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We report some comparative results on cubic AlxGa1�xN/GaN nano-
structures MODFET and MOS-MODFET. The drain current character-
istics of cubic AlxGa1�xN/GaN MODFET and MOS-MODFET are
simulated by changing the different device parameters such as Al con-
tent x and the cubic GaN buffer layer thickness using 2D nextnano3

numerical simulation software. Drift–diffusion model has taken for
simulating the proposed device. These results clearly indicate that
the transistor simulation with 5 nm isolator SiO2 layer thickness
under the gate, Al content of x = 25% and 200 nm cubic GaN buffer
layer thickness shows the tremendous I–V characteristics. Also, this
structure shows an increase of the drain saturation current and a
decrease in the threshold voltage. Moreover, our simulation results
exhibited lower threshold voltage and higher drain current density
of MOS-MODFET is a factor 30% higher than the same current of a con-
ventional MODFET. The MODFET with 5 nm isolator SiO2 layer thick-
ness has been much better performance. To avoid current flow
through the high conductive 3C-SiC substrate a 150 nm p-doped
cubic GaN layer is deposited. A comparison between our experimen-
tal and simulation results are shown to be in good agreement for
cubic Al0.25Ga0.75N/GaN nanostructures MOS-MODFET. The demon-
strated MOS-MODFET will be attractive for the next-generation
microwave and high power switching application fields.
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1. Introduction

Beside the impressive applications of group III nitrides in optoelectronics, the number of electronic
devices based on wide gap III-nitrides is presently increasing. Due to the large band gap of GaN and
AlN and their ternary compounds they are good candidates for high frequency and high power devices
and tremendous research activities have been undertaken to grow multilayer group III-nitride stacks
in still improving crystalline perfection. Most of these activities have been devoted to group
III-nitrides with wurtzite (hexagonal) crystal structure.

However, group III-nitrides can also been grown in the less energetically favorable cubic (Zinc
blende) structure, which due to the absence of built-in electric fields have some potential advantages
over their hexagonal counterparts where built-in electric fields arising from spontaneous and piezo-
electric polarization may set limits to the performance of some electronic devices. Thus the cubic
structure may be advantageous for some device applications like normally-off field effect transistors.
Also phonon scattering is lower in the cubic phase due to the higher crystallographic symmetry. As a
result the mobility of electrons and holes in the cubic phase is expected to be larger than in hexagonal
structures.

AlxGa1�xN/GaN hetero-junction field-effect transistors (HFETs) are of interest for high-power and
high-frequency amplifiers. This is motivated by their potential in commercial and military applica-
tions, e.g. in communication systems, radar, wireless stations, high-temperature electronics and
high-power solid-state switching. Currently, state of the art HFETs are fabricated on c-plane wurtzite
AlxGa1�xN/GaN heterostructures. Their inherent polarization fields produce extraordinary large sheet
carrier concentrations at the AlxGa1�xN/GaN hetero-interface which are advantageous for normally-on
type transistors [1–3].

However, for switching devices and digital electronics field-effect transistors (FETs) with normally-
off characteristics are desirable. It was discussed by Abe et al. [4] that the use of cubic III-nitrides
would offer fabricating HFETs without parasitic polarization fields and with equal electrical properties
for all gate orientations. Further, with cubic nitrides the same technology for the production of nor-
mally-on and normally-off devices can be applied. A first demonstration of a c-nitride HFET with nor-
mally-off characteristics with a threshold voltage of Vth = 0.6 V has recently been reported by
Tschumak et al. [5]. The critical issue in the operation of this device was its high gate leakage current,
which is undesirable for high power and low noise applications and severely reduces the device per-
formance. Therefore, the use of metal/insulator layers instead of a Schottky gate, leading to the metal–
insulator–semiconductor heterostructures field effect transistors (MIS-HFET), may improve the device
characteristics [6,7]. Zado et al. [8] have fabricated different MIS structures on cubic GaN.

Moreover, AlxGa1�xN/GaN based MOS-HEMT structure was fabricated by Yue et al. [9] is used to
validate the present model. For MOS devices, the gate insulator plays an important role, since the good
quality dielectric layers would yield these devices with outstanding performances. Metal–Oxide–
Semiconductor Modulation-Doped-Field-Effect-Transistor (MOS-MODFET) structure with a high
quality insulating dielectric layer, inserted between the gate metal and AlxGa1�xN is expected to offer
reduced leakage current. Many dielectrics, including native oxide, SiO2 [10] have been used as the
insulating dielectric in AlxGa1�xN/GaN based MOS-MODFET [11].

However, the absence of spontaneous and piezoelectric fields in the cubic AlGaN/GaN system
allows the fabrication of normally-on and normally-off heterojunction field-effect transistors (HFETs).
However, the critical issue in the operation of the fabricated HFETs was the insufficient insulation of
the gate contact. To improve the gate characteristics an insulating layer is required. Low interface trap
density metal–insulator–semiconductor (MIS) interfaces are essential for high-power and high-
frequency devices [12].

Therefore, the aim of our work is comparative study of the electrical characteristics of cubic
AlxGa1�xN/GaN nanostructures MODFET [13] and MOS-MODFET switching devices using 2D
nextnano3 numerical simulation software [14], changing the different device parameters such as
the Al content x and the cubic GaN buffer layer thickness at VDS = 0 V for the output characteristics
and at VGS = 0 V for the transfer characteristics of the MODFET and MOS-MODFET. AlxGa1�xN/GaN
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MOS-MODFET has received great attention due to their lower gate leakage current and larger gate
voltage swing compared to the conventional Schottky gate HFETs (SG-HFET) [15–17].

Furthermore, we have assumed 5 nm gate oxide thicknesses. The stability of the device parameters
determines the maximum acceptable operating voltage below 5 nm of gate oxide [18–22] with x = 25%
Al content of the barrier layer and 200 nm of cubic GaN buffer layer thickness have been improving
the performances of cubic AlxGa1�xN/GaN nanostructures MODFET, with decreasing of buffer leakage
by thinner c-GaN buffer layer. However, this device offered high parallel conductivity through the
thick c-GaN buffer [23]. This is decreasing the trap states at the interface of hetero-structures results
the reduction scattering processes, whereas decreasing the parasite source resistance to avoid gate
leakage current and current collapse. Thus, our simulation results shown that the MOS-MODFET supe-
rior performance to that of conventional MODFET, compared with the results similar which obtained
by Narihiko Maeda et al. for the design of insulator/AlxGa1�xN structures in MOS AlxGa1�xN/GaN HFET
for higher device performance [24] and by Ki-Yeol Park et al. for the comparative study on AlxGa1�xN/
GaN HFET and MIS-HFET [25] confirms the validity of the proposed model. Moreover, we report on
comparative study on cubic AlxGa1�xN/GaN nanostructures based MODFET and MOS-MODFET.
2. Simulation results

In this work, we have simulated the I–V characteristics of two different devices such as cubic
AlxGa1�xN/GaN nanostructures MODFET and MOS-MODFET by using 2D nextnano3 numerical simula-
tion software. We have assumed in our calculations 10 lm for a long the devices structures with 2 lm
gate length.and without strain.

2.1. Design considerations

Fig. 1 shows the device structure of cubic AlxGa1�xN/GaN nanostructures MOS-MODFET with
p-type doping sample consisting of 150 nm p-doped (UID) cubic GaN buffer layer (doping concentration
of NA = 1 � 1017 cm�3), where deposited on the 3C-SiC substrate in (001) direction. The 3C-SiC sub-
strate is highly doped with a free electron concentration of 3 � 1018 cm�3. On top 50 nm of the UID
cubic GaN buffer layer with a net doping concentration of ND = 1 � 1017 cm�3, followed by the growth
of a 4 nm of UID cubic AlxGa1�xN spacer layer with ND = 5 � 1017 cm�3, 6 nm of cubic AlxGa1�xN: Si
with ND = 5 � 1018 cm�3, 10 nm of UID cubic AlxGa1�xN with ND = 5 � 1017 cm�3, and with 5 nm of
Fig. 1. Schematic cross-section of cubic AlxGa1�xN/GaN nanostructures MOS-MODFET with p-type doping.
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the SiO2 insulator thickness. To avoid current flow through the high conductive 3C-SiC substrate a
150 nm p-doped cubic GaN layer is deposited. This results in two p–n junctions at the SiC/p-GaN,
and the p-GaN/n-GaN interfaces forming high insulating layers. Finally, the MOS-MODFET sample
device has simulated using two-dimensional numerical simulation nextnano3 software for the calcula-
tions of the electrical output and transfer characteristics.
2.2. Results and discussion

For the validation of our model, we present comparison between the simulation and experimental
results. Fig. 2 shows the experimental data and simulation results of the transfer characteristics of cu-
bic Al0.25Ga0.75N/GaN nanostructures MOS-MODFET were compared, for the purpose of calibrating and
validating the simulation results. The model parameters is adjusted to get a perfect matching between
experimental and simulation results is shown in Fig. 2 for the transfer characteristics of cubic
AlxGa1�xN/GaN nanostructures MOS-MODFET at VDS = 0 V and at room temperature. After matching
is done, the model is then applied for simulating our model proposed of cubic Al0.25Ga0.75N/GaN nano-
structures MOS-MODFET. The numerical simulator uses drift–diffusion model to solve the Poisson’s
equation self-consistently with carrier continuity equation. We have assumed the mobility-
model-simba-2, if the exponents kappan,p are temperature dependent then this equation is called
Canali model (with ln,p as the low field mobility) [14] with suitable modifications to precisely capture
the non-equilibrium carrier transport:
Fig. 2
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The device transfer characteristics are shown in Fig. 2, a good matching between the experimental
and simulation results of the transfer characteristics at VDS = 0 V with the simulation results, thus the
model is validated, extensive simulation of cubic AlxGa1�xN/GaN nanostructures MOS-MODFET is then
has been done.
. (Color lines) represent transfer characteristics of cubic AlxGa1�xN/GaN nanostructures MOS-MODFET fabricated at room
erature. The dotted brown line represents calculated transfer characteristics at VDS = 0 V. (For interpretation of the
nces to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. The electrical output characteristics of cubic AlxGa1�xN/GaN nanostructures MOS-MODFET with different Al content are
calculated at room temperature.

Fig. 4. The electrical transfer characteristics of cubic AlxGa1�xN/GaN nanostructures based MOS-MODFET at different Al content
are calculated at room temperature.
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2.2.1. Variation in Al content x within the AlxGa1�xN barrier layer
Figs. 3 and 4 show the simulated electrical characteristics of the cubic AlxGa1�xN/GaN nanostruc-

tures MOS-MODFET, for different values of Al content x in the cubic AlxGa1�xN barrier layer, (25%,
30%, 35%, 40%, and 45%) are calculated at room temperature. At x = 25% (black line), the MOS-MODFET
reaches a maximum saturation drain current density is shown in Fig. 3. On the other hand, Fig. 4
shows the electrical transfer characteristics at VDS = 0 V, where the MOS-MODFET reaches a low value
of threshold voltage at x = 25%. Thus, the current flowing in the device depends strongly on the Al
contents of the top layer. This is essentially due to increase in the current drain saturation of the
normally-off MOS-MODFET.



Fig. 5. The current–voltage characteristics of cubic Al0.25Ga0.75N/GaN nanostructures MOS-MODFET with different thickness of
cubic GaN buffer are calculated at VGS = 0 V and at room temperature.

Fig. 6. The electrical output characteristics of cubic Al0.25Ga0.75N/GaN nanostructures MODFET and MOS-MODFET are
calculated at room temperature.
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2.2.2. Variation in thickness of cubic GaN buffer layer
Fig. 5 shows the simulated ID–VDS characteristics of the model of cubic Al0.25Ga0.75N/GaN nano-

structures MOS-MODFET with different thickness of cubic GaN buffer layer varied from (200 to
800) nm in a step of 200 nm are calculated at VGS = 0 V. Our simulation results indicate that the fab-
rication of the MOS-MODFET nanostructures by using a thinner cubic GaN buffer layer successfully
decreasing the buffer leakage current, which is critical to obtain a maximum drain current. Thus,
the current flowing in the device increases with reduction of the impurity scattering in the buffer
layer, thereby increasing electron mobility within the channel and yielding a high device
transconductance.



Fig. 7. The electrical transfer characteristics of cubic Al0.25Ga0.75N/GaN nanostructures MODFET are calculated at room
temperature.

Fig. 8. The electrical transfer characteristics of cubic Al0.25Ga0.75N/GaN nanostructures MOS-MODFET are calculated at room
temperature.
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2.2.3. Comparative study on device characteristics of cubic AlxGa1�xN/GaN nanostructures MODFET and
MOS-MODFET

Fig. 6 shows the comparison of electrical output characteristics when the gate bias VGS is at 0 V.
Cubic Al0.25Ga0.75N/GaN nanostructures MODFET with and without SiO2 gate insulator have IDSS of
439 and 141 A/m, respectively at VDS = 0.4 V. This result may be attributed to the increase in effective
carrier concentration in the channel in MODFET with insulating gate layer. From a comparison of the
saturation currents of this device, the different influences of the insulating cap layer become evident.
Compared with a free-surface of MODFET without SiO2 gate insulator, the structures with an
insulating cap layer have a lower surface-state density that reduces the surface-related depletion
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effects. Moreover, the structure with a high-resistively capping layer reduces the electronic density of
states at the interface with cubic Al0.25Ga0.75N. It is clear from the figure that for same value of gate
and for same values of drain bias, the drain current is higher for Al0.25Ga0.75N/GaN MOS-MODFET than
that a conventional counterpart. This leads to a reduction of surface-related depletion of the channel
layer and increases the sheet carrier concentration [26] by about 32%. Figs. 7 and 8 show the transfer
characteristics of the MODFET and MOS-MODFET, respectively. The gate current of MOS-MODFET is
smaller than that of a conventional MODFET and therefore present high device transconductance.
Our simulation results shown that the electrical performance can be enhanced through the surface
gate insulation.

3. Conclusions

The evaluation of the drain current characteristics of cubic AlxGa1�xN/GaN based MOS-MODFET has
been presented to compare the device performance. The proposed model design can easily be used to
predict the characteristics of MODFET as well. The MOS-MODFET structure shows clearly an advan-
tage over their MODFET counterparts in terms of gate voltage swing and higher saturation currents.
With 5 nm isolator SiO2 layer thickness under the gate, Al content x = 25% of cubic AlxGa1�xN layer
and a thinner cubic GaN buffer layer successfully decreasing the buffer leakage current, which is crit-
ical to obtain a maximum drain current. The simulation results suggest that with a lower thick of SiO2

gate insulator exhibited excellent DC characteristics of cubic AlxGa1�xN/GaN FET. The MODFET with
5 nm thick SiO2 insulator has much better performances. To avoid current flow through the high con-
ductive 3C-SiC substrate a 150 nm p-doped cubic GaN layer is deposited. This results in two p–n junc-
tions at the 3C-SiC/p-GaN, and the p-GaN/n-GaN interfaces forming high insulating layers. Our
simulation results have exhibited a maximum saturation drain current with Al content x = 25% at
the gate voltage VGS = 0 V of SiO2/cubic AlxGa1�xN/GaN nanostructures MOS-MODFET. This model pro-
vides a valuable tool for design, optimization, and performance prediction of microwave power de-
vices and demonstrates clear superiority of MOS-MODFET over MODFET for application of optical
devices.
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