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Abstract

In this work, we have performed the influence of back barrier layer thickness variation on AlGaN/GaN Metal Oxide
Semiconductor High Electron Mobility Transistor (MOS-HEMT) device with 0.5 um Schottky gate length. The AlGaN
back barrier layer presented increases the conduction band with respect to GaN channel layer so that more no of electron
confinement into the GaN channel layer and improve the high-frequency performance. The effect of the back-barrier layer
thickness is performed by using 2-D TCAD Atlas Silvaco numerical simulation tool by taking Hydrodynamic mobility
model. Due to a large amount of two-dimensional electron gas (2-DEG) density at the AlGaN/GaN heterointerface of the
MOS-HEMT device higher drain current density is obtained. The 2-D simulation is carried out with a variation of back
barrier layer thickness for various device parameter such as transfer characteristics (14-Vg), drain current with a drain
voltage (l¢-Vg), transconductance (gm), drain induced barrier lowering (DIBL), conduction band energy and electron
concentration into the channel. In this simulation, we have also performed the RF performance like a gate to source
capacitance (Cgs) and current gain cut-off frequency of AlGaN/GaN MOS-HEMT device. The results obtained by variation
of AlGaN back barrier layer thickness can be a better solution in future analog and RF device application. Copyright ©

2018 VBRI Press.
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Introduction

The AlGaN/ GaN heterostructure based HEMT has been
highly developed from two decades and set up many
applications in  various areas of advanced
microelectronics.  Typically, AlGaN/ GaN-based
heterostructure use in high electron mobility transistors
(HEMTSs) and metal oxide semiconductor high electron
mobility transistors (MOS-HEMTS) for high-power and
high-frequency devices [1-3], also in various fields like
in biological sensors and chemical [4-6]. Recently
AlGaN/ GaN base heterostructure are used in piezo
electronics [7, 8]. The use of gate oxide in HEMTs [9,10]
an additional advantage of MOS-HEMT structures have
been suppressing subthreshold leakage current and
surrounding punch through phenomenon [11].

GaN material with wide band gap energy, high
thermal conductivity, and high saturation drift velocity is
preferred material for the development of high-
temperature, high- frequency, and high-power switching
devices [12-14]. Important progress has been made with
improvements in the material quality, device fabrication,
and the epitaxial layer designs [15]. AlxGai_x N/GaN
high electron mobility transistors(HEMTSs)realized from
I11-N semiconductor materials with wide band gaps are
currently the most promising contenders for power
microwave applications. HEMTSs based on AlGaN/GaN
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give sufficiently promising results to carry out small-
scale mass production for very specific applications.
They are used in military applications such as radar
systems, satellites, and wireless communications. GaN-
based high electron mobility transistors (HEMTS) have
now been established as a main focal point for high
frequency and power switching and amplification.

In this paper, the 2D simulations are performed on
proposed AlGaN/GaN DG MOS-HEMT device by
taking into account high-frequency application. We have
performed the effect of back barrier layer thickness of
1nm, 2nm, 5nm and 10nm gate length AlGaN/GaN
MOS-HEMT device structure. In this simulation,
various important device parameters such as
transfer characteristics, transconductance, frequency,
capacitance, electric field strength and DIBL, and have
been done with a different back barrier layer thickness
(dbb). We have also performed RF analysis to analyze the
important figure of merits (FOMs) like fr, gm and gate
capacitance with a variation of d,. The aim of the
simulation of this device for achieving high ON-state
current and better performance of the device. The device
structure details such as doping concentration and its
dimension are provided in Section 2. The simulation
model of this device has been discussed in Section 3. The
simulation results have been discussed in Section 4,
followed by conclusion discussed in Section 5.
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Device description

In this paper AlGaN/GaN HEMTs 2D structure have
been studied, the layered structure is indicated in Fig. 1,
can produce by metal organic chemical vapor deposition
(MOCVD) or by molecular beam epitaxy (MBE) and
chemical beam epitaxy (CBE) on a sapphire substrate.
The Schottky barrier layer of 12 nm is used in this
structure which is having wider band gap with respect to
the channel layer. Because of more bandgap
discontinuity at the AlIGaN/GaN heterointerface, where
the unrestricted electron diffuses into GaN channel layer
from AlGaN doping layer and it forms 2 DEG (two-
dimensional electron gas), which allows high sheet
charge density and recovers the carrier confinement in
the channel. There is a small gap from gate metal to the
channel layer because of thinner AlGaN Schottky layer
and because of this it results in higher transconductance
but decreases the breakdown voltage of the device. The
device have 1 nm AlGaN spacer layer, 20 nm GaN
channel layer, and sapphire substrate. In this work, a
back-barrier layer of different thickness is used. Hence,
we simulate the result at thickness 1 nm, 2 nm, 5 nm, and
10 nm. The 2-DEG formation in the channel is controlled
by a Schottky gate, which is 100 um wide and 0.5 pum
long. Source and drain width is 1 um long and doped
with a donor concentration of 102 cm™ extended down
to the GaN channel. In Table 1, indicates the physical
properties of wide bandgap Alo3GagsN and narrow
bandgap GaN. The model is used for simulation of
purpose MOS-HEMT structure is described in the next

section.
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Fig. 1. The layered structure of AlIGaN/GaN MOS-HEMT device.

Simulation model description

In this section, Fig. 1 shows the simulated AlGaN/GaN
MOS-HEMT device structure. Furthermore, the
AlGaN/GaN HEMT device structure is simulated and it
compared the performance of the AlGaN/GaN MOS-
HEMT device. The 2D simulation has been done by
using TCAD Atlas numerical simulation tool [16]. Atlas
numerical tool has numerous types model which can be
used for simulation. In this simulation, Hydrodynamic
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mobility model has been taken into account for device
simulation. For non-equilibrium condition, this model
generally used like quasi-ballistic  transport
phenomenon. Various imperative physical impacts are
taken account to the simulation like effective mass
variability, narrowing of the band gap, doping dependent
mobility, polarizations and  spontaneous.  For
recombination, SRH is used with Shockley-Read-Hall
the value of auger recombination are tsgy = 60 ns,
Cauger = 4x102° ¢cmb/s and Carg = 1.4x10°° cm¥/s [17].

Hydrodynamic mobility model explains Poisson
and continuity equations as below:

V.eVe = _q(p —n+ Np— NA) — Ptrap (1)
Jn = qu,(nVE, + kT, V,, + knVT,, — 1.5nkT,Vinm,, (2)

where ¢ indicate the permittivity, ¢ denote electrostatic
potential, electron charge is represented by g, p and n
suggest for hole and electron densities respectively, Ny,
and N, symbolise the concentration of ionized donors
and accepters respectively and p.,, denote total charge
density which is contributed by fixed charges and traps,
E, represent conduction band energy, T,, for electron
temperature and effective mass of electron represented
by m,. From the equation (Hydrodynamic mobility
model) it finds that electron mobility is not only the
function of doping but also it depends on field is given
by [18].

T
.un,dop = Umin + 1+(Ndop/N0)A (3)
im0+ (58D ()t @
.un,field - 14(F/Eg)*
AP S S 5)
Un Hn,dop Hn,field HUno
T \%m T \%d
Umin = Amin (%) Ug = Ag (%) (6)
T \*N T \¢
No = 4n (555) A=14 (55) Y

where, uy, rieiq denotes the field dependent mobility at
low doping, u,,, denote low field mobility at low doping,
Un,aop 1S Signify mobility due to impurity scattering, F
and Ng,, denoted by driving force and doping
concentration respectively. For the simulation, the
important parameter which are take vy, = 1.3 X
107cm/s; E,=1.5x 10°V /cm and pi,,;,=800cm? /V-s.
Uq, Ny and A are the essential temperature dependent
constraint.

Table 1. Physical properties of AlGaN and GaN [19, 20].

Material Alo3Gao7N GaN
Eq(eV) 3.96 34
CBO(v) . 0.31
VBO (V) 0.39
Eo 9.5 9.5
Lattice Constant (A) 3.19 3.186
e (cm?/Vs) 600 1160
Up (cm?/Vs) 10 22
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Results and discussion

Fig. 2 indicates the diagram of the energy band of
AlGaN/GaN MOS-HEMT heterostructures and it also
shows the formation of the 2-DEG at the heterointerface
of AlGaN/GaN due to band gap energy differences.
From the simulation, the result shows that a very high
electron concentration is found at the AlGaN and GaN
interface in MOS-HEMT. Because oxide provides work
as a large energy barrier. The results display that the
electron transfer from higher band gap material AlGaN
into low band gap material GaN and form 2DEG. A
small amount (negligible) of electron concentration is
found across donor layer because it is highly doped.
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Fig. 2. Conduction Band Energy with Carrier Concentration of MOS-
HEMT.

High electron concentration is provided due to high
carrier current densities. The transfer characteristics of
MOS-HEMT are shown in Fig 3. Due to extra-large back
barrier height, it increases the drain current of the MOS-
HEMT device. The back barrier layer thickness plays a
vital role in device performance. The sheet charge
density in the channel increases due to the thicker barrier
layer and keep away channel electron from the
HfO2/AIGaN interface. The transfer characteristics of
MOS-HEMT with back barrier layer thickness variation
are shown in Fig 3.
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Fig. 3. Transfer characteristics and Transconductance with gate voltage
of AlGaN/GaN MOS-HEMT device structure at different barrier layer
thickness Vg = 1V.
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The result shows as back barrier layer thickness
increases; it increases the drain current of the MOS-
HEMT. In this, the result is simulated at different back
barrier layer i.e. 1 nm, 2 nm, 5 nmand 10 nm. At 10 nm,
the higher drain current is observed and shift towards the
more negative side. Itis observed that the 2-DEG carrier
concentration increases with back barrier layer thickness
in the channel of heterostructure HEMT. Fig. 3 also
indicates the variation in transconductance with a gate
voltage of AlGaN/GaN MOS-HEMT. We varied back
barrier layer at different thickness i.e. 1 nm, 2nm, 5nm
and 10 nm. The peak of transconductance curve for back
barrier layer with a higher thickness is high. The
simulation result shows that the transconductance of 10
nm in MOS-HEMT is high. In MOS-HEMT device the
threshold voltage goes to more negative side due to
which low transconductance peak is observed.

The variation of electric field position throughout
channel from gate to substrate is shown in Fig. 5. From
the simulation, it is found that the electric field of MOS-
HEMT device is increased. Due to SisN4 dielectric layer,
more electron confinement into the channel at
AlGaN/GaN interface in MOS-HEMT device as
compared to HEMT device results in the high electric
field in MOS-HEMT device.

Fig. 4 represents the difference of electric field with
back barrier layer thickness throughout the channel from
the front gate to back gate. As the back barrier layer
thickness decreases, the distance between the channel
and gate decreases because of which the induced electric
field is higher in the device. The electric field is
measured with different thickness of back barrier layers.
We found highest back barrier layer at 10nm. The high
electric field, cause higher depletion or in another hand
low electron concentration in the channel (2DEG). Low
2DEG cause low drain current.
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Fig. 4. Variation of Electric field of AlGaN/GaN MOS-HEMT
structure at different back barrier layer thickness(db).

The variation of gate capacitance with gate voltage
at high frequency (1 MHz) of HEMT device is shown in
Fig. 5. From the simulation results, it is found that the
gate capacitance of MOS-HEMT is decreased as
compared to HEMT device. The gate capacitance of
MOS-HEMT can be expressed as [21]:
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1 1 1

@ - a + Cgarrier (8)
where, Cgarrier AlGaN depleted barrier layer
capacitance and C,, represents the gate oxide
capacitance.

The RF operation of HEMT and MOS-HEMT
device is performed, taking small signal radio frequency
figure of merit such as cut-off frequency f. fr play an
important role in high speed digital system in the form of
speed and high swing. The cut off frequency f; of
current gain is well-defined as the frequency at which
current gain of a two-port network goes to unity. It is the
maximum frequency till the device can work for current
amplification. Under the assumption that feedback
capacitance is negligible in HEMTS, f;- is given by:

fr=h = 2t ©)

2mCys 2mLg

where, C,; denotes gate to source capacitance, vy,
denotes saturation carrier velocity in the channel and Ly
denotes gate length of the device. The equation eqn-12
shows that improving saturation velocity and down-
scaling gate length are the basic approaches to increase
fr [22].
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Fig. 5. The variation of Gate Capacitance with Gate Voltage MOS-
HEMT device at different back barrier layers.

Fig. 6 indicates the variation of f; with gate voltage
at different back barrier layer thickness, demonstrating
an increase in cut-off frequency with reduction of back
barrier layer thickness. Initially cut-off frequency fr
starts to rise with gate voltage and then drops gradually.
Due to feeble inversion at the initially f; is increasing
with g,,, and comparatively stable Cy. Further as gate
voltage increases, Cg increase accelerated due to this
fr decreases and g,,, decreases. The maximum value of
fr occurs at the point someplace among the lowest Cg
and peak of g,,. As the barrier layer thickness decreases,
fr upsurges because the growing rate of g,,, with decline
barrier layer thickness is higher (Fig. 4), then the
increasing amount of Cg (Fig. 6). Thus, considering the
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maximum cut-off frequency achieved AlGaN/GaN DG
MOS-HEMT, which can be promising to potential
candidature to design for high frequency application.

255101 [—=—1nm
—e— 2 nNm "4'\“.'-‘
10 L4 2nm "f. '. .‘.':AP‘.\‘
— 20x10°4 | v 10nm ven
2 s Ay Y,
= Il %
W 1.5x10" 1 il he
2 Ao o EL
5 10 u‘f ‘. f %’j.-
g_ 1.0x10 "1 5“‘ 7/
=y
L% “,Ff‘l ’F L
5.0x10°4 wer
i/ I
I
0.0 o
K e s
T v T v T v T T T T T r T
-5 -4 -3 -2 -1 0 1
Gate Voltage (V)

Fig. 6. Variation of the Cutoff frequency with Gate Voltage at different
barrier layer thickness dy at Vgs = 1V.

Conclusion

In this research paper, we have explored the performance
of AlGaN/GaN MOS-HEMT device with respect to
AlGaN back barrier layer. The device with back barrier
exhibited pretty decent performance. One good DC
feature of the back-barrier device is smaller drain-
induced barrier lowering (DIBL) at shorter gate lengths
due to the smaller output conductance. We have
simulated all the  parameters like  14-Vy,
transconductance, frequency, capacitance, electric field
and DIBL at different thickness of back barrier layer i.e.
1nm, 2nm, 5 nm and 10 nm. At different thickness,
variations are visible for all parameters. At 10nm, we
found better results than at any other value. The
confinement of the 2DEG in the channel is enhanced and
short channels effects mitigated to certain extends. Thus,
use of AlGaN back barrier in such devices can be
effectively deployed to scale the gate length of the device
and attractive for future analog and high-frequency RF
applications. However, the optimization of back barrier
layer along with gate length to operate the device in
normally-off mode is left for the future scope.
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