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InN/AIN  metal-insulator-semiconductor

heterojunction

field-effect transistors with a

gate-modulated drain current and a clear pinch-off characteristic have been demonstrated. The
devices were fabricated using high-quality InN (26 nm)/AIN (100 nm) epifilms grown by
plasma-assisted molecular-beam epitaxy on Si (111) substrates. The devices exhibited a current
density higher than ~530 mA/mm with a 5 um gate length. The pinch-off voltage was at ~
—7 V with an associated drain leakage current less than 10 uA/mm. The observed high current
density may be attributed to the high sheet carrier density due to the large spontaneous polarization
difference between InN and AIN. © 2007 American Institute of Physics. [DOI: 10.1063/1.2719223]

Indium nitride (InN) has been predicted to be a very
promising semiconductor material for high-speed electronic
devices owing to its superior electron transport properties
such as small effective mass, high mobility, and large drift
Velocity.l*6 Indeed, the existence of electrons in InN with
velocities up to 2 X 10% cm/s, significantly larger than those
observed for other III-V semiconductors, has been verified
by using the technique of transient Raman spectroscopy.7 To
date, the experimental demonstration of InN-based electronic
devices has not yet been reported due to the difficulty in
growing high-quality InN-based heterostructures. The recent
advance in molecular-beam epitaxy (MBE) growth of com-
mensurately matched InN epitaxial layers on the c-plane AIN
or GaN surface has significantly changed this situation, al-
lowing for the design of InN-based heterojunction field-
effect transistors (HFETs).gf10 However, there are still many
challenges that remained to be realized the InN-based
HFETs, which include the inability to form Schottky
contacts,11 the lack of demonstrated dielectric layer, and the
strong intrinsic accumulation of electrons on the InN
surface."*" In this study, we utilize a metal-insulator-
semiconductor (MIS) structure for the demonstration of InN-
based metal-insulator-semiconductor heterojunction field-
effect transistors (MISHFETS), as shown in Fig. 1(a). Figure
1(b) shows the micrograph of the fabricated device with the
gate, source, and drain terminals labeled in the figure. A thin
film of SiN, was employed as the insulator between the InN
channel and the Ni/Au gate. The measured results indicate
that an extremely high density of electrons exists in the chan-
nel, resulting in a high drain current. Most importantly, we
demonstrate that the current can be modulated by varying the
gate voltage with a clear pinch-off characteristic.

The device layer of nitrogen-polarity InN(0001) was
grown on the Si(111) substrate by nitrogen-plasma-assisted
MBE with a 120 nm AIN(0001) buffer layer.8 We have con-

firmed that the transition from pseudomorphic to 8:9 com-
mensurate lattice match occurs within the first monolayer
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growth of InN on AIN. This allows the formation of com-
mensurate and nearly strain-free heterointerface with a com-
mon 8:9 two-dimensional superlattice, in which every eight-
unit cell of InN aligns exactly with every nine-unit cell of
AIN.’ The nitrogen-polarity InN layer thickness was de-
signed as 26 nm to achieve the electrical modulation of drain
current, while if the layer is too thick, the device cannot be
pinched off before the breakdown occurs. An n-type carrier
concentration of ~42X10"” cm™ and a mobility of
~209 cm?/V s were obtained by standard Hall measure-
ments at room temperature for the InN films used in this
study. In contrast to higher mobility (>1000 cm?/V s) ex-
hibited in thick films (>1 wm), the smaller mobility results

InN 26 nm

AIN 100 nm
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FIG. 1. (a) Cross section of the InN/AIN MISHFET grown on the Si (111)
substrate. The hatched region between AIN and Si(111) represents an ultra-
thin SizN, layer formed by plasma nitridation prior to the growth of III-
nitride layers. (b) Micrograph of the fabricated InN/AIN MISHFET.
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FIG. 2. Measured dc current-voltage characteristics of the InN/AIN
MISHFET.

from increasing effects of surface and interface.

The first step of device fabrication was to define the
active region. Device isolation was achieved by the induc-
tively coupled plasma etching with a Cl,/Ar gas mixture,
where Ni served as a hard mask to protect the device area. A
25 nm SiN, layer was deposited by plasma-enhanced chemi-
cal vapor deposition as the gate dielectric layer. High-quality
Ohmic contacts of both drain and source were formed by Ti
(30 nm)/Al (200 nm) deposited by e-beam evaporation
without the need of rapid thermal annealing procedure due to
the inherently high surface charge density of the material.
The measured contact resistance by the transmission line
model approach was below 0.5 ) mm. Finally, the gate
metal of Ni (30 nm)/Au (300 nm) was deposited also by
e-beam evaporation.

Figure 2 is the measured dc I-Vpg characteristics of an
InN/AIN MISHFET with a gate length of 5 wm and a width
of 100 wm. A clear gate-controlled current-voltage character-
istic can be observed. The peak current density of the 5 um
gate InN/AIN MISHFETs is ~530 mA/mm under a gate
bias of —1 V and a drain bias of 3 V. Assuming that the drain
current is inversely proportional to the gate length, the ob-
served current density is much higher than that typically ob-
tained from GaN-based high electron mobility transistors.
The pinch-off voltage is ~—7 V and the associated drain
leakage current is smaller than 10 uA/mm. The results can
be further analyzed by using the equation for a long-channel
FET:

w
Iqu/-LnSZVDS’ (1)

where I is the drain current, ¢ is the electron charge, w is
the mobility of free electrons, n, is the total sheet carrier
concentration, W is the device width, and L is the gate
length. Based on Eq. (1), the calculated sheet carrier density
n, is as high as 2.6 X 103 cm™2. Compared with the n, for
traditional GaN-based HFETs with a typical sheet carrier
density of ~1 X 10" cm=2,'>""7 the calculated result suggests
that the InN-based device has a much higher carrier density.
This can be attributed to the large spontaneous polarization
difference between nitrogen-polarity InN and AIN epitaxial
layers,g’lo’lg’19 leading to a high current density as observed
here. In our recent work, we have measured large band offset
values formed between commensurately matched InN/AIN
(both AIN and InN lattices are near completely relaxed,

thereb?/ the piezoelectric effect is negligible),m which can
Downlo
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FIG. 3. Off-state breakdown characteristics of the InN/AIN MISHFET.

also contribute to the high carrier density at the heterojunc-
tion (accumulated from the InN epilayer side).

One may notice that the current saturation characteristic
in the measured Ip-Vpg curve was not clearly observed in
Fig. 2. We found that breakdown occurred before the device
can enter the saturation region during the measurements. Fig-
ure 3 highlights the off-state drain to source breakdown char-
acteristic of the device, which is about 2.7 V at a gate bias of
—7 V. The relatively small breakdown voltage may be attrib-
uted to the small band gap of InN (0.6—0.7 eV).**?! As an
approximation to simplify the analysis here, we use the fol-
lowing equation for metal-seminconductor field-effect tran-
sistors to estimate the required drain-source voltage (Vpg )
for the device to enter the saturation region: 2

Vbs sat = Z_Neaz = (¢rB— Vas), (2)
SS

where the InN layer thickness a of 26 nm, the electron car-
rier concentration N, of 1.0 10" cm™ (estimate based on
n,=2.6X10"* cm™2), and the dielectric constant &, of 6.7 are
used here.”> In addition, (¢hpp-Vgs) describes the effective
applied gate voltage from the MIS interface to the channel,
where ¢pp is the flatband voltage shift attributed by the gate
dielectric. In this case, ¢gg is relatively small and can be
neglected. The calculated Vpggy is 9.1 V at Vg of 0V,
which is higher than the observed channel breakdown
voltage.

The gate leakage current /g has also been measured
under different gate biases as shown in Fig. 4. As can be
seen, Igg is below ~25 nA (0.25 wA/mm) even under a
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FIG. 4. Gate leakage currents as a function of Vpg under different gate
biases of the InN/AIN MISHFET.
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large drain voltage of 5 V and a gate voltage of -7 V. The
result suggests that the breakdown occurred in the InN chan-
nel region instead of in the gate dielectric layer. Therefore,
with a relatively small band gap, an early channel breakdown
occurred and the saturation characteristic was not observed
in the InN-based FETs studied here.

In summary, the first result of gate-controllable Iy-Vp
characteristics for InN-based FETs with a SiN, gate dielec-
tric layer has been demonstrated. Owing to the high sheet
carrier density, a high current density up to ~530 mA/mm
was achieved in a device with a 5 um gate length and a
width of 100 wm, which is much higher than that in conven-
tional GaN-based devices. A clear pinch-off characteristic
was observed at a gate voltage of —7 V. In addition, the
off-state drain to source breakdown voltage of 2.7 V was
obtained. No clear saturation characteristics of the drain cur-
rent were observed in these devices, and the reason can be
attributed to the relatively small band gap of the pure InN
material. As a consequence, the devices reached the break-
down voltage before the saturation of electrons occurred.

This work was supported in part by the National Science
Council in Taiwan (Grant Nos. NSC-95-2221-E-007-256 and
NSC-95-2112-M-007-008).
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