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of GaN based MOSHEMTs
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Abstract: A mathematical model is developed predicting the behavior of gate capacitance with the nanoscale
variation of barrier thickness in AIN/GaN MOSHEMT and its effect on gate capacitances of AlInN/GaN
and AlGaN/GaN MOSHEMTs through TCAD simulations is compared analytically. AIN/GaN and AlInN/GaN
MOSHEMTs have an advantage of a significant decrease in gate capacitance up to 108 fF/um? with an increase
in barrier thickness up to 10 nm as compared to conventional AlIGaN/GaN MOSHEMT. This decrease in gate

capacitance leads to improved RF performance and hence reduced propagation delay.
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1. Introduction

GaN-based MOSHEMTs (metal-oxide—semiconductor
high electron mobility transistors) are getting more atten-
tion these days because of their low gate leakage current
and improved gate capacitance due to the suitable material
properties of GaN. When the device dimensions are reduced
for a silicon based MOSFET (metal-oxide—semiconductor
field effect transistor), it has become very difficult to reduce
the other parameters like barrier potential, critical electric
field, threshold voltage, etc., resulting short channel effects.
Although many solutions have been proposed to overcome
these limitations, researchers are very much interested in
the use of new materials and technology that can improve
the performance of electronic systems. However, research
is progressing towards improving carrier transport in the
transistor channel region. Among the various candidates, a
high electron mobility based GaN channel MOSHEMT can
overcome the short channel effects more than the traditional
silicon MOSFET.

One of the main characteristics of MOSHEMTs is the
capacitance formed between the gate and channel. However,
for improved RF performance, less gate capacitance is re-
quired(!>2!. For a scaled MOSHEMT, the gate capacitance is a
series combination of oxide capacitance and channel or quan-
tum capacitance (QC). The former is large due to a thinner ox-
ide layer and has a higher value of dielectric constant, which
means that QC will be the dominant source of gate capaci-
tance®]. GaN based MOSHEMT with an AIN barrier layer
over the GaN channel has attracted great interest due to the
large difference in spontaneous and piezoelectric polarization,
which results in a higher 2DEG density at the heterointerface.

It provides a large band offset with respect to GaN, result-
ing in the formation of a deep quantum well leading to a bet-
ter carrier confinement*!. As a result, it does not suffer from
large scattering, and a relatively small QC is associated with
the channel. The limits imposed by the QC on the gate capaci-
tance can be improved by barrier thickness scaling.

+ Corresponding author. Email: trlenka@gmail.com

Received 27 July 2014, revised manuscript received 21 October 2014

EEACC: 2570

The compact charge based model for capacitance—voltage
(C—-V) characteristics in AlIGaN/GaN HEMT has already been
presented considering all non ideal effects(®>>¢]. However, the
unavailability of a proper model explaining these phenomena
for MOSHEMTs in the literature is the main driving force be-
hind this work.

2. Comparison of heterostructures

For an unintentionally doped AlGaN/GaN MOSHEMT
structure, the two dimensional electron gas (2DEG) is formed
largely as a result of piezoelectric and spontaneous polariza-
tion effects which arise at the heterointerface of the AlGaN and
GaN layers. However, for scaled devices, as the oxide thick-
ness and gate lengths are reduced, barrier thickness scaling is
necessary. While attempting to reduce the thickness of the Al-
GaN barrier to overcome short channel effects, the sheet car-
rier density decreases due to the proximity of the heterointer-
face to the negatively charged surfacel”). In order to further
increase the 2DEG density as well as the breakdown field in
the AlGaN structure, a high Al mole fraction is desirable to
increase the strength of polarization. However, a high Al con-
tent will result in poor transport properties in the AlIGaN/GaN
heterostructurel®!.

In order to solve this problem, a thin lattice matched
Alp g3Ing. 17N layer is grown over the GaN, which elimi-
nates the strain present in the conventional AlGaN based
MOSHEMT. The band gap of the AlInN is larger than that
of a typical AlGaN and has a larger spontaneous polarization
charge as well. The larger bandgap results in an enhancement
of the carrier confinement in the well, thus keeping the out-
put resistance of the device high. The larger number of carriers
tend to accumulate in the 2DEG, which results in a larger sheet
carrier density and a correspondingly larger current and power
densities than those that of the conventional Al1GaN/GaN sys-
tem. However, in the case of an AlInN heterostructure, local
in-homogeneity in the composition yields regions of increased
alloy scattering due to the enhanced penetration of the electron
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Figure 1. Proposed MOSHEMT structure.

Figure 2. Equivalent circuit diagrams for gate capacitance in AIN/GaN
MOSHEMT.

wave function into the barrier layer. Therefore, the AlInN bar-
rier layer would be the best if it is uniform®.

To overcome these problems, AIN/GaN MOSHEMT can
be an alternative candidate for high power applications. The
2DEG, which forms near the AIN/GaN interface, can reach up
to a concentration of 3 x 10!3 cm™2 for an extremely thin AIN
barrier layer even less than 5 nm thickness along with high mo-
bility greater than 1000 cm?/(V-s)[10].

3. Quantum capacitance

Figure 1 shows a schematic diagram of the AIN/GaN het-
erostructure used in this study. It consists of a metal gate fol-
lowed by Al,O3 of thickness 1 nm, an AIN barrier layer, an
unintentionally doped GaN channel of thickness 500 nm, and
a GaN semi-insulating buffer layer of thickness 1 um. The
total gate capacitance of the AIN/GaN MOSHEMT can be
expressed as a series combination of insulator capacitance,
Cins and inversion capacitance, Cinv[“]. As per assumption,
when the first electron sub-band in the channel is occupied,
the inversion layer capacitance can be represented as a series
of the quantum capacitance, Cq and the centroid capacitance
Ccem[ll]~

From Figure 2, it is well understood that the total gate ca-
pacitance (Cg) can be determined by the smallest gate capaci-
tance component among the three of Ci,s, Co and Ceey. The
insulator capacitance is inversely proportional to the insula-
tor thickness. Ideally, the inversion layer capacitance is much
larger than the insulator capacitance in the strong inversion and
gate capacitance approaches the insulator capacitance in large
scaled devices.

However, in nano-scale devices, as insulator thickness ap-
proaches the nanometer range, the insulator capacitance be-
comes comparable to the inversion layer capacitance, which
means that the quantum capacitance, Cg, and the centroid ca-
pacitance, Cy, start to affect the gate capacitance. The cen-

Metal

Barrier QW channel

Figure 3. Conduction band diagram in strong inversion.

troid capacitance is related to the average physical distance
of the electrons present in the quantum well from the metal
gatel'2]. As in the case of AIN/GaN, the carriers are better con-
fined in the quantum well, all charges can be assumed to be
located at same position inside the quantum well and centroid
capacitance can be neglected.

The QC was first introduced by Luryil'3! and it originates
from the penetration of the Fermi energy level (Ef) into the
conduction energy band. Therefore, the channel material plays
a very significant role for determining quantum capacitance.

In AIN/GaN MOSHEMT, a 2DEG is created in the het-
erostructure quantum well (QW) due to the finite density of
states (DOS). As a result, the Fermi level needs to move up-
ward above the conduction energy band edge as the charge in
the quantum well increases. This movement of the Fermi level
requires energy and this conceptually corresponds to QC. To
induce channel charge in a MOS structure, we need to deliver
an amount of energy equal to Q2/2C,s + 02/2Cq [12), where
Qs is the total electronic charge in 2DEG. The first term corre-
sponds to the required energy for the electric field in the oxide
layer and the second term is related to the required energy to
create 2DEG. However, as Cj,s is comparable even more than
Cq as the device scaling approaches a few nanometers, Cq
should be considered carefully in the scaled down devices to
indicate gate capacitance. The problem is especially severe in
-V MOSHEMTs due to their relatively small effective mass,
which reduces the QC.

4. Model development

For a MESFET/HEMT, the sheet charge concentration is
given byl* 14

EAIN

(¢s + Er — AEC), M

Ns = Opol PERN
where oy, is the induced charge concentration due to sponta-
neous polarization, g5y is the permittivity for AIN, dap is the
barrier thickness, Ef is the Fermi potential in the GaN layer,
¢s is the surface potential and A E, is the discontinuity of the
conduction energy band at the heterointerface of AIN and GaN
layers.

4.1. Dependence of ng on barrier thickness

Figure 4 demonstrates the energy band diagram of a
MOSHEMT structure. All the levels above the neutral level
are acceptor states and below it are the donor states.
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Figure 4. Conduction energy band profile for a metal/oxide/AIN/GaN
interface.

As per the classical approach, all the levels above the
Fermi level are considered to be devoid of electrons i.e. donors,
while those below are filled. This results in the ionized state of
the donor traps while the acceptor traps are neutral. It results in
an extra positive interface charge contributed by these states,
which can be given by4

Qi = Dig® (Eo — E) . 2

Here Dy is the interface density of states. Qj is the interface
charge, E( and Ef are the neutral and Fermi level potentials
respectively, which denotes that all the states between Eq and
EF are ionized.

This donor charge along with the polarization charge re-
sults in a residual potential V4; , which can be given by

_ Op + Oi

Vbi
Coxide

3)

where Qp is the depletion charge and Coyiqe 1s the oxide capac-
itance. The depletion charge can be formulated as

Op = ¢Npdan. “)
Making use of Equations (2), (3) and (4), we get

_ gNpdain + Dig? (Eo — Er)
Coxide .

)

b;

Clearly from Figure 4 we see that the surface potential
¢s = dm — xaNn — Voi and Eg — Er = ¢s — ¢o where ¢y is the
metal work function, y A is the electron affinity for AIN, V;
is the residual interface potential and ¢y is the potential differ-
ence between the neutral level and the conduction band edge.
Introducing these relations in Equation (5), we get a relation
between the surface potential and barrier thickness

Npd
¢f=V@M—XmM+WI—W¢0—E%3fEa (©)

1
1+ Dig?/ Coxide
The dependence of 2DEG sheet charge density on the sur-
face potential and the dependence of thickness on surface po-
tential can be seen from Equations (1) and (6). Making use of

where y =

these equations we will get the 2DEG sheet charge density[*]
as per Equation (7).

EAIN

qdaN

Ns = Opol — [)’ (M — xam) + (1 =) ¢o
_ Yq4Npdan

+ Ep — AEC}. (7)
Coxide

Taking the solution of the Schrodinger and Poisson equa-
tions[">2] into consideration, provided only two levels (Eq and
E)) in the two dimensional triangular potential well are to be
occupied, gives us the following relation[*> 151

Er — E;
nsszTZIn(1+exp F ) ®)

i=0,1

where D = 4w m* / h? is the conduction band density of states
of a 2-D system, m* is the electron effective mass, & is the
Planck constant, & is the Boltzmann constant, 7" is the ambient
temperature, Eg = consz/3 (ineV),and E; = clnsz/3 (in eV)
are the allowed energy levels in the well. Here ¢¢ and c; are
determined by the Robin boundary condition!'®- 171,

However, the Fermi level can be expressed by a 2nd order
expression as per Kola er al.['7], which gives a good fitting to
the numerical solution of Equation (8), where Ef is given by

Er = ki 4 konl/? + kang, )

where k1, k, and k3 have been calculated by Li et al.['6]. Mak-
ing use of Equations (9) and (7) and solving for ns we get

2
’

ng = [—A + A2 _(B+ C¢s— F)] (10)
where .
ek
A= ——m——— 11
2(8k3+qd) (1)
e(ky — AEc)
B=—"-——"-, 12
(ks + qd) (12
&
- 1
= otad (13)
dgo
F=—. 14
eks +qd (14

4.2. Dependence of gate capacitance on barrier thickness

Now neglecting the centroid capacitance, the QC can be
obtained as

d (gns)
C=—". 15
Q=" (15)
Calculating the above differentiation, we will find
C [—A + VA2 (B + Cs— F)]
QC=g¢q (16)

VA2— (B +C¢,— F)

Now the gate capacitance due to the series combination of
Cq and Cyx can be written as

. QCxCo

Co= ——.
97 QC + Cx

(17)
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Figure 5. Plot showing gate capacitance versus barrier thickness for
AIN/GaN MOSHEMT.

Table 1. List of model parameters.

Parameter  Description Value

EAIN Permittivity of AIN  10.78g9 F/m?
layer

EALLO3 Permittivity of Al;03  9.1gg F/m?
layer

£GaN Permittivity of GaN  9.8gg F/m2
layer

K1 Subthreshold factor —0.0802 V

K> Linear factor 1.039 x 1072 V/m

K3 Saturation factor 1.0454 x 10718 v/m?

q Electronic charge 1.69 x 1071° C

Co Experimental  para- 2.5 x 10712
meter

Cq Experimental  para- 3.2 x 10712
meter

AEcam) Conduction band dis- 0.343 eV
continuity

Opol Spontaneous polariza-  3.38 x 1017 m—2
tion charges

toxide Oxide thickness 6 nm

s Surface Potential of 1.9eV
AIN

oM Metal work function 43 eV

XAIN Electron affinity of 0.6eV
AIN

Np Doping concentration 1.5 x 1016 m=3

Dit Density of states 1.2 x 1012 m=3

Then Equation (17) is plotted in MATLAB by taking the

necessary parameters for AIN/GaN MOSHEMT to see graph-
ically the dependence of gate capacitance on barrier thickness,
as shown in Figure 5. The parameters are taken from the exist-
ing literature and are mentioned in Table 1. It is observed from
this figure that with an increase in barrier thickness, the capac-
itance decreases which can be justified by TCAD simulation
results, as shown in the next section.

5. Simulation results and discussion

This section illustrates the simulation study, carried out us-
ing the Atlas TCAD tool!'®). In the following analysis, differ-
ent parameters such as temperature at 300 K, step gate voltage
as 0.2 V, with an initial gate voltage of —1 V and the final gate

Figure 6. Plot showing gate capacitance versus gate voltage for dif-
ferent barrier thicknesses of AIN/GaN MOSHEMT.
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Figure 7. Plot showing gate capacitance versus gate voltage for dif-
ferent barrier thicknesses of Alg.g3Ing.17N/GaN MOSHEMT.

voltage of 2 V at applied 1 V drain bias voltage for a 50 nm
gate length device are considered, which are kept the same for
all three devices with various barrier thicknesses of 2, 4, 6, 8
and 10 nm.

The simulation results of gate capacitance with respect to
the gate voltage for various barrier thicknesses in AIN/GaN,
AlInN/GaN and AlGaN/GaN MOSHEMTs are shown in Fig-
ures 6, 7 and 8 respectively. It is observed from these figures
that as the barrier thickness increases from 2 to 10 nm, the
gate capacitance decreases significantly with the increase in
gate voltage. However, at a very low gate voltage such as at
—0.8 V and —1 V, the value of the gate capacitance is almost
the same for all barrier thicknesses. However, in A1IGaN/GaN
MOSHEMT, the decrease of the gate capacitance is much less
significant.

In Figure 9, the gate capacitance for different barrier thick-
nesses at gate voltage of 1 V is shown. It is observed here
that at a particular barrier thickness, the gate capacitance is
the lowest for AIN/GaN MOSHEMT than the other two cases
and highest for AlGaN/GaN MOSHEMT. It can be explained
here that in AIN/GaN MOSHEMT, the 100% Al content leads
to more of a polarization effect and more charge carrier con-
finement resulting in less density of states near the quantum
well, leading to less QC. However, in Alg g3Ing,17N/GaN and
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Figure 8. Plot showing gate capacitance versus gate voltage for dif-
ferent barrier thicknesses of AlGaN/GaN MOSHEMT.
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Figure 9. Plot showing gate capacitance versus barrier thickness.

Alg.3Gag.7N/GaN HEMT structures, the Al content is 83% and
30% respectively, which results in a comparatively lower po-
larization effect and less carrier confinement leading to more
QC and hence more gate capacitance.

Modeling of quantum capacitance shows that it depends
upon the properties of the barrier material and as we increase
the Al content, the QC reduces and as it is in series with ox-
ide capacitance, then it cannot be neglected in scaled down de-
vices.

6. Conclusion

In this paper, we have observed the effect of the variation
of barrier thickness on gate capacitance at different gate volt-
ages for (AIN/GaN, AlInN/GaN, AlGaN/GaN) MOSHEMT
structures through a suitable modeling and extensive TCAD
device simulations. After the comparison and analysis, we
conclude here that in the nanometer regime, AIN/GaN and
AlInN/GaN MOSHEMTs show better performance over the
conventional AlGaN/GaN MOSHEMT due to less quantum
capacitance. Hence it improves the cut-off frequency for RF
applications, threshold voltage, and reduces the gate leakage
current.
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