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In this paper, a new current expression based on both the direct currect (DC) characteristics of the AIGaN/GaN high
election mobility transistor (HEMT) and the hyperbolic tangent function tanh is proposed, by which we can describe the
kink effect of the AIGaN/GaN HEMT well. Then, an improved EEHEMT model including the proposed current expression
is presented. The simulated and measured results of /-V, S-parameter, and radio frequency (RF) large-signal characteristics
are compared for a self-developed on-wafer AlIGaN/GaN HEMT with ten gate fingers each being 0.4-pum long and 125-um
wide (Such an AlGaN/GaN HEMT is denoted as AlIGaN/GaN HEMT (10 x 125 um)). The improved large signal model
simulates the /-V characteristic much more accurately than the original one, and its transconductance and RF characteristics

are also in excellent agreement with the measured data.
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1. Introduction

The AlGaN/GaN high electron mobility transistor
(HEMT) has a very broad prospect in applications in the areas
of high frequency,!!! high temperature,?! and high power’!
due to its promising performance such as high breakdown
field, high thermal conductivity, high saturated electron drift
velocity, and high electron mobility. With the substrate of sil-
icon carbide with excellent thermal properties, GaN HEMTs
are optimal for high-power radio frequency (RF) applica-
tions. In recent years, GaN HEMTs with different structures,
such as an enhancement mode (E-mode) HEMT!*! and metal—
insulator—semiconductor (MIS) HEMT,! have been devel-
oped. Despite the continuous improvement of GaN HEMTs,
the kink effect is still a key issue in research. The kink ef-
fect resulting from the shift in threshold voltage, appears as
an increase of varying degrees in drain current in a certain
drain/gate voltage range.!® The drain voltage, which causes
the kink effect, has a complicated relationship with the bias
condition.”! By using Matlab simulation, a semi-empirical
model about the kink effect on AlIGaN/GaN HEMT was es-
tablished by Ma ez al.®]

The design of AIGaN/GaN HEMT-based power ampli-
fiers requires a large signal model for the devices used. The
accuracy of the model is a key factor that determines the re-
sults of the circuit and system design. Therefore, the study of
the model of transistors is a basis for computer aided design
(CAD) and the microwave circuit design. In past years, many

DOI: 10.1088/1674-1056/23/8/087201

large-signal models have been proposed to investigate the di-
rect current (DC) and RF characteristics of the GaN HEMT.
However, few of them are for the kink effect. The large-signal
model including the kink effect is still under research.

In this paper, we propose a new current expression based
both on the DC characteristic of the AlGaN/GaN HEMT and
hyperbolic tangent function tanh to describe the kink effect of
the device. Then we incorporate the current expression into
the EEHEMT model, keeping the merits of the original model
unchanged. This model for the kink effect is based on the test-
ing data; in theory, it can be used for any type of AIGaN/GaN
HEMT with a kink effect. The simulated and measured re-
sults of I-V, S-parameter, and RF large-signal characteris-
tics are compared for a self-developed on-wafer AIGaN/GaN
HEMT with a gate length of 0.4 pm and a gate width of
10 x 125 um. The improved model simulates the kink effect
accurately, while the simulated DC and RF characteristics are
in excellent agreement with the measured data.

2. Extraction procedure

Figure 1 shows the proposed EEHEMT model for an Al-
GaN/GaN HEMT. The equivalent circuit contains both intrin-
sic and extrinsic elements. In this circuit, two quasi-static gate
current sources, Igs and Igq and two quasi-static gate charge
sources, Qgc and Qyy, are used to describe the condition and
displacement currents.[”! The extrinsic elements are first ex-
tracted by the “cold-FET” technique. The pad capacitances
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Cgp and Cyp are determined from the cold pinch-off (Vys = 0,
Ves<Vin) S-parameter, and the extrinsic resistances and induc-
tances are extracted from the cold-forward (Vg5 =0, Vgs =2 V)
After de-
embedding the extracted extrinsic elements from the measured

S-parameter following the process in Ref. [10].

S-parameters, we obtain the intrinsic Y-parameter. By linear

fitting under a certain bias condition, we obtain the values of

the linear intrinsic elements.['"]
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Fig. 1. Improved EEHEMT model for AIGaN/GaN HEMT including kink
effect. The values of the extrinsic and linear intrinsic elements correspond
to on-wafer AlIGaN/GaN HEMT (10 x 125 pum).

In the extraction of DC parameters, we measure the Iys—
Ves characteristic curve and calculate its first three derivatives.
By fitting the measured gn—Vgs curve, we obtain the values of
the DC parameters Gmmax, Vgo, Veo, Vio, Alpha, DELTGM,
Vba, and Vi in the EEHEMT model.
of DC parameters, we extract the AC parameters. The ex-

After the extraction

trinsic elements and linear intrinsic elements have been ex-
tracted above. In the EEHEMT model, the output capacitance
is a constant Cys,. The gate—source and gate—drain capaci-
tance vary with bias voltage. We measure S-parameters un-
der different bias conditions and correspondingly extract Cgg
and ng.[m] Then we fit the curves of Cys—Vys and Cgs—Vyq t0
obtain the values of Cllo, Cl11th, Deltgs, Deltds, Vinfl, and
Lambda. The Cgq is modeled by Cl2sat (input transcapaci-
tance for Vs = Vinfl and Vys > Deltds) and Cgdsat (gate drain
capacitance for Vg > Deltds).

3. Model of kink effect

The kink effect is found in many types of semiconductor
devices.!'!l It results from the shift in threshold voltage. The
phenomenon of the kink effect appears as an increase of vary-
ing degrees in the drain current in a certain drain/gate voltage
range. When Vg and Vg, vary in forward or reverse modes,
the DC I-V curves will change slightly, which is ubiquitous in
AlGaN/GaN HEMTs. In different sweep conditions, the kink
effect area will exhibit a shift, but it is very tiny and can be
neglected. Neither the speed nor step of the voltage sweeping
has an effect on the DC curve. To describe the current varia-
tion, we propose a new expression for the drain current of the
device. The new current expression is based on both the DC

characteristics of the device and the hyperbolic tangent func-
tion tanh, and shown below
Aly Al - (Vas — Vaki
7d_|_7d -tanh[ ( ds dkmk)
2 2 AVy/2
Figure 2 shows the meanings of Aly, AVy, and Vykink in

Lakink (Ves, Vas) = (D

Eq. (1). Aly is the current increment caused by the kink ef-
fect. Vykinko 1S the drain—source voltage where the kink effect
starts to occur and Vgyink1 18 where the kink effect ends. Vgyink
is the drain—source voltage where the drain current increases
fastest in the kink effect area. Ijo and Iy; are the drain cur-
rent at Vgginko and Vgxink1, respectively. So, Aly = Iy — Iqo and
AV4 = Vikink1 — Vakinko- In Eq. (1), & is a correction factor to
optimize the simulation results.
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Fig. 2. (color online) Meanings of the parameters in the kink effect area.

To ascertain the domain of the kink effect, we take the
first derivative of the drain current Iy with respect to drain
voltage Vs according to the DC current curve. The domain of
the kink effect can be determined by the two points at which
the first derivative of Iy with respect to Vg is zero. Figure 3(a)
shows the curves of the derivative of the drain current Iy, with
respect to drain voltage Vg under different gate bias voltages.
From the curves, we can ascertain the domain of the kink ef-
fect and then obtain the values of Vikinko and Vgkink1 by reading
the zero point. When the DC current is small, the first deriva-
tive is always larger than zero so that the starting voltage point
is not obvious. We approximate the starting point where the
first derivative of Iys with respect to Vs reaches the minimum
value. By reading the voltages where the derivatives reach the
maximum value in the kink effect range, we obtain the values
of Vikink-

Afterwards, Aly, AVy, and Vgginx shown in Fig. 2 can be
determined immediately. Figures 3(b)-3(d) show the varia-
tions of Aly, AVy, and Vykink with Vg, respectively. Accord-
ing to the extracted parameters, we fit the curves of Alj—Vi,
AVy—Vys, and Vyyink—Vys by using second-order polynomials as
shown below

Aly = al*vgsz + bI*Vgs +ci, )
AVy = av*vgsz +bV*Vgs +cv, 3
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Vitkink = ax " Vs> + by Vigs + ck.

“4)

By substituting all these parameters into Eq. (1), we can
calculate the value of Igink. By subtracting Igkinx from the
original simulated drain current and tuning the correction fac-

AV,/V

Ves/V

tor ¢, we can obtain the Iy with the kink effect. To improve
the DC I-V characteristics of the EEHEMT model, we add the
kink effect model to the original large-signal model as figure 1

shows in advance design system (ADS).
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Fig. 3. Meanings of the parameters in the kink effect area.

4. Experimental verification

In order to validate the accuracy of the improved EE-
HEMT model, we implement it in ADS and then verify
it by independent measurements. The AlGaN/GaN HEMT
(10 x 125 um) on wafer is developed at the Xidian Univer-
sity and measured for DC and AC characteristics. Figure 4
The undoped Al-
GaN/AIN/GaN heterostructure layers are grown on a 2-inch

shows the cross section of the device.

(1 inch = 2.54 cm) 4H-SiC substrate by metal-organic chemi-
cal vapor deposition (MOCVD). Next, a 100-nm thick AIN nu-
cleation layer is deposited. Then, a 1.6-um thick GaN buffer
layer is grown, followed by a 1-nm AIN interlayer and a 20-
nm thick undoped AlGaN barrier layer. Hall measurements
show a sheet carrier density of 1.3 x 10!3 cm™2 and an elec-
tron mobility of 1750 cm?/Vs. The sheet resistance is approx-
imately 300 /] at room temperature. Isolation is realized by
Cly-based dry etching with a depth of 150 nm. Ti/Al/Ni/Au
source and drain electrodes are then formed by electron-beam
evaporation and annealed at 870 °C for 30 s. SiN passivation
is achieved with plasma-enhanced chemical vapor deposition
(PECVD) and its thickness is 60 nm. The gate recess was
achieved by plasma etching. The gate footprint (Lg = 0.4 pum)
is opened by etching SiN using CF4 plasma. Next, the Schot-

tky gate was formed by Ni/Au/Ni. The gate—gate, gate—source,
and gate—drain spacings are 40 um, 0.7 um, and 2.8 pm, re-
spectively.

SiN
20 nm Aly3Gag 7N

1 nm AIN interlayer

1.6 um GaN

100 nm AIN nucleation layer

SiC substrate

Fig. 4. (color online) Structure and photograph of the GaN FET.

We model the device following the extraction procedure
we presented above. The values of extrinsic and linear intrin-
sic elements are shown in Fig. 1. The extracted DC, AC, and
kink effect parameters are shown in Table 1.

The performance of the improved EEHEMT model with
the kink effect is validated by comparing the fitting results of
the /-V characteristics with the results of the original model.
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The DC characteristics of the 1.25-mm-wide device are mea-
sured with the value of Vs varying from 0 to 20 V in steps
of 0.5 V and the value of Vs changing from —3 V to 0.5 V
in steps of 0.25 V. Figure 5(a) shows the comparison between
the simulated results of the original EEHEMT model and the
measured results. It indicates that in the high voltage area,

the model fits to the measured curve well. However, in the
kink effect domain, the disagreement between the simulated
and measured results is obvious. Figure 5(b) shows the fitting
results of the improved EEHEMT model with the kink effect.
As can be seen, an excellent fitting is obtained for the entire
bias range.

Table 1. Values of extracted DC, AC, and kink effect fitting parameters.

DC |Gmmax/S  Vg/V Veo/V Vie/V ALPHA/V DELTGM/V~! W./V Vie/V
0.32 —2.05 —1.55 —2.9 0.01 0.05 0.5 1.5
Kink AC Cllo/pF C1lth/pF Vinfl/V Deltgs/V Deltds/V  Lambda/v~' Cl2sat/fF Cgdsat/{F
effect
4.89 1.0 —2.43 1 0.01 0.005 110.6 250.0
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Fig. 5. (color online) Simulated (lines) and measured (circles) DC
I-V characteristic results of (a) the original EEHEMT model and
(b) the improved EEHEMT model.

To verify the DC accuracy of the model, we measure the
transfer characteristics of the device and calculate its first three
derivatives. Then we compare the simulated data of the im-
proved model with the measured data. Figure 6 shows the
comparison of the simulated and measured I3s—Vg curve and
its first three derivatives (G, Gm,, and Gp;). Good agree-
ment between the simulated and measured curves is obtained,
which implies that the improved model is able to predict the
DC behavior of the device accurately.

Fig. 6. (color online) Simulated (lines) and measured (circles) I—
V characteristic and its first three derivatives, where (a) shows the
I-V and Gy, characteristics, and (b) shows the Gy, and G, char-
acteristics.

The original model and improved model S-parameter
simulation results are compared with the measurements for
a 1.25-mm gate width device, and the results are shown in
Fig. 7 to validate the RF accuracies of the models. The good
agreement between the measured small signal characteristic at
Ves = —2 V and V4 = 20 V and both of the simulated results
is obtained from 100.0 MHz to 26.5 GHz. This is because the
DC and AC parameters of the EEHEMT model are extracted
separately; kink parameters have no effect on the RF charac-
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teristics of the model.

Fig. 7. (color online) S-parameter values obtained from the original
model (circles), improved model (lines), and measurement (trian-
gles) AlGaN/GaN HEMT (10 x 125 um ) on wafer at Vgg = -2 V
and Vg5 = 20 V in a frequency range from 100.0 MHz to 26.5 GHz.
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Fig. 8. (color online) Comparison of both the original and im-
proved models simulated results with the measured results of out-
put power, gain, and power-added efficiency (PAE) for a 1.25-mm-
wide device at 5 GHz and I35q = 100 mA at bias voltage Vg =28 V.

The model is finally validated by simulating the large
signal behavior of the 1.25-mm-wide device at 5 GHz and
Iysq = 100 mA at bias voltage Vg5 = 28 V. The actual measure-
ment is carried out with a load-pull system. Figure 8 shows the
comparison of both the original and improved models simu-
lated results with the measured output power, gain, and power-
added efficiency (PAE) of the 1.25-mm-wide device. Accord-
ing to the comparison, it can be seen that both the original and

the improved EEHEMT models describe the output power and
gain of the device accurately. The improved model simulated
PAE more accurately than the original one due to the improve-
ment of the /-V characteristics simulation.

5. Conclusion

In this paper, an improved EEHEMT model for Al-
GaN/GaN HEMTs is presented. In this model, we propose
a new current expression based on both the DC characteristics
of the AlIGaN/GaN HEMT and the hyperbolic tangent function
tanh to describe the kink effect. We summarize the procedures
to extract DC, AC, and kink effect parameters of the model and
carry it out on a self-developed AlGaN/GaN HEMT with ten
gate fingers each being 0.4-um long and 125-um wide. The
improved model simulates the kink effect accurately while the
simulated DC, S-parameters, and large-signal characteristics
are in excellent agreement with the measured data.
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