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Improved RF Modeling Techniques for Enhanced
AlGaN/GaN HFETs

S. Nuttinck, E. Gebara, J. Laskar, J. Shealy, and M. Harris

Abstract—Modeling procedures of an AlGaN/GaN HFET that
incorporate the effects of both a GaN cap layer and an AlN sub-
buffer layer are presented. A single off-state measurement method
to extract all eight parasitic elements of an enhanced HFET has
been successfully applied. In addition, procedures to model the
nonlinear drain-to-source current characteristics featuring a kink
are described.

Index Terms—AlGaN/GaN HFETs, nonlinear modeling, small-
signal modeling.

I. INTRODUCTION

A lGaN/GaN HFETs offer important advantages for high-
power microwave applications such as phased array an-

tennas and base stations [1], [2]. Different GaN-based device
structures are being considered and researched to improve the
transistors reliability and performance. This paper focuses on
devices in which a GaN cap layer, and an AlN subbuffer layer
have been added to the HFET layer structure with the objective
to improve the gate-drain breakdown voltage [3], and the GaN
buffer layer quality [4]–[7], respectively. In the studied HFET,
the modifications result in a steady kink in the current character-
istics. The AlN subbuffer layer is sometimes attributed to be at
the origin of this feature [8]. Since an accurate model is essen-
tial to fully benefit from the device’s high performance in circuit
design, parameters extraction and modeling procedures that in-
tegrate the effects of the cap-layer and of the subbuffer layer
must be implemented. When modeling a device high-frequency
and nonlinear characteristics, a precise extraction of its parasitic
elements is critical since it influences the determination of the
intrinsic elements values. The conventional Cold-FET method
[9], [10] used for on-wafer parasitic elements de-embedding re-
quires forward and reverse bias small-signal measurements, as
well as a relation for unequivocal determination of the resis-
tive elements. Because of the GaN cap layer, forward biasing
the studied AlGaN/GaN HFET’s results in a high gate-to-source
polarization leading to more delicate extraction procedure. We
propose in this paper to extract all eight parasitic elements from
a single off-state ( , V) measurement.
This technique simplifies the modeling procedures and does not
require forward biasing. Very good agreement between the mea-
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Fig. 1. HFET equivalent circuit model.

sured and the simulated small-signal parameters have been ob-
tained using this modeling method without a final tuning rou-
tine. Also, procedures to model the nonlinear current character-
istics (kink) are presented.

In Section II the improved method for parasitic elements ex-
traction is successfully applied in the small-signal modeling of
an enhanced AlGaN/GaN HFET, and, Section III presents the
innovative technique to model the device nonlinear current char-
acteristics featuring a kink.

II. ENHANCED DEVICE STRUCTURE

The studied transistors are 12-finger devices with a total gate
width of 1.5 mm and a gate length of 0.3 m, resulting in a
cutoff frequency above 40 Ghz. A 50 Å thick GaN cap layer is
grown on top of the AlGaN barrier to decrease the gate leakage
and improve the breakdown characteristics [3]. Also a 200 nm
thick AlN subbuffer layer is grown between the SiC substrate
and the GaN buffer to reduce the stress due to lattice mismatch
and improve the GaN crystal quality. This results in better device
performance and reliability [5]. Power densities in the X-band
above 10 W/mm have been reported using similar structures
[11].

III. IMPROVED RF MODELING METHOD

A standard Hybrid-Pi topology (Fig. 1) is used to simulate
the small-signal characteristics of an AlGaN/GaN HFET (gate
width 1.5 mm) from 1 GHz to 12 GHz. The elements outside
the dotted box represent the extrinsic part of the device. They
result from the metal traces and the probing pads.

The method to extract all eight parasitic elements combines
the reversed Cold-FET procedure [10], and an LDMOS mod-
eling technique [10]. The “active” part of a pinched-off FET
at V is a depleted region that can be modeled by a
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Fig. 2. Extraction procedure for the determination of the resistive parasitic
elements values.

Fig. 3. Extraction procedure for the determination of the inductive parasitic
elements values.

symmetric capacitive network (Fig. 1) [11], [12]. This results in
simple expressions for the imaginary part of the device’s -pa-
rameters that are used to extract the pad capacitances ( and

) [10]. These parasitic capacitances are de-embedded from
the measured -parameters, which are converted to -param-
eters. These -parameters contain the contribution of the para-
sitic inductive ( , , ) and resistive ( , , ) ele-
ments, as well as the contribution of the depletion region. They
can be expressed through [12]

(1)

where the capacitor describes the total depletion capacitance
under the gate. The real part of these quantities is used to deter-
mine the parasitic resistances ( , , ) (Fig. 2), and the
imaginary part is used for parasitic inductive elements ( , ,

) extraction (Fig. 3). In Fig. 2, the measured characteristics to
determine the values of the access resistances exhibit a constant
drift with frequency of 0.1 /GHz. The resistances values are
extracted in the middle of the frequency range.

All 8 parasitic elements being determined, the intrinsic el-
ements can be calculated at any bias points from the intrinsic

Fig. 4. Comparison between modeled and simulated results from 1 to 12 GHz.

-parameters [10], [13]. For the studied device, the extracted
parasitic elements are 51 fF, 36 fF, 2.7 , 2 , 0.9 , 65 pH,
71 pH, and 0.2 pH, for , , , , , , , and

, respectively. The coherency of the method is confirmed by
the good agreement between the measured and simulated -pa-
rameters (Fig. 4).

IV. NONLINEAR CURRENT MODELING

In applications where is well above the frequency of
operation, the device current-voltage characteristics dominate
its nonlinear behavior [14], making the modeling of the channel
current critical for accurate simulation. Nonlinear drain-to-
source current ( are commonly modeled by [15]

(2)

where the polynomial terms contain information about pinch-off
and saturation. For corresponding to an open channel
away from saturation, only the first order term is considered.
In this case the device characteristics featuring a
kink (Fig. 6) can be modeled by considering a bias-dependent
threshold voltage (

(3)

where is a parameter with the units of conductance, and
is a linear relation that defines the knee of the current

characteristics. The case , const cor-
responds to kink-free current characteristics. By fitting to (3) the
part of the current characteristics where is constant (part of
the curves on the left side of the kink) it is possible
to extract parameters , , and . Then, subtracting
these modeled kink-free characteristics to the measured kinked
current characteristics, modeled with (3), leads to the expression
of ,

(4)
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Fig. 5. dI =dV at various V for V determination, and extracted
and modeled V parameter.

Fig. 6. Measured and modeled drain-to-source current characteristics.

where is the difference between the measured current
characteristics (with kink) and the modeled current curves
(without kink). Bias-dependent has an asymmetrical step
shape (Fig. 6), and can be modeled by

(5)

where expresses the maximum variation of ,
determines the position of the step relatively to the drain
bias, and controls how asymmetric the step is. The
variation of is similar to the variation of the drain
voltage that maximizes ( . In Fig. 5
we observe that the kink starts at higher values of when
increasing the gate bias. Finally, is modeled with

(6)

Best fits were obtained for V, V, V,
V, V. is modeled using a linear

relation. An optimization routine gives V, and
.

Fig. 6 shows extracted and modeled data for the threshold
voltage. Finally the model of the threshold voltage is used to
calculate the drain current using (3). The simulated current char-
acteristics agree well with the measured data over the bias range
where self-heating is not dominant (Fig. 6).

The fitting equations used in the model not only accurately
predict the drain-to-source current characteristics, but enable
derivation with respect to and , that is crucial for pre-
diction of the fundamental frequency, of the harmonics gen-
eration, and of the power added efficiency, under large signal
operation.

V. CONCLUSION

A single off-state measurement method that does not require
any current flowing between the gate and the source has been
successfully applied to accurately extract all the parasitic
elements in equivalent circuit RF modeling of an enhanced
AlGaN/GaN HFET. In addition, procedures to model the
nonlinear drain-to-source current characteristics featuring a
kink are described.
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