threshold voltage varies from -2.5 V to 3 V with and without Al,O; layer, which indicates that the
devices switch from normally off to normally on operation. The output and transfer properties reveal the preservation of hydrogen

termination because of the Al,O, layer.
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It is well-known that diamond is a wide-band-gap semi-
conductor that is suitable for high power and high-frequency
electron devices because of its large band gap energy (5.5 eV),
high carrier mobility (hole: 3800 cm?*/V's, electron: -4500 cm?/
V:-s), and high breakdown field (>10 MV/cm) "™, However,
the large activation energies of dopants and carrier concen-
trations in the diamond are very low, restricting the further
development of the diamond-based electronic devices™”. In
recent years, diamond-based FETs focus on the epitaxial layer

10 which can be regarded as a

of the hydrogenated surface
suitable p-type channel layer with a sheet hole density and
hole mobility of 10" c¢cm and 50~150 c¢cm?-V'-s' "2 respec-
tively. For H-terminated diamond FETs with dielectric layers,
the device performance can be rapidly improved'*'*. H-
diamond metal insulator semiconductor field transistors
(MISFETs) have normally-on characteristics because of the
2DHG channel, while in terms of safety, normally-off

MISFETs operation is usually required". Nevertheless, the
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two-dimensional hole gas (2DHQG) existing near the diamond
surface is chemically and thermally unstable and vulnerable to
161 Besides, during the sputtering
deposition dielectric layer, 2DHG is easy to be damaged by

the ambient environment!

the plasma discharge!'”. Therefore, a buffer layer is necessary
to protect the 2DHG in the H-diamond. Fortunately, ALD-
AlO; reported, showing a large valence band offset with H-
diamond, has been used as a buffer layer and exhibits
excellent characteristics in H-diamond MISFETs!"*!”. Conse-
quently, ALD-AL,O, can be deposited on the H-diamond
surface as a protective layer.

In this work, normally-off H-diamond MISFET was fabrica-
ted with dielectrics of Zr-Si-N using Al,O; as a protective layer,
and its electrical properties were investigated. For comparison,
H-diamond MISFET without Al,O, was also fabricated.

1 Experiment

Undoped homoepitaxial films were grown on a CVD
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synthesized [100] Ila single-crystal diamond substrate with a
dimension of 3 mmx3 mmx0.5 mm in AsteX 5200 reactor
(Seki Technotron Corp). Before growth, the single crystal
diamond was dipped into alkali and hot-acid to remove the
non-diamond phase. Then, the substrate was loaded into a
microwave plasma chemical vapor deposition system for
diamond epitaxial. During growth, the total-flow rate was 500
mL/min, with 2% CH, diluted in purified H,. The growth
temperature, process pressure, and microwave power were
980 °C, 12.6 MPa, and 1 kW, respectively. After growth, the
substrate was kept in hydrogen plasma for 10 min at 900 °C
and then cooled to generate a hydrogen-terminated surface.

In order to acquire the quality of H-diamond film, Raman
measurements with 532 nm excitation laser and 0.4 cm™/pixel
resolution in 20x objective lenses were carried out. For good
adhesion and low specific resistance™, a carbon soluble metal
palladium (Pd) was patterned as electrodes by photolitho-
graphy and electron beam evaporation (EB) techniques. First,
the AlL,O; films were deposited on the H-diamond with a
thickness of 14.3 nm at 150 °C, and the precursor and oxidant
used in ALD were trimethyl aluminum and H,O, respectively.
Some device’s channels were not covered with Al,O; for
comparison. Next, the Zr-Si-N layer with 28.6 nm in thickness
was deposited by the sputtering technique. Then, the sample
was isolated by irradiation of O, and UV rays at room
temperature (RT) for 15 min. W as the gate metal was finally
patterned by the EB technique on Zr-Si-N. The complete
fabrication process of the MISFET is shown in Fig.1. The gate
length (L) and gate width (W) for both devices were 2.5 pm
and 100 pm, respectively. The electrical properties of the
devices with and without the Al,O, protective layer were then
investigated.

2 Results and Discussion

To investigate the quality of single-crystal diamond, micro-
Raman spectroscopy with 20x objectives was used before the
MISFET fabrication process. As shown in Fig.2, the Raman
excitation laser wavelength is 532 nm, and the resolution is
0.40 c¢m'/pixel. The narrow symmetrical sharp peak and
Raman FWHM result of the diamond substrate are 1333 cm’
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Fig.1 Outline of the process used for fabricating MISFET
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Fig.2 Raman spectrum of single crystal diamond

and 4.9 cm™,
as-deposited diamond epitaxial films are shown in Fig. 3. It
shows the full scale of the growth film with a dimension of 3
mmx3 mm. No point defect pits and steps are found on the

respectively. The optical microscope images of

surface, which indicates great quality for electronic device
fabrication.

Fig.4 shows the leakage current density (J) for the Zr-Si-N/
H-diamond MISFET for gate voltage ranging from -5 V to 5
V. When the gate bias is -5 V, the J value is smaller than 5.0%
107 A-cm™. With the change of the gate bias from positive
to negative, the J value of the MISFET increases to 2.0x10¢
A-cm? at 1.5 V, indicating very low driving leakage current
density. We conclude that the Zr-Si-N/H-diamond MIS gate
structure with Al,O, applies to the fabrication of MISFETSs.

Fig. 5 displays C-V characteristics of the Zr-Si-N/H-
diamond MISFET with and without Al,O, protective layer. All
the C-V curves show distinct accumulation and depletion
regions, which suggest that a high-quality insulator is
fabricated on the H-diamond surface. The depletion regions of
the C-V curves for the capacitors with and without Al,O;
strongly depend on gate bias, which indicates that the H-
diamond interface has low fixed charge density.

Fig.3 OM image of as-deposited diamond epitaxial films (5%)
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Fig.4 Leakage current density of the device with AL,O; layer
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Fig.5 C-V curves for the devices with (a) and without (b)
ALO,

Based on the C max values, the Zr-Si-N thickness (28.6
nm) and the ALO; thickness (14.3 nm), the dielectric constants
of the Zr-Si-N films with and without AL,O, protective layer
were calculated to be 13.3 and 7.1, respectively, because of
the different dielectric materials. Another reason for the higher
dielectric constants is believed to be the high quality of the
ALD-ALO, protective layer. We also observed hysteresis in
the bidirectional C-V characteristics; the hysteresis values are
1.16 V for MISFET with ALO;.

Drain-source current versus voltage (/,s-Vps) charac-
teristics for Zr-Si-N/H-diamond MISFET with and without
Al O, are presented in Fig.6. The gate-source voltage (V)
varies from -4 V with voltage steps of +1 V. All the
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Fig.6  Output characteristics of the device with (a) and without (b)
AlLO; layer

MISFETs show good operation and p-type channel charac-
teristics. Transparent linear regions are observed at low Vg
in all of the I~V curves, which indicates that good ohmic
contact is formed between Pd/Zr-Si-N/ALO, and the H-
diamond surface. The maximum /g (/pg,,) of the MISFET
without ALO, is -1.2 mA/mm, while that of the MISFET
with ALO, is -2.0x10° mA/mm. Thus, the Zr-Si-N/H-
diamond interface is significantly improved by Al,O,.

The room temperature transfer and transconductance
(G,) characteristics for the MISFET with and without
AlLO, are presented in Fig.7. The threshold voltage (Vi)
can be determined according to the linear part of the G-
V5 plot. Without the Al,O, layer, V7, is 3 V for the MISFET
with normally on characteristics. However, with the ALO;
layer, V,, changes to -2.5 V with normally off characteristic
due to different fixed charge densities. The fixed charge
density with and without Al,O, layer are calculated to be 3.4x
10" and 4.0x10"cm?, respectively. Al,O, protective layer can
change the operation of the MISFET from normally on to
normally off characteristics. This pheno-menon indicates
that the holes in the H-diamond layer at the equilibrium
stage disappear with the AlLO, protective layer™*. Besi-
des, the maximum value (G,) with and without AlO,
protective layer is 0.23 mS-mm™ and 2.81 mS-mm,
respectively. The threshold voltage (V7,) is extrapolated
from the linear part of G -V plot, showing the value of
22 V.
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