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In this paper, an AIN/GaN-based MOSHEMT is proposed, in accordance to this, a charge control model has been

developed analytically and simulated with MATLAB to predict the characteristics of threshold voltage, drain currents
and transconductance. The physics based models for 2DEG density, threshold voltage and quantum capacitance
in the channel has been put forward. By using these developed models, the drain current for both linear and
saturation models is derived. The predicted threshold voltage with the variation of barrier thickness has been plotted.
A positive threshold voltage can be obtained by decreasing the barrier thickness which builds up the foundation for
enhancement mode MOSHEMT devices. The predicted |¢—Vgs, |d—Vus and transconductance characteristics show

an excellent agreement with the experimental results and hence validate the model.

1. Introduction

AIN/GaN High Electron Mobility Transistors (HEMTs)
have evolved as the most promising microwave power
devices having high power density during high frequency
operations. This is possible as this device has unique
properties such as wide band gap (62e¢V of AIN
to 3.4eV of GaN), large breakdown electric field strengths
(~3MV/em), high 2DEG density (2-103cm™2), low
relative dielectric constant (10.8 for AIN, 9.5 for GaN),
high saturation electron drift velocity (> 2-107 cm/s),
high mobility (~ 1000cm?/V -s) and low sheet resistance
(< 150€2/0) [1]). The 2DEG concentration in the conven-
tional AlGaN/GaN structure plays a vital role [2,3] and it
has a strong dependence on the Al content in the AlGaN
layer [4]. The highest 2DEG sheet charge density can
be achieved with very thin barrier layer having 100% Al
content. Literature reveals that for the 2DEG sheet density
of 1.1- 10" ¢cm~2 only 5nm thickness of AIN barrier layer
is sufficient [5]. So AIN/GaN is an ideal combination for the
realization of normally-off (E-mode) devices since due to a
thin barrier it is easy to deplete the channel.

The MOSHEMT device incorporates an extra thin dielec-
tric layer such as Al,O3 [6] under the gate to minimize
the gate leakage current. Literature on E-mode AIN/GaN
MOSHEMT device with regrown source and drain contact
spacing value Lsg = 0.7 um reveals transconductance (gm)
of 509 mS/mm, maximum drain current |4 of 860 mA/mm,
gate leakage current less than 1 mA/mm, ohmic contact
resistance 0.153 - mm, on-resistance 1.63 2 -mm and
lon/loff Tatio up to 10° [7]. With self-aligned gate-last
process cut-off frequency ft = 40GHz is obtained with a
channel length (Lg) of 210nm [8]. The compact charge
based model for current-voltage and capacitance—voltage
characteristics in AlGaN/GaN HEMT is presented with
considering all the non-ideality factors in Refs [9,10]. The
model for 2DEG density and threshold voltage considering
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interface DOS for MOSHEMT had been demonstrated in
our recent work [11]. But there is a lack of model
for MOSHEMT devices elucidating the current-voltage
and transconductance behavior by considering quantum
capacitance formed at 2DEG, and this forms the motivation
behind the present work.

The organization of this paper is as follows. The model
development is presented in Section 2 which includes the
model for 2DEG density, threshold voltage, and drain
currents (Ig—Vgs and lq—Vgs). The MATLAB based
simulation results of the developed model along with the
experimental results from the literature for |4—Vgys, |d—Vas
and transconductance are plotted in Section 4. Finally the
conclusion has been drawn in Section 4.

2. Model development

Fig. 1 shows a schematic diagram of the AIN/GaN
heterostructure used in this study. It consists of a
metal gate (Ni) followed by Al,Os, AIN barrier layer, an
unintentionally doped GaN channel, a GaN semi-insulating
buffer layer and substrate layer.
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Figure 1. Proposed MOSHEMT structure.
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For a HEMT the sheet charge concentration is given
by [12]
Ns = Opol — SAA[(PS + EF(ns) - AEC]7 (1)
qdaN
where 0po is the induced charge concentration due to
polarization, eapn is the permittivity for AIN, g is the charge
of electron, day is the barrier thickness; Ep(ns) is the Fermi
potential in GaN layer, ¢s is the surface potential, and AE;
is the discontinuity of the conduction band at the AIN/GaN
interface. The surface potential ¢s can be represented as
¢s = ¢so — Vgs, ¢so is the surface potential at zero gate
potential and Vs is the applied gate voltage.

2.1. Dependence of ns on barrier thickness

Fig. 2 shows the energy band diagram of AIN/GaN
MOSHEMT structure.

At absolute zero temperature (T = 0) all the levels above
Fermi energy level are empty while those below it are filled
with electrons. This results in the ionized state of the
empty donor traps above Fermi level while the acceptor
traps are neutral. An extra positive interface charge [13]
contributed by these states in AIN/GaN MOSHEMTs at any
temperature is given by

EnL

Qi = Dig / [1— f5(E)|dE. 2)

Er,

Here Dj; is the interface density of states (DOS), Qj; is the
interface charge. It is to be noted that Ey_ is the charge
neutral level and Ep, is the Fermi potential level at zero
gate bias. fp(E) is the Fermi-Dirac probability of a donor
interface state between Eni and Ep, being occupied and it
is represented as

1
(B = { 1+ exp[a(E — Er,)/KT] } (3)

If we assume that (En. — Eg,) > kT/q, the integration
in Eq. (2) after putting limits reduces to the expression
for oxide interface charge concentration similar to [14] as
per Eq. (4),

Qit = Ditd(EnL — Eg,)- 4)
The assumption is quite plausible because the occupancy
probability of an energy level tends to zero after an energy
just 3KT above Eg,.

This depletion charge along with the oxide-barrier inter-
face charge results in a potential drop V, and neglecting
barrier capacitance it can be given by

Qo +Qit

Vox = , 5
o Coxide ( )

where Qp is the depletion charge in AIN and Cige is the
oxide capacitance. The depletion charge can be formulated
as

Qp = gNpdan, (6)
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Figure 2. Conduction band profile for a metal/oxide/AIN/GaN
interface.

where Np is the unintentional doping concentration in AIN.
Making use of Eqs (4)—(6) we get

Vo — aNpdan + Ditd(Ene — Eg,)
ox —

: (7)

Clearly from Fig. 2 we see that the surface potential
¢s = dm — xain — Vox and Enp — Eg, = ¢s — ¢, ¢w is the
metal work function, xav is the electron affinity of AIN,
Vox 1s the residual oxide interface potential and ¢g is
the potential difference between the neutral level and the
conduction band edge. Introducing these relations in Eq. (7)
we get a relation between the surface potential and barrier
thickness as follows

Coxide

$so = y(dm — xaN) + (1 =)o — nglﬂ’ (8)
oxide

where y = 1/(1 4 Dit0/Coxide ), ¢so Tepresents surface po-

tential when voltage applied at gate terminal is zero.

The dependence of the surface potential and hence 2DEG
sheet charge density on the thickness can be seen from
Eq. (1) and Eq. (8). Making use of these equations we will
get the 2DEG sheet charge density as

EAIN
gdaN

X |y (dm—xam)+(1 =)o

Ns = Opol —

_ 7ANpdan

+Er(ns) —AE.|.
Coxide F( S) ¢

©)

Now the only unknown in Eq. (9) is Er which is a

function of ng itself and can be obtained as follows. The self-

consistent solution of the Schrodinger and Poisson equations

give rise to the following relation where two sub-band
energy levels (Eo and E;) are considered [15]:

ng = DkT ln{l + exp [w] }, (10)
i=0,1

where D = 4xm*/h? is the conduction band density of
states of a 2D system, m* is the electron effective mass
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List of Model parameters 2.2. Quantum capacitance model
Parameter Value Unit The total capacitance across the MOSHEMT junction is
EAIN 10.78&0 F/m> given by [19] as follows,
Eoxide 980 F/m2 1 1 —1
ki -0.0802 \Y C., = 4 17
ks 1.039 -107° V.m “ [Coxide  Cit+(1/Ch+1/Cq) an
k 1.0454 - 107 '8 V- m? _ _ _ .
Aéc 0343 oV Here Cj; is the capacitance due to interface traps, Cp is
Opol 3.38 . 10" m—2 the capacitance due to barrier layer charges and Cgq is the
toxide 6 am quantum capacitance formed in 2DEG.
dan 6 nm If we neglect the interface traps and assume that Cy is
om 5.1 eV much greater than Cgq, the total capacitance becomes
XAIN 19 eV
Po 34 eV C. — Coxidqu 18
Np 1.5-10' m~ “ Coxide + Cq ’ ( )
Dit 1.2-10" m~?
Z/Lsd 200 where Coyige is the capacitance due to oxide layer and can
Un 0.09 m?/V-s be represented as

in GaN, h is the Planck’s constant, k is the Boltzmann’s
constant, T is the ambient temperature, Ey = conZ/? (in eV),
and E; = ¢nZ/3 (in eV) are the allowed energy levels in the
well. Here ¢y and c; are determined by Robin boundary
conditions [16,17]. The above equation shows the linear
relationship between ns and Ep. As the occupancy of sub-
band energy levels inside the quantum well increases with
increase in temperature [18], accordingly the inclusion of
higher order energy sub-bands in Eq. (10) for calculation of
2DEG density is essential. However, this 2DEG dependent
Fermi potential can be expressed by a more appropriate 2nd
order expression by considering temperature effects as per
Ref. [16], which gives a good fitting to the numerical
solution of Eq. (9) as follows,

Er = kg +k2né/2+k3ns, (11)

where ki, K, and k3 are temperature dependent parameters
and gave been calculated in Ref. [16]. Though finally the
model results are compared to experimental results obtained
at room temperature, so the values of kj, k; and k3 at
300K are referred from Ref. [16] during model calculations
and mentioned in Table. It is noteworthy that for higher
temperatures these values are to be considered accordingly.
Making use of Eq. (9) and Eq. (11) for solving ns, we get

ne=[-A+ /R - (B+Ch—F)P. (1)

where

eamnka
= , 13
2(eanks + qdaN) (13)
ean (ki — AE;)

B— “ANYa =A%) 14
(eainks + qdaiN) (14)

EAIN
C=—— 15
(eavks + qdan) (15)
F_ dANGOpol (16)

(eanks +qdan)

Eoxi
Coxide == de B (19)

toxide

Eoxide 18 the oxide dielectric constant and tyxiqe 1S the oxide
layer thickness. The quantum capacitance is given by

. a(ans)
T s

Quantum capacitance originates at the 2DEG region due
to penetration of Fermi level into conduction band. It
can be obtained by differentiating the sheet charge density
with respect to surface potential. Calculating the above
differentiation we will find

c 7qC[—A+\/A2—(B+C¢S—F)] 1)
‘ VA - (B+Cos—F)

(20)

2.3. Threshold voltage model

In order to make this MOSHEMT device completely off
the 2DEG is to be pinched-off. As can be seen in Fig. 3
under this condition the difference in the energy of Fermi

2

Metal

Figure 3. Conduction band at pinch-off.
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level and the minimum energy of electron in 2DEG reduces
to zero. So ns and Er becomes zero. Putting these two
conditions and replacing ¢s with ¢s = ¢pso — Vi in Eq. (9)
where ¢s is given by Eq. (8) and solving for Vi, we get the
expression for threshold voltage as shown in Eq. (22):

. yaNpdan

Vin =y (dm — xaw) + (1 =)o — —= »

Opol0 — daiN

— AE. — (22)

EAIN
This expression can be used in conventional HEMT current

equation to find the linear and saturation mode drain current
as follows [20]

ldiin = “”geq (é) [2(Vgs —Vin)Vas — Vasl.  (23)
sd

where un is electron mobility at GaN surface, Lgq is
length between source and drain, Vs is the voltage applied
between gate and source, Vs is the voltage applied between
drain and source. C.q and Vi, are given by Eqs (18)
and (22), respectively.

Similarly, the saturation mode current equation is given

by
MnCeq ( Z 2
— ) (Vgs — Vin)~. 24
25 () e~ ) 24
The transconductance can be found by differentiating the
drain current equation with respect to gate voltage as

follows,

Id,sat -

Mg
Om =~ When Vas < Vgs — Vi
gs
c Z
g = £ (L—Sd)vds, (25)
= st en Vige > Vs — Vi
m = Vgs , when Vgs > Vgs — Vi,
z
Om = KinCeq | T (Vgs — Vin)- (26)

3. Simulation results and discussion

First of all Eq. (22) is plotted in MATLAB to see
the variation of threshold voltage with respect to barrier
thickness alone as shown in Fig. 4. The figure demonstrates
that the threshold voltage varies inversely with barrier
thickness at constant oxide thickness and can be pushed
towards positive value by taking an extremely thin barrier.
Further a positive threshold voltage is the basic requirement
for an enhancement mode MOSHEMT and decreasing
barrier thickness is a method to achieve this.

Then the drain current in Eqs (23) and (24) is plotted
with respect to Vgs and Vgs in MATLAB to obtain
l4—Vas and | —Vys characteristics, respectively. Basic fitting
method such as shape preserving interpolant is used to
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Figure 4. Plot of threshold voltage with the variation of barrier
thickness at constant oxide thickness of 6 nm.
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Figure 5. Plot of drain current with respect to gate voltage
at Vgs = 5V with experimental results from Ref. [8].

e

=
[o)}
T

- experimental
developed mode

Drain current, A/mm
e
~

<
&}

0 1 2 3 4 5 6
Drain voltage, V

Figure 6. Plot of drain current with respect to drain voltage
at Vgs = 2.5V with experimental results from Ref. [8].
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