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Abstract

In this paper we present analytical model for two-dimensional electron
gas (2DEG) and surface barrier height (SBH) in GaN/AlInGaN/AIN/GaN
heterostructure. An analytical expression for 2DEG charge density n_has been
derived which is dependent on thickness of AllnGaN and GaN cap layers of
heterostructure and mole fraction of Al and In. We have also shown the effect
of mole fraction variation on n_and SBH. The model has excellent agreement
with experiment data available in literature for given mole fraction and thickness
of layers. This makes the model to be a useful tool in advance design and
characterization of GaN/AllnGaN/AIN/GaN heterostructure.
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Introduction

III-V compound semiconductor devices are mainly based on alloys of
the components GaN, InN and AIN. Most of the work in conventional
nitride research and technology is based on binary and ternary compound
semiconductor, now the use of quaternary material is recommended. It is a new
type of material that opens additional possibilities for materials engineering. The
performance of AIGaN/GaN HEMT is mainly due to high mobility 2DEG at
the heterointerface. AIGalN/GalN has potential application in the field of high
frequency and high-power electronic devices because of the strong piezoelectric
and spontaneous polarization and high density 2DEG between AlGaN and
GaN junction. With increase in Al mole fraction, there is increase in current
carrying capability of devices, higher polarization charge and larger band offset
at the heterointerface and higher current-carrying capability of the devices [1].
High Al content in AIGaN/GaN HFETs causes the change in system properties.
For high content of Al, large lattice mismatch occurs between AlGaN and GaN.
Due to this large lattice mismatch the critical thickness of a fully strained AlGaN
barrier is decreased. As a result, the uncontrolled local strain relaxation occurs at
the heterointerface, due to generation of misfit dislocations and causes cracks.
High Al composition also increase electron scattering reducing the hall mobility.
'These degrade 2DEG transport and increase noise. In literature, it is mentioned
that introduction of AIN layer at the A1IGalN/GaN interface increases the carrier
density and effectively reduces the alloy scattering of 2DEG and provides better
carrier confinement. Some studies suggest using an alternative of AlGaN layer.
One of them is use of AlInN layer instead of AlGaN as proposed by Kuzmik [2].
'The AlInN growth suffers from miscibility gap in the AIN-InN phase diagram
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which reduces the hall mobility due to alloy scattering and
increased roughness [3]. Due these problems in ternary alloy

more research is going on quaternary AllnGaN alloy [4-11].

To resolve the problem of lattice mismatch in heterostruc-
ture we can adjust lattice parameter by varying the composi-
tion of AllnGaN. It is found in literature that using lattice
matched AlInN/GaN heterostructure with In composition
18%, provides higher 2DEG. Lattice parameter and energy
band gap can be independently controlled by varying the In
and Al compositions in quaternary Al In Ga, N alloys.

It is a challenge to realize the enhancement-mode
GaN-transistor due to the presence of large polarization sheet
charge density at AlIGaN/GaN heterointerface. One of the
solutions of this problem is use lattice matched quaternary Al-
InGaN layer in place of ternary layer because it has low spon-
taneous polarization mismatch to GaN. Low strain at hetero-
structure will also improve the long-term reliability of device

with positive threshold voltage of about 2 V [5, 6].

Compound semiconductors and nanomaterials are inter-
connected in several ways due to their unique properties and
applications at the nanoscale. Compound semiconductors can
be engineered at the nanoscale to create nanostructures like
quantum dots, nanowires, and nanorods. These nanostructures
exhibit novel electronic, optical, and magnetic properties due
to quantum confinement effects, surface states, and size quan-
tization. This manipulation at the nanoscale often enhances
the performance of semiconductor devices compared to their
bulk counterparts. Nanomaterials derived from compound
semiconductors offer tuneable properties due to their size and
shape. By controlling the size and shape of nanoparticles or
nanostructures, researchers can fine-tune characteristics such
as bandgap, conductivity, photoluminescence, and catalytic ac-
tivity [12]. AIGaN/GaN heterostructures are highly relevant
to nanoscience and nanotechnology due to their unique prop-
erties and various applications at the nanoscale. AIGaN/GaN
heterostructures can be engineered at the nanoscale to create
advanced electronic and optoelectronic devices. Nanofabrica-
tion techniques enable the creation of nanosized transistors,
HEMTs, and nanowire-based devices using these hetero-
structures. The nanoscale dimensions significantly impact the
performance and functionality of these devices. AlGalN/GaN
heterostructures can contribute to nanotechnology-driven ad-
vancements in energy-related devices. For instance, nanoscale
engineering of these structures can enhance the performance
of nanoscale photovoltaic devices, light-emitting diodes for
energy-efficient lighting, and nanoscale sensors for energy
harvesting or storage applications [13].

The quaternary compound semiconductor has number
of advantages over ternary compound semiconductor. Use of
quaternary AllnGaN barrier layer in nitride HEFTs started
about fifteen years ago but recently some quaternary devices
realized which have better performance [10, 11], especially
for ultraviolet light emitting diodes [14] and radio-frequency
high-power transistors [15-18]. When cap layer is placed on
top of the AIGaN/GaN structure, the band diagram and prop-
erties change drastically. The value of 2DEG electron concen-

tration ns reduces with increase in thickness of GaN cap layer.
Various properties of AllnGaN/AIN/GaN heterostructure
have been investigated such as sheet density, hall mobility, etc.

In the present work, we present analytical model for the
heterostructure GaN/AlInGaN/AIN/GaN by combining the
advantages of quaternary and AIN spacer layer. In our model
we have replaced the ternary compound semiconductor with
quaternary compound semiconductor, and we put an AIN
spacer to reduce the scattering losses. The model shows the
effect of GaN cap layer on AllnGaN/AIN/GaN structure
(Table 1).

Experimentation

Band diagram

The schematic energy band diagram of the GalN/
AllnGaN/AIN/GaN heterostructure is shown in figure
1. Band diagram of any structure is determined by several
important factors such as doping effect in the unintentionally
doped GaN/AlInGaN/AIN/GaN system, piezoelectric and
spontaneous polarization and existence of surface states
related to vacancy-impurity complex of the material. There is
a reduction in polarization effect compared to AlGaN/GaN
structure [10]. In AlGaN/GaN heterostructure, if the mole
faction of Al increases, there is problem of lattice mismatch
between AlGaN and GaN. If in the AlInGaN/GaN structure

Table 1: Parameter list.
Parameter Symbol Unit
Fundamental charge Q. C
AlInGaN piezoelectric charge density q.0 C/em?
Dielectric permittivity E F/em
2DEG electron concentration n, cm™
SBH Q@ eV
Difference between the Fermi level and E v
CB minimum at the GaN heterointerface ¥
CB offset AE, eV
Surface donor level the top Ed eV
Constant surface donor density n, cmZeV?
AlN
AlinGaN,
st " Gan
@» Ag]
LU
Figure 1: Conduction band diagram of the AllnGaN/AIN/GaN hetero-
structure.
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we keep the Al mole faction constant and increase the In
mole faction, the tensile strain in barrier-layer decreases
and eventually turns into a compressive strain (decrease in
piezoelectric polarization) while spontaneous polarization
remain constant. As a result, total polarization is reduced.

Theoretical modeling

Polarization sheet carrier concentration

o, is polarization induced charge density in ten-
sile-strained GaN/AlInGaN/AIN/GaN heterostructure is
dependent on the degree of polarization (piezoelectric and
spontaneous) and tends to increase with the increase in the
composition of Al [4]. The total polarization and the corre-
sponding sheet carrier density increases with the increase in
strain and decreases with increasing degree of relaxation in
heterostructure [10]. To determine the amount of polariza-
tion-induced charge density o , at the AlIn Ga, N/AIN/
GaN interface, the following set of linear interpolation based
on the physical properties of AIN, InN and GaN were used:

'The lattice constant of the AIXInyGal_X_VN alloy:
Q0 o = 3-548y +3.1120+3.189(1-x - y) A 1
Piezoelectric constants:
=—-0.36(1 —x—y) —0.57x - 0.58y C/m? (2)
5 = —0.36(1 —x—y) - 1.55x - 0.97y C/m’ (3)

Elastic constants:

C=99% + 94y + 158(1 = x — y) GPa (4)

(5)

The piezoelectric polarization in the C-axis due to tensile
strain in the AlIn Ga, N epilayer is given by:
Xy Xy

C,,= 389x + 200y + 267(1 — x — y) GPa

8GN — A ainGa C
P atingan = ZGZTG/::HGN[eﬂ — €33 C_Z] (6)
P,.(A4IN)=(-1.8087 - 7.88877) 7)
P, (AIN)=-0.0898 )

Py = B (AIN)+ B, (4IN) ©)

Where 1 is:

_ x(aGaN B aAlN) + y(aGaN - aInN)

Xa,y tYa,y tag,y (1 —X= y)

(10)

The spontaneous polarization between AllnGaN and
GaN can be written as:

PspAlInGaN = Psp (Alx]nyGal-x-yN) - Psp (GaN) (11)

=—-0.52x + 0.003y - 0.029 C/m?
P =P +P

AllnGaN spAlInGaN pzAlInGaN

Using equation 7 and equation 8, the amount of polariza-

tion-induced sheet charge density at the Al In Ga,_ N/ GaN
interface can be expressed as:
O, | = pe(Al InGa_,_, ) vp(Al InGa,_,_, ) Foav — AIN‘ (12)

Sheet carrier concentration

Analyzing the electric field within the GaN cap layer, the
influence of the Fermi level (E,) can be disregarded as it is
typically much smaller than other significant quantities such
as the electric field itself. This simplification is justified based
on the observation that £, is on the order of a few thermal
voltage values K, 7'[7]. From the electrostatic analysis, one can
write £ *%, as shown in figure 1. To maintain the con-
tinuity of displﬁcement at the GaN/AlInGaN interface £, and
E, must be related as eE, = qo — sE At the AlInGaN/GaN
1nterface, one can also wr1te £ -4 Combining these equa-
tions, one can arrive at the electron concentration (as function

of g ,):

q¢s¢

o -
pz d

_ 99 gilnGaN + AIN
n, = d

1+ cap,GaN

d

(13)

AlInGaN + AIN

There is a balance between the constant surface donor
density (7,) and the occupation of donor states above the Fer-
mi level, indicating that the donor impurities near the sur-
face have fully occupied. A constant surface donor density ()
below the donor level (£) at the GaN cap top equals to the
number of empty donor surface state above the Fermi level.
This must be equal to the 2DEG concentration, z_= 7 (¢,
— E) [19]. Therefore, one can arrive to below mentioned ana-
lytical expression for 7

O-dAIInGaN+AlN Ed
n, | —AnGale Al —d
€ q

1 . > (dcap,GaN + dAlInGaN+A1N)
q &

According to equation 14, the 2DEG density must mono-
tonically decrease with increasing cap layer thickness 4, ,. It
is given in literature for ternary alloy that value of 7_saturate
for higher value of cap thickness. The expression for the SBH
as analytically obtained is shown below. SBH decreases with

increasing d[ o GaN”

(14)

n =

s

nE, (dcap,GaN +d G aiv ) +0d G aiv

‘I¢B =
+Z2 19

n, (dcap,GaN + dAlInGaN+AlN)

Results and Discussion

In this paper we studied the relationship between the
sheet charge density (z) and SBH by varying different
parameter such as thickness of AllnGaN, GaN cap thickness

and mole fraction of Al and In. Value 7, and E are linearly
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Figure 2: Variation of the SBH with the GaN cap thickness for different
Al In, GaN thickness.
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Figure 3: Variation of SBH with the Al .. In  GaN barrier thickness for
different GaN cap layer thickness.

related to the mole fraction of Al given by Goyal et al. for
ternary alloy [20]. By matching with the experimental data,
we derived the relation of 7, and E, with mole fraction of Al
and In. It is given by 7, = (2.9 » — y — 0.893)10" cm2eV"!
and E, = 0.2x + 0.04y + 0.42 in eV. As given in the literature,
and our observation, the values of 7, and E, are not affected
by thickness of layers. Figure 2 shows the variation of SBH
with GaN cap thickness for different values of AllnGaN, it is
noted that variation in SBH mostly depends on the GaN cap
thickness and only slightly varies with AllnGaN thickness d1.
The Al mole fraction is taken here as 0.66 and In mole fraction
as 0.14. Figure 2 shows that SBH decreases with increase in
GaN thickness. To the best of our knowledge, no experimental
data is available for the SBH in GalN/AllnGaN/AIN/GaN
heterostructure in the literature. Theoretically, we can conclude
that the value of SBH approaches zero as the thickness of GaN
increases. We note that for lower thickness of AllnGaN, sheet
charge density #_in higher. As shown in figure 3 our modeled
SBH varies with AllnGaN thickness and with different values
of GaN thickness. As AllnGaN thickness increases, the span
of SBH decreases.

In figure 4, we compare our model for GaN/AllnGaN/
AIN/GaN structure with experimental data on 7_obtained by
hall measurement conducted with different thickness cap layer
by Chen et al. [21]. Figure 5 shows the the modeled value of
n_with change in GaN thickness for different values of Alln-
GaN thickness for Al mole fraction x = 0.73, In mole fraction
y = 0.08. It shows that as cap thickness increases, the value of
n_decreases. In this case, we used model parameters 7 and E .
'The model can match experimental result quite well. Figure 6
shows the modelled value of z_for variation in mole faction
of In and Al respectively when thicknesses of GaN and Al-
InGaN are kept constant. The incorporation of In reduces the
2D electron density 7 _in this structure. There is small change
in »_with In mole fraction when all other parameters kept
constant. In figure 6, effect of Al mole fraction on 7 is shown,
as value of Al mole fraction increases the value of 7_is also

5 P
Al _In GaN Thickness
i 4 nm -
5.5 nm
o1 -
I 7.5 nm
2 3 .
o O9nm
i b ' 7.5nm Experimental[18]
—
= 2k <
—
M
wn
=
1L <
[1] 'l 'l i L 'l 'l 'l 'l
5 1] 10 ICHE N - - ]

5
GaN cap thickness (nm)
Figure 4: The modeled 2DEG value of the GaN/AlInGaN/AIN/GaN
heterostructure is shown. The values of 2DEG experimental points report-
ed in [19] (for Al mole fraction x = 0.73, In mole fraction y = 0.08 and
GaN cap thickness = 2 nm and thickness = 5 nm).

increased. Effect of Al mole fraction is more as compared to
the In mole fraction. If mole fraction of Al is higher, then the
value of 7_increases with increase in mole fraction of In.

Conclusion

As per our knowledge this is first attempt to present
theoretical model for GaN/AlInGaN/AIN/GaN structure.
We have provided a model for AllnGaN/AIN/GaN structure
with GaN cap layer. It is physics-based model and explains
the effect of cap layer on 2DEG density and SBH. With
cap layer there is a variation in 7_value with the thickness
AllnGaN as shown in results. Our model explains the effect
of mole fraction variation of Al and In and thickness of the
AllnGaN and AIN layer on 2DEG. We have compared our
data with experimental result. The proposed model agrees
well with experiment data. Mole fraction on Al and In also
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Figure 5: Variation in sheet charge density » with change in In mole frac-
tion with different values of Al mole fraction and thickness of cap layer =
2 nm and AllnGaN layer = 7.5 nm.

effect on various electrical characteristic of GaN/AlInGaN/
AIN/GaN heterostructure. According to our model, effect of
variation in In mole fraction is higher than variation in mole
fraction of Al. Nanotechnology has opened avenues for diverse
applications across scientific domains. Expanding on studies
that delve into the properties of nanomaterials, this research
presents promising opportunities for deeper exploration in
nanotechnology field.
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