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Abstract—In this paper, a fraction-order model for pad parasitic
effect of GaN HEMT on Si substrate is developed and validated.
Open de-embedding structure is used to characterize and de-embed
substrate loading parasitic effects. Unbiased device measurements are
implemented to extract parasitic inductances and resistances. The
model shows very good simulation for S-parameter measurements
under different bias conditions. It has been found that this approach
can improve the simulation of intrinsic part of the transistor, which is
very important for small- and large-signal modeling process.
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1. INTRODUCTION

OWADAYS, GaN HEMT (high electron mobility

transistor) has proven to be an outstanding device for
high frequency and high power applications. This device is
typically built on SiC-substrate, which has excellent thermal
characteristics and provides higher lattice and thermal
matching [1]. To reduce its cost and improve its integration
capability, this device is also currently fabricated on Si
substrate [2]. With respect to the SiC-substrate, there are some
challenges including the lattice mismatch between GaN and Si
(= 17%) [3], which results in higher density of dislocation in
the GaN-substrate interface. These dislocations manifest
themselves as electron or hole traps [4], which are responsible
for trapping induced memory effect under large-signal of
operation [5]. These charges also cause parasitic conduction
through the Si-substrate, which has lower resistivity than the
SiC-substrate [6]. This substrate loading effect appears as a
mixed conductive and reactive behavior in the measured Y-
parameters of open structure of GaN HEMT on Si-substrate,
as shown in Fig. 1. RC networks have been used to model and
de-embed the parasitic effects of the gate and drain pad
connections of GaN HEMT [7]. In this paper, another
technique based on fractional-order element modeling is
applied, validated and compared with the previous approach in
[7]. One of the main advantages of fractional-order modeling
with respect to the integer-order modeling is the compact and
wide frequency range capabilities of the model. In particular,
fractional-order models make use of a generalized capacitor
element known as the Fractional-Order Capacitor (FOC) or
Constant Phase Element (CPE). This element has an

impedance given by Z =1/Q(jw)* , where Q is known as the
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pseudo-capacitance and a is the dispersion coefficient [8]. For
ideal capacitive behavior, without dispersion, o=1 and the
pseudo-capacitance Q in this case is equal to the capacitance C
measured in Farad. Note that Q does not have the exact unit
of Farad; and hence the notation “pseudo-capacitance” is used
instead of normal capacitor. Note also that the current-voltage
phase angle in this device is given by —ax/2 and equals
-z /2 only for ideal capacitive behavior. The phase angle
—ar/21is constant, however it does not imply orthogonal
voltage and current vectors. FOCs (CPEs) have been used in
the modeling of biological tissues and particularly for bio-
impedance measurements [9] and have also been extensively
used for electro-chemical material characterization [10]. A
special FOC is the Warburg element W [8] with an impedance
given byz, = A/\[jo . The magnitude of this impedance is

|Zy |= A/JJw and its phase angle is -45°. Note that A has the

units of Q- 4/rad /sec.
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Fig. 1 (a) A photograph of open structure for a 200x16pum GaN

HEMT on Si-substrate and (b) its measured Y-parameters

As it will be shown in Section II, the Warburg element; in
association with other classical integer-order circuit elements,
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was found to provide a better model that fits the measured
two-port impedance data.

II. GAN HEMT EQUIVALENT CIRCUIT MODEL

The small-signal equivalent circuit model, shown in Fig. 2,
has been used to simulate the small signal characteristics of
the depletion-type on-wafer GaN HEMT on silicon substrate
[11]. Resistors Ry Ry, and Ry represent contact and
semiconductor bulk resistances; while L,, L4, and L model the
effects of metallization inductances. In the drain and gate
extrinsic parts of this model, the R-W-C networks are
proposed to account for parasitic effects due to the pad
connections.

Intrinsic FET

R
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Fig. 2 (a) A photograph of 200x16pum GaN HEMT on Si Substrate
and (b) its proposed equivalent circuit model

In particular, while Cyq and C,q account for the typical pad-
connection capacitances, taking into account the significant
substrate loading effect of the device, shunt fractional-order
circuits are added to simulate this extra parasitic effect. The
circuits include Ry, and A, (respectively Rag and Agg) which
describe the parasitic conduction and fringing capacitance
between gate and source (respectively drain and source)
electrodes via the substrate. Ag, and Ags are the Warburg
elements (diffusion elements) values.

The open structure in Fig. 1 (a) is modelled by the proposed
equivalent circuit in Fig. 3. The circuit element values are
extracted by fitting 10 GHz measured Z-parameters of the
structure using a nonlinear least squares optimization
technique. Fitting the measured data to this model yields the
results given in Table I. The values of these elements have
been estimated with less than 2.5% absolute error. Figs. 4 and
5 show the fitted real and imaginary parts of Z11 and Z22 to the
measured data. These results are also compared in the same
figures with the Z-parameters simulation using the model

reported in [7]. The proposed model shows better fitting
especially in the low frequency range.

Fig. 3 Equivalent circuit model for the open structure in Fig. 1 (a)
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Fig. 4 Measured and simulated Zi10f open structure for a 200x16pm
GaN HEMT on Si-substrate

TABLEI
EXTRACTED PARAMETERS OF OPEN DE-EMBEDDING STRUCTURE CIRCUIT OF
A 200x16uM GAN HEMT ON SI-SUBSTRATE

Cye Cua Ree Rad Agg Aga
®F)  OF) (@ (@ (MQ-rad/sec)  (MQ-+rad/sec)

0.09 0.10 1154 1169 1.383 1.053
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Fig. 5 Measured and simulated Z22 of open structure for a 200x16pum
GaN HEMT on Si-substrate

I11. UNBIASED GAN HEMT EQUIVALENT CIRCUIT MODEL

For depletion-type FET such as our device, under Vps =0V
and Vgs = 0 V, the device is at triode (ohmic) mode of
operation. The intrinsic part of the device at this condition can
be represented by the equivalent circuit in Fig. 6 [13]. The
measured S-parameters of the device under this unbiased
condition are converted to Y-parameters. Then Y, and Y2, of
the open structure are subtracted from the Y-parameters of the
device to remove the substrate loading effect. These de-
embedded Y-parameters are then converted to Z-parameters
that can be expressed as

1 Ry ; . aC4Rg,
Z, =Ry +R += Ry +—— 2+ jofly + L - j—— (1)
27 1+0°CyRy, 1+@’CRy,
Z, =Ry + Ry + Ry, + joo(Ly + L) ()
1 .
Z; =2y =R+ Ry + jol 3)

At high frequency, Zi; can be approximated by:

1 1 . o1
Z,=R,+R +=Ry+———+ jolL, +L)- j— - (4
11 g S P ch a)zcngdy (g S) a)Cg

Thus, the inductances are extracted from the slopes of the
curves for the imaginary part of Z-parameters (wIm[Z;])
versus @’ by linear fitting (see Fig. 7 (a)). Ignoring R, initial
values for the extrinsic resistances Ry, Rq and Ry can be
extracted from the real parts of the Z-parameters (Re[Zj]).
However, the residual capacitive effect represented by
1/w*C¢’Ryy produces nonlinear frequency dependence in the
curves of the Re[Zj]. This effect can be reduced by
multiplying these parameters by ®? and the thus resistances
can be extracted from the slopes of ®*Re[Z;j] versus ®? as it is
presented in Fig. 7 (b). The extracted values of the inductances
and resistances are listed in Table I1.

Fig. 6 Cold unbiased equivalent circuit of GaN HEMT on Si substrate
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Fig. 7 (a) Inductance and (b) resistance extraction from unbiased Z-
parameters of 3.2-mm GaN HEMT at Vgs =0 V and Vps = 0V
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To use GaN HEMT as a switch, the model should
accurately simulate the device behavior at two extreme cases
of the gate voltage. The OFF state, which can be implemented
by Vgs <V, (pinch-off voltage); while the ON state that can
be implemented by Vgs = 0V for the considered depletion type
device.

TABLEII
EXTRACTED VALUES FOR THE EXTRINSIC INDUCTANCES AND RESISTANCES
OF A 200X16uM GAN HEMT ON SI SUBSTRATE

LeeH) LaeH) LipH) Re(©) Ri(@Q) R(©Q)
1707 1962 137 087 094 035

IV. PINCH-OFF GAN HEMT EQUIVALENT CIRCUIT MODEL

Under cold pinch-off (Vps =0 V and Vgs<Vp) GaN HEMT
can be simulated by the equivalent circuit model in Fig. 8 [12].
Under this condition, the intrinsic conductive elements have
negligible effect and thus the intrinsic FET could be
represented by a capacitive T-network (see Fig. 8). Cys and Cga
describe the depletion region capacitance; while Cgs is the
electrostatic capacitance between the drain and source.

Ri L D

G L, R.

Fig. 8 Cold pinch-off equivalent circuit of GaN HEMT on Si-
substrate

The measured S-parameters at this bias condition are
converted to Y-parameters. Then the open structure Y-
parameters are subtracted from the pinch-off Y-parameters to
remove the substrate loading effect. The de-embedded pinch-
off Y-parameters are then converted to Z-parameters to
remove the effect of metallization inductances and
access/contact resistances represented by the extracted values
in Table II. After de-embedding the extrinsic elements, the de-
embedded Z-parameters are converted to Y-parameters to
characterize the intrinsic FET that can be represented by

Vi1 = jolCgs +Cqq) ®)
Y23 = jolCqs +Cgq ) (6)
Y2 =Y21=-joCgyq- @)

Thus, the values of Cg, Cgq and Cgs can be extracted from
slopes of the curves of intrinsic Y-parameters. This procedure
has been applied to cold pinch-off 10 GHz S-parameters of the
same considered 3.2-mm device at Vgs = -2.5 V and Vps=0 V.

Fig. 9 shows the model simulation for the measured pinched-
off S-parameters of the device. As it can be seen, the model
simulates the measurements in an excellent manner, which
accordingly validates the proposed equivalent circuit model.
The extracted values of Cg, Cgq and Cqys are 1.58 pF, 1.58 pF
and 0.38 pF, respectively.

Fig. 9 Measured (symbols) and simulated (lines) pinch-off S-
parameters of a 200x16pum GaN HEMT on Si Substrate at Vags = -2.5
V and Vps = 0V for frequencies from 0.1GHz to 5 GHz

V. CONCLUSION

The results of this paper prove the applicability of using
fraction-order elements such as the Warburg element to
simulate transistor parasitic capacitances. The model showed
an accurate simulation for S-parameters measurements. This
approach could be improved to model the intrinsic of active
devices, which is useful for efficient small- and large-signal
modeling applications.
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