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Abstract

In this paper we present 2-D analytical model for I-V characteristics and transconductance of dual channel AlGaN/GaN
Modulation Doped Field Effect Transistor (DC-MODFET) to demonstrate the current-voltage as well as transfer characteristics
of the device structure under different bias conditions. The model analyses sheet charge density and finaly current density in each
of the top and bottom channels using effective device threshold expressions based on spontaneous and piezoelectric polarization
dependent two dimensional electron gas (2-DEG). An aluminum mole fraction graded doping profile in bottom barrier layer has
been used for bottom channel sheet carrier density. Trapping/detrapping surface states are also considered to determine device
drive current and trans-conductance expressions. The presence of double channels in the device minimize the current collapse
problems, is accurately explained in our proposed model. The current collapse that occurs more in the top channel nearer to the
gate, is subsidized by the current in bottom channel, hence minimizing overall current collapse in the device. Finally, the
numerical predictions from our model are compared with the published experimental results and found to be in close agreement.

Keywords—2DEG-two dimensional electron gas, DC-HEMT-dual channel high electron mobility transistor,

MODFET- modulation doped field effect transistor, UID-unintentionally doped.
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1. INTRODUCTION

In present senerio GaN based hetrostructure devices are
emerging as an important option for microwave frequencies
and high power applications in advanced electronic system
operating at higher voltages. A great amount of research
work has already been done on AlGaAs/GaAs devices for
optimization and performace enhancement, still AIGaN/GaN
High Electron Mobility Transistor (HEMT) or Modulation
Doped Field Effect Transistor (MODFET) are
attracting considerable attention of device scintists and
engineers world wide for further innovations and
optimizations. Better performance of AlGaN/GaN material
system based hetrostructures relies on its high saturation
velocity, thermal stability, high breakdown electric field and
unique property of polarization and piezoelectric induced
high sheet charge density of 2-DEG at hetrointerface [1]. The
GaN material system based optimized hetrostructures can
withstand much higher output power density at considerably
higher operating voltages as compared with conventional
AlGaAs/GaAs-HEMT [2]-[3]. Long et al [4]-[5] has
proposed a FET structure, the dual material gate FET, in
which two different metals of different workfunction were
used to engineer a single gate by making them contact
laterally. An epilayer structure of AlGaN/GaN double
channel High Electron Mobility Transistor was fabricated
and characterised by Chu et.al. [6] resulting in to device with
high current gain and minimized current collapse. Recently,

detailed analytical models have been presented for analysing
large signal parameters, transconductance, electric potential
and electric field distribution along the channels of Double
Channel Dual Material Gate Al,Ga;..N/GaN High Electron
Mobility Transistor [19][20]. Also a current voltage and
transconductance model for dual material gate Al,Ga;.
mN/GaN modulation doped field effect transistor presented
for analysis of dc characteristics of the device strcture [21].

In our present paper, we proposed 2-D model for I-V
characteristics and transconductance of dual channel
AlGaN/GaN MODFET. In past considerable research have
been done for enhancing the device current drive capability
and also double channel AlGaN/GaN MODFET was
fabricated. For incorporation of double channel effects, there
was requirement of additional AlGaN barrier layer between
the two channels to supply carriers for bottom channel. The
additional layer of AlGaN reduced accesses to the lower
channel thus the double channel behaviors was not
pronounced effectively. First time Rongming Chu et al [6]
have shown that this kind of problem could be resolved by
efficient design of double channel structures. Construction of
an AlGaN/GaN/AlGaN/GaN multi layer structure using a
lower AlGaN barrier layer with small layer thickness and
graded Al composition was proved to be an effective
approach. Their design resulted in to the double-channel
MODFET with the second channel of considerably high sheet
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carrier density and acceptable access resistance. Since
fabrication of dual channel AlGaN/GaN HEMT, so far no
analytical model is developed to explain the effect of double
channel MODFET. Our paper is an effort for derivation of I-
V characteristics and transconductance 2-D analytical model
for dual channel MODFETSs.

2. MODEL FORMULATION

Fig.1 shows the schematic crosssectional view of structure of
dual channel Aly3Ga,;N/ GaN MODFET, where L is length
of the gate metal of length 1 um. The gate electrode is made
of Au forming schottky junction between metal and AlGaN
cap layer of 3nm thickness followed by Si doped barrier layer
of 18 nm thickness. After barrier layer a spacer layer of 3 nm
thickness is used in between to reduce impurity scattering
then a 14nm thick GaN channel layer is formed for creating
2DEG channel in side it. After upper channel layer a graded
profile (m=3% to 6%) barrier layer of thickness 21 nm
follows.

SOURCE GATE DRAIM
F Y T T
it L L

d. =3 nm (UID AL :Ga, =N}

Ij'h]_ =18 nm [:I]—A.]{.__!,GE{._T}-_}
Na
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dy; =21 nm Al,Ga; N
{m graded from 3% to 6%

Fig.1. Two dimensional structure of Dual Channel
AlGaN/GaN MODFET epilayer on sapphire substrate
based on [6], total gate length (L)=1pm, work function of
gate region M (¢y) =5.3V, Gate width (W) =100pm,
Ng=2x10*'m™, N4*=1x10*°m

Due to optimum thickness of barrier layer it is assumed that
Si doped Algs Gags N layer is fully depleted under normal
operating conditions. It is also assumed that all electons as
charge carriers are confined in top and bottom channels and
forming 2-DEG for each channel.

Finally 2.5um GaN layer is grown on sapphire substrate to
accommodate bottom channel. The metal gate can control
charge in the top and bottom conducting channels formed at
hetrointerfaces of Aly3Gag7N / GaN / Al,Ga;.,N / GaN epi-
layers in the device. In double channel device structure the
source and drain contacts regions are uniformally doped with
higher doping profile of Ng* =10%® m™ to ensure that these
terminals behave as ohmic contacts.

For our depletion enhancement mode (normally on) HEMT
device the Si-doped barrier layers are fully depleted without
applying any gate bias. In this condition 2 DEG based
conducting channel is also formed for current conduction in
the device. Under influence of an applied external bias at the
gate terminal, the n-Al,Ga;.,\N barrier layer is depleted of
charge carriers partially at the hetrointerfaces due to electron
diffision into the channels and partially at the surface due to
presence of Schottky barrier [7][8][9]. For complete charge
modulation by the gate terminal, each channel regions must
completely overlap to deplete the n-AlGaN layers so that no
parasitic conduction path exists in device and only 2-DEG
high mobility electrons take part in current conduction
process in top and bottom channels.

Considering spontaneous and pizoelectric polarization at the
hetrointerface the sheet carrier concentration of 2-DEG in
upper channels is obtained [15] as

e(m)
qdq

(Vos = Vo (m) = Vs @) for 0 <x <
L (1)

ng (m! x) =

With e(m) as Al,Ga;.nN dielectric constant, and m=0.3 is
Al mole fraction in it, V¢ (x) as upper channel potential at
any point x along the upper channel, V as gate to source
bias, d;=dp;+ds*+d.+A4d; as separation between gate and upper
channel and 4d; depth of 2DEG in upper GaN layer from its
top edge.

Similarily, the sheet carrier concentration of 2-DEG in lower
channels is obtained as

€(m)

nyp(m,x) = T2 (Vys = Vi (m) Ve () for0<
x < L(2)

Where V(X) is channels potential at any point x along the
lower channel and d,=d;+d.;+dp,+Ad, is separation between
gate and lower channel where Ad, depth of 2DEG in lower
GaN layer from its top edge.

The device threshold voltages for upper and lower channels
are obtained [10] as

q(Ng—N¢)djy  opz(m)dy 3)

Vipr(m) = €(m) - Ag(m) — 2 €(im) e(m)

a(Ng—N¢)djy,  opa(m)dy @)

Vinz(m) = €(m) - Ag(m) — 2 €(im) e(m)
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where €(m) as the Schottky barrier height, Ag(m) as the
conduction band discontinuity at the Al Ga;.mN/GaN
hetrointerface. Ny is Si doping concentration of n-AlGaN
layer and N, is trap concentration of surface states, a,,,(m)
net polarization induced sheet carrier density at the
hetrointerfaces and obtained as

0p,(m) =[ Pgp(m) — Psp(0) + P, 1 (5)

Where Psp (m) and Psp(0) is spontaneous polarization of
AlGa;.mN and GaN material system[1][11][12].

In our model piezoelectric polarization depen on the amount
of strain developed at hetrointerfaces in order to
accommodate the difference in lattice constants of GaN and
AlGaN. For fully satrained device piezoelectric polarization
dependent charge density is given as

P -2 (522 (oym- enm ) o
0<m<l1
0 —
] = |2 (%5 (e
— e33(m) 13Em§) + Pgp(m)
for 0<m<l1
(6)

Whre a(m) is lattice constant es;(m) and esxp(m) are
piezoelecric constants and Cy3(m) and Csz(m)are elastic
constants [12][13].

When we increase Al mole fraction in barrier layer it results
in increase in lattice mismatch that further causes in strain
relaxation. In a partially relaxed device with Al,Ga;.,N layer
thickness between 18nm to 40 nm , the piezoelectric
polarization induced charge density obtained as [14].

Pre = (©)-a( C13(m)
[ a —a(m 13lm
2 a(m) ) (e31(m) — es3(m) C33Gm) )
for 0<m<0.38
2.33-35m C13(m) 7
2 (W) (331("1) - ess(m)ﬁ) Y
for 0.38<m < 0.67
\0 for 0.67<m<1

The above expression gives approximate range for which a
GaN/AlGaN material system based hetreointerface remains
completely strained and partially relaxed.

Table.1 Material parameters of Al,Ga;.,N/GaN for

e3;(m) piezoelectric constant (X,y) - 0.523C/m?
es3(m) piezoelectric constant (z) 0.949 C/m?
Ci3(m) elastic constant (X,y) 104.5 G Pa
C33(m) elastic constant (z) 395.4 G Pa
P (0)) spontaneous polarization GaN - 0.029 C/m?

Py (m)) spontaneous polarization Al,Ga;.mN - 0.038 C/m?

o low field mobility 370x10™* m¥V.s
E, Critical Electrical Field 190x10°V/m

A Electron saturation drift velocity — 2.1x10° m/s

Ad 2 DEG depth in GaN 10nm

m=0.30
Ry Parasitic Drain Resistance 3 0Ohm
R, Parasitic Source Resistance 3 0hm
a(0) lattice constant 3.1890 A
a(m) lattice constant 3.1659 A

2.1 Current Voltage Characteristics

Linear Region Model: Double channel device current can be
obtained using current density equation for upper and lower
channel as

dVC X kT dng(m,x)
L1 (m, %) = Zqu(x) (ngy (m, 30 T2 4 Lt ®L) - (g)
dVC X KT dngp(m,x)
IdZ(m' X) = un(X)( SZ(m X) 2( ) + q_ iix ) (9)

where Z is gate width, Vg (X) and V¢, (X) are potential in
upper and lower channels along x axis respectively, q is
electron charge, k is Boltzmann constant, T is ambient
temperature. The field dependent electron mobility in each
channel is obtained [16][17] as

u
W, ) = H(MOE——O)dVl() (10)

Ecvs dx

u
W, () = H(uoE——O)avZ() 11)

Ecvs dx

Where, Wy is low field mobility, E. is critical electric field,
and v, is saturation drift velocity of the electrons.

Using (1) and (10) in (8) we obtain

I4;(m,x) (1 + (#—0 Ec_vs)dvc—l(x)) =

E vg dx

2o 2 (V) —Va ) TR)  (12)

Similarly, using (2) and (11) in (9) we obtain

(1 ()28 -

20 2 (Vo) = V() TEY)  (3)

Where
KT
Vi1 = Vg = Vin1 (m) — " (14)
KT
Viz = Vg = Vin2 (m) — " (15)

Integrating (12) and (13) with boundary conditions for each
channel at x=0
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Ver () l=o = Taa (m)R; (16)

Ve2 ()l =0 = laz (MR 17
And

Ver ()=, = Vas —laa(m)(Rs + Ry ) (18)

Vea ()=, = Vas — la2(m)(Rs + Ry) (19)

Where, L is gate length, V, is applied drain bias, Ry and R,
are parasitic source and drain resistances respectively. The
current equation for upper channel is obtained as

—0z (m) £+ 0z (m)Z—401 (m)ag (m)

1 (m) = S (20)
Where,
E.—v
o, (m) = (“"E—V) (2R, + Ry)
Z'u() E(l%’l)s 2
- ( 2d1 (Rd + ZRst)
(21)

ap(m) = (#2L2) (Vg (Ry+Ry) + Via (M) (2R, + Ry)) -

L — Vg ("”EE—‘”) (22)
a3 (m) = (22 (Viy (m)V, — &) (23)

Similarly, current equation for lower channel is given by

B (m) B ()24, ()P (m)

Idz(m) = 2, (m) (24)
Where,
py(m) = () 2R, +Ry)
_ (Z“g(;(m) (R% + 2R,Ry)
(25)

B, (m) = (%2%) (Vi (Ry+R) + Vip (M) (2R, + Ry)) —

L= () (26)
B, (m) = (2 (v, (m)V, — %) @)

Thus, device current for linear region is obtained by
summation of both channels’ linear region currents, as

I;(m) = I, (m) + 15,(m) (28)

Saturation Region Model: In saturation region, at onset of
saturation the potential in both the channels attains drain

saturation voltage, Vy., 1 (m) and electric field attains critical
value E.. The current in saturation region in upper channel,
I4sac 1C2N be obtained from equation (20) by substituting Vy
by Ve 1 (m) obtained as

—02(m)+ 02 (m)2—401 (m)wz (m)

Visar1 (M) = 201(m) @)
Where,
oy (m) = Bm) + (224) <(”(;E_) - %) -
(e 1,41 &
(toctm) (3325%3(; FEL) -
dq Vs

2V, (m)BGm) + (22 £, v, (m)(3R, +2R,)  (31)

®5(m) = O(m)V2 (m) — (%) Vg (M)E,L —

3
(224™) VZ (m)E, (2R, + Ry) (32)

Where,

6(m) = (ZuOE(lm)E) (u(;fcv—s%) (2R, +Ry) -
(Zﬂodﬁl(m))

Similarly, the current in saturation region in lower channel,
I4sac 2 CAN be obtained from (24) by substituting Vy, by
Vysat 2 (M) obtained as

(R2 + 2RRy) (33)

—82(m)++/82(m)2 =481 (m)dy (m)

Vasaa () = 25,(m) (34)
Where,
o0 = 2+ (25 (4552) 1) -
(Zma—z(m))z Ec(Rs +Rq) (35)
Zpo e(m)Y (1o }?sz(fzr(lrzl):
( ds ) ( v + ECL) -

2V (m)A(m) + (22) £ v, (m)(3R, + 2R)  (36)

85(m) = A(m)V3 (m) — (2242) vy (m)E, L -

(2#0 (m)

- )3 VZ(m)E, (2R, + Ry) (37)

Where,

A(m) = (Z#OE(m)Ec) (MoEc—Vs>(2RS+Rd) _

Ec vg
(Z""—(m)) 5’ (R% + 2R.R,) (38)
d
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Thus, device current in saturation region is obtained as
Idsat (m) = Idsat 1 (m) + Idsat 1 (m) (39)

2.2 Transfer Characteristics

Transfer characteristics is relationship with variation of
drain current I; (m)with respect to variation in gate to source
voltage, Vg at constant drain to source voltage. It is obtained
as

I,(m)

Vgs Vds=constant

Device Trans-conductance: This parameter is important for
prediction of microwave performances and analysis of double
channel Al,Ga;.nN/ GaN HEMT high frequency behavior.

This parameter is evaluated for upper channel as

Gt (m) = Zn) (40)

Was ygs=constant

Using (20) in (40) we obtain upper channel trans-
conductance in linear region g,,;(m) as

gml(m) =
Zpg e(m)Y [ 2Rs+Ry Vs
( a ) (Zal(m) (1= 0 (m) - =5 >(41)

—401 (m)az(m)

Trans-conductance for lower channel is evaluated as

_ 0lga(m)
ng(m) - Vs

(42)
Vds

Similarly using (24) in (42) we obtain upper channel trans-
conductance in linear region g,,,(m) as

gmz(m) =

Zug e(m)\ [ 2Rs+Rq Vs
— 1-B,(m))— (43)
() B o) e

The device trans-conductance g,, (m) is obtained as
gm(m) = gml(m) +gm2(m) (44)

3. RESULTS AND DISCUSSIONS

In order to verify our derived 2D model for current voltage
characteristics and transconductance of dual channel
AlGaN/GaN MODFET, the results obtained from numerical
calculations have been compared with published
experimental data of fabricated device [6]. Following Fig. 2
depicts the cumulative current of both upper channel and
lower channel as obtained from the analytical model and
from experimental data. In this figure, the dash lines
represent the experimental results while the solid lines
display model data for various gate to source bias conditions.
Ploted results gives output characteristics of device in both
linear and saturation regions of device operation at various

gate to source biases starting at 1V with a step of -1 V. The
drain current of the device is increasing from approximately
470 mA/mm to 850 mA/mm with corresponding increments
in gate to source bias. On comparison we can say that plotted
results are in good agreement wih reported experimental data.
In our proposed model, the cumulative drain current is found
to vary with the distance of each of the channel from the gate
surface, depicting the current collapse in each channel is
dependent on channel distance from the device surface.
Current collapse also depends on trapping and detarpping of
surface states in device structure which is modelled in our
device threshold expressions for each channel. Device
threshold voltage can be calculated from threshold
expressions as stated above. It was revealed from analysis of
results that more current collapse occuers in the upper
channel closer to the device surface, whereas the lower
channel suffers minimal current collapse being at far
distance. Expressions also show that trapping/de-trapping of
surface states is also responsible for current collapse in GaN
based dual channel MODFETS.

1000
” eeecccca- -
’
800
B
£
<
E600
= > V=1V
g ’—-U-——--—----
£400
2
=
g
o
200
0 T T T T 1
0 3 6 ] 12 15
Drain to source voltage, Vds (V)
Fig.2 Variation of drain current with drain to source
voltage in 1x100um? double channel AlGaN/GaN
HEMT. Solid lines shows model and dash lines
shows experimental data [6].

Fig.3 gives relationship between variation of drain current
wih gate to source voltage at Vg = 10 V in 1x 100 um? gate
area device structure. This dual channel AlGaN/GaN
MODFET exhibit high current density with respect to
conventional single channel AlGaN/GaN HEMT and also
shows good control of gate voltage on device drain
current[18]. The plotted results shows good agreement
between model and the experimental data [6]. Minor
difference in values might be attributed to miute gate and
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substrate leakage currents that are generally more dominent
when the drain voltage rises to be more than the applied gate
bias.
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w
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12 -9 -6 -3

0]
Gate to source voltage, Ves (V)

Fig.3 Variation of drain current with gate to source
voltage of 1x100um? double channel AlGaN/GaN
HEMT for V, =10V.

Fig.4 shows variation of transconductance with gate to souce
voltage variation at VVds of 10 V. There are two peaks in this
curve proving double channel effects in derived model of
dual channel MODFET. The peak value of transconductance,
occurs near the gate bias at which 2-DEG charge density
reaches the equilibrium value is 140 mS/mm at the gate
voltage of -1.6 V. High transconductance in dual channel
MODEFET is due to bhetter charge control and improved
carrier transport in the dual channel HEMTSs. The reduction
in value of transconductance at upper Vg values, is a
characteristic feature and occurs becaue when 2-DEG sheet
charge density approaching the equilibrium value, the current
density becomes constant with the rise in gate to source
voltage. Our model double hump characteristics in
transconductence curve has been compared as reported by
Rongming et. al. [6], which corresponds to the effective gate
control on the upper and lower channels respectively. The
results obtained from our proposed model are in close
agreement with the published experimental data.

150 ~

= = Experimental [6]

—\/l 0 €]

Transconductance, Gm (mS/mm)

[+=]

T T T T
-12 -9 -6 -3 0 3
Gate to Source Voltage.V, (V)

Fig.4 Variation of transconductance with gate to source
voltage of 1x100pm? double channel AlIGaN/GaN HEMT
for Vds=10V.

4. CONCLUSION

The 2-D model of current voltage characteristics and
transconductance of dual channel AlIGaN/GaN MODFET has
been first time analysed by developing solid state physics
based analytical model which incorporate pizoelectric and
spontaneous polarization effects on GaN based device
structures. The expressions for both the top and the bottom
channel currents, have been obtained, by considering
trapping/detrapping of surface states thus ensuring accuracy
of our proposed model. The superiority of dual channel Al
Ga;.nN/GaN MODFETs in terms of overall current drive
capability and supression of effect of current collapse in the
device has been exmined. It is revealed that dual channel
AlGaN/GaN MODFET has higher transconductance, better
current drive capability and lesser current collapse than base
line single channel AlGaN/GaN MODFETs. The results
obtained from the developed model agree well with the
published experimental results within the reasonable range of
+ 5% thus proving accuracy of our proposed model.

From the above results it can be safely concluded that dual
channel AlGaN/GaN MODFETSs can be used to design high
power microwave amplifiers, high frequency oscilators and
modern radar and computer systems.
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