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Static performance model of GaN MESFET based on the interface state*

Xiaohong Lif, Ruirong Wang, and Tong Chen
Department of Electronic Engineering, Taiyuan Institute of Technology, Taiyuan 030008, China

Abstract: This paper presents a new model to study the static performances of a GaN metal epitaxial-semicon-
ductor field effect transistor (MESFET) based on the metal-semiconductor interface state of the Schottky junction.
The I-V performances of MESFET under different channel lengths and different operating systems (pinch-off or
not) have been achieved by our model, which strictly depended on the electrical parameters, such as the drain-gate
capacity Cyq, the source—gate capacity C,, the transconductance, and the conductance. To determine the accuracy
of our model, root-mean-square (RMS) errors were calculated. In the experiment, the experimental data agree with
our model. Also, the minimum value of the electrical parameter has been calculated to get the maximum cut-off
frequency for the GaN MESFET.
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Supplementary Section 1

Potential and electric field calculation

Due to the difficulties imposed by the edge effects, several simplifying assumptions were modeled for the active region of
the channel of MESFET. Assuming that the channel length was much greater than its thickness in the space charge region, the
variation of the electric field in the structure direction was much larger than in the longitudinal direction. The Poisson equa-
tion reduces to:

d?V (x.)
gt e Nale. (M)

where V(x, y) was the total electrostatic potential variation across the space charge region, € = &) £g,an, &9 Was the vacuum per-
mittivity, g,y Was the dielectric constant and Ny the donor density.

The two sides of the Eq. (1) were integrated between /(x) and y, with the proviso == d( ) =0aty=h. We obtain:

dV(x, 1 Y 1 ()
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where /(x) was the thickness of the space charge region at a point x of the channel.
Otherwise, the expression of the channel voltage in the plane following x, V(x, y) can be deduced:

h(x)
Vix,y)== f YNg (x,y)dy + Vg — Vyy;. 3)

V1, was the Schottky barrier voltage and V, the gate voltage.

For a uniform doping and a space charge region (SCR) empty from carriers, we have Ny(x, y) = Ny, and Eq. (3) becomes:

V= L9204 Ve~V @)

dV(x dv(x,y) dV(x,y)  dh(x)

under the form T X dx
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Fig. S1. (Color online) Active region of the MESFET

dv(x,y)
dh(x)

= Zh(0Na(h (). 5)

The electric field in the SCR was deduced by E = -V (V):

N,
Ey() = T4 5-hw), (6)
Ex(v) = -2 (1 420 %)
& dx

In the following, hypothesize the gradual channel and use similar triangle properties to calculate the expression of the thick-
ness of the space charge region at a point x of the channel 4(x) based on its values on source side /4, and drain side /4

hs_hd

h(x) = X+ h. ®

The calculations above neglect the contribution of SCR under the free surface in the potential.

Supplementary Section 2

Devices with interface states have the higher gate leakage. Therefore, controlling the thickness of the channel by the gate
potential was weaker. Taking into account the interfacial states causes a non-ideality of the MESFET Schottky barrier. The inter-
facial states have consumed a finite quantity of V. The potential amplitude which varies the channel height was different
from the applied V. In such circumstances, a simulation done by considering V, as a variable cannot predict the behavior of
the device accurately.

Vs [The gate—source region] = Vgs [Interface region] + Vgs [Depletion region] . 9)

As the above expression indicates, the applied voltage was consumed by the interfacial states. If the states density at a Schot-
tky junction interface was high, the contribution of ¥ [Interface region] was too high to be ignored. What was observed experi-
mentally would not agree to the theory of GaN MESFET. To solve this problem and set the exponential nature of the density
of states, the following expression was given to change V:

V.
gS
Veg= ———. (10)
o xeVs
The parameter x was an adjustment variable that simulates the quality of the Schottky barrier. As x = 0, the Schottky barri-
er was supposed to be perfect and the interface states effects were negligible. Thus, modeling becomes more flexible, so each
GaN device has a specific variable x, which gives us an idea about the quality of the metal-SC junction.

Knowing that:

2¢e Vs )1/2
hg =|— |V — ———— (11)
’ [qu( b eV
2e Vs )]/2
hy=|—Vy; +Vq4— ————— , 12
d [qu( bi™Td 1+ xeVes (12)
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Fig. S2. (Color online) Parasitic resistances in the GaN MESFET.

12
, (13)

2¢ Vs
h(x)= [— (V(x)+ Vi — —)
qNg o eV

the drain current expression becomes of the form:

Ve V32 o Voo \3/2
(vbi+vd— = ) (vbi gsv) ) (14)
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where Z is the channel width, « is its thickness and L its length.
This expression, that gives the drain current versus the two polarization voltages, will be rewritten differently according to
the operation region (turn-on or the pinch-of region), which depends essentially on V.

First, the linear region, where the drain current varies linearly with the drain voltage Vy; in this case, the drain voltage re-
spects the condition: Vy <« ViV

Iy

Therefore, the expression of drain current is:

3/2 3/2
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Second, the saturation region, in which the current saturates at /.

Va = Vasat = Vp = Vi + VesT- (16)

Therefore, the expression of drain current becomes:
o Vis o Vis 3/2
— Voi 1+xe"ss 2| Voi 1+xe"es ith - _ (qu)ZZa3:u0 1
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To obtain the extrinsic performances of the device (Iys, Vs, V), we have to take into account the effect of the source and
the drain access parasitic resistances R and Ry respectively. Also, the effect of the resistance R, parallel to the channel, is due
essentially to the dispersive effects of the substrate.

To get the real expressions of I s performances (Vys, Verp), just replace the intrinsic terms by extrinsic terms in all previous
relationships.

Va = Vgs — (Rs + Rq) 14, (18)
Vg = Vet — Rsly, (19)
Ig=1Ias— (Va/Rp). (20)

The resistances “R and R,” are obtained from the following expressions:

Lgs

Ry= —= 4Ry, 21
= e o @1


http://www.jos.ac.cn

J. Semicond. 2018, 39(12) Xiaohong Li et al.

Ri= g 22)
47 ZaNguy " 0"

where L, and Lyq are the distances between the gate and source, and the gate and drain respectively. R, Roq give the resist-
ance of the Ohmic contact of the source and the drain respectively.

The current expressions are rewritten again as follows:

3/2 3/2
Va—Rs+Ra)lg  2(Voi— Ve +Va—Rsly 2( Vi = Vegt + Rslg
I4(Vg, Ve, R, Rq) = Ip By -z 4ot T RS ) (23)
( ) Vp 3 Vp 3 Vp
Linear regime:
Vii = Vet | /?| [ Vs = (Rs +Ra) Ig
Ig(Vq. Vg Rs.Rq) = Ip | 1 - vy B Rt (24)
p p

Saturated regime:

[1 + {(Vs (Vds - (RS +Rd) Id))}3/ﬂnL3Ec4]

Lysar = IpB) 3 +3

1 (Vii—Ve+RsIg\ 2(Vii—Vor+Rli\3/?
__( bi— g Sd) ( bi— Yeff sd) with: By =By =

Yp 3 Vo [1+(Vas = (Rs +Rq) Iq) / LE]
(25)
Supplementary Section 3
The current density in the canal can be estimated by the Ohm law as below!3!:
sz (X,y,Z)Ex- (26)

where o(x, y, z) was the canal conductivity, p(x, y) was the fixed charges density in the depopulated region, and the mobile
charges density in the conductive channel region at a point (x, y, z) for an n-channel transistor was given by —p(x, y):

Jx=p (Y H(Ey), 27
where u(E,) was the carrier mobility.

The drain current, counted positively in the sense drain—source, was obtained by integrating (—J,) on all the conductive sec-
tions of the channel:

Ig=—[Jxds=—[p(x,y)u(Ex)ds. (28)

The drain current depended on the electric field £,(x), the amount of charges Zp(x, y) (where, Z is the channel width) and
the carrier mobility x(E,) between the gate and the drain. Hence, the drain current was calculated as:

I =Ex(x)u(Ey) }{ zp (x,y)dy =z (Ex) Ex (x) }{ p(x,y)dy, (29

Ig = —z(Ex) Ex[Q(a) -Q(W)], (30)

where /4 is the channel depth, and a is the maximum depth.

Supplementary Section 4

Islam et al. model [Solid State Electron, 2004, 48, 1111-1117] was a seven-parameter nonlinear current—voltage (I-V) char-
acteristics model to develop the sub-micrometre range GaAs MESFETs. In Islam's model, the effects of both drain-to-source
voltage, Vpg, and gate-to-source voltage, Vg, on the output conductance, g4, have been incorporated. In our model, based on
the interface states of the metal-semiconductor junction, a differential equations system has been designed by formulizing the
seven-parameters (e.g. the gate-to-source voltage, drain-to-source voltage, drain current, transconductance, conductance, the ca-
pacitance of gate—source and gate—drain). Also, the effect of the parasitic resistances of the source and drain (R, & Ry) was
taken into consideration in the development of this model.
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