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Abstract—This letter provides a clear understanding of the
kink effect in S22 for active solid-state electronic devices. The
origin of the kink effect is ascribed to the intrinsic section of the
transistor, whereas the extrinsic elements determine its shape at
the extrinsic ports. Therefore, to fairly compare the kink effect
for GaN and GaAs HEMTSs, the present analysis is not only
focused on the whole devices but also on their intrinsic sections.
The experimental evidence shows that, independently of the
specific semiconductor technology, the size and the frequency
band of the kink effect are mainly due to the values of the
intrinsic transconductance and capacitances, respectively.

Index Terms—Xkink effect, equivalent circuit, GaAs, GaN,
HEMT, scattering parameter measurements.

1. INTRODUCTION

T HE kink effect (KE) in the output scattering parameter
(S22) has shown to affect transistors based on different
semiconductor technologies (e.g., GaAs, GaN, and Si) [1]-[8].
This phenomenon is caused by the transition of the output
impedance (Zow) from a low-frequency series resistor-
capacitor (RC) circuit to a high-frequency parallel RC circuit.
Circuit designers should properly take the KE into account,
especially for the design of broadband output matching
networks [5], [6]. The KE can be described in terms of
equivalent circuit elements, since the appearance and shape of
the KE can be interpreted as a result of their combined effects.
Therefore, to identify the circuit elements playing the
dominant role, several studies have been developed over the
years and different results have been reported. Nevertheless,
the origin of the KE has been mainly attributed to high values
of gm [1]. In line with this theory, GaN HEMTs are strongly
affected by the KE, since high g, values are typical for this
technology suitable for high-power applications [9]-[11].
Recently, a set of parameters has been defined to study the
KE in terms of the concavity change of Im(S22) versus Re(S22)
by using the second derivative D2 [7]. In particular, the size of
the KE has been quantified with the parameter called kink size
(KS), which is given by the negative peak value of D2
occurring at the kink frequency point (KFP). Furthermore, the
kink frequency band (KFB), i.e., the frequency range between
the onset and the disappearance of the KE, has been defined as
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the band delimited by the two frequencies where D2 becomes
zero, namely the lower and upper limits of the KFB (KFBL
and KFBU). Trustworthy values of this set of parameters
cannot be calculated directly from D2 of the measurements
because of the high sensitivity to noise of the second
derivative. To overcome this drawback, model simulations
may be used to achieve a smooth behavior of D2. In previous
studies, model simulations based on an equivalent circuit have
been used for GaAs HEMTs with different gate widths [7],
while and an artificial neural network (ANN) approach has
been used for a GaN HEMT [8]. Although the ANNs allow
obtaining a smooth behavior of S, the circuit extraction is
needed to access the intrinsic section and to interpret the kink
parameters in terms of the circuit elements. The present study
has been based on equivalent circuit simulations not only for
the GaAs but also for the GaN HEMTSs to compare the impact
of the KE in S, for both types of devices and in particular for
their intrinsic sections. The de-embedding of the extrinsic
contributions allows making easier the interpretation of the KE
by shifting closer to its origin that is inherently rooted in the
intrinsic section, whereas the extrinsic elements tend to mask
the KE. The importance of investigating the intrinsic device
comes from that fact that, as the technology progresses, the
extrinsic contributions should be minimized as much as
possible to maximize the device performance. Hence, the
potential performance of the GaAs and GaN technologies can
be effectively compared only by analyzing the intrinsic
sections. Furthermore, most of the extrinsic parameters
represent those parasitic contributions arising from the
interconnections between the actual transistor and the outside
world (e.g., contact pads and access transmission lines), which
only exist in device measurements based on off-wafer
calibration but not in real applications. Therefore, even if the
KE can be absent in the measurements, it can still appears
when the actual transistor is used for real circuit applications.
In light of that, the investigation of the KE for the intrinsic
section of the device is a mandatory task to assist device
technologists and circuit designers. The present analysis shows
for the first time that, independently of the investigated
technology, the kink size and the kink frequency parameters
should be mainly ascribed to the values of the intrinsic
transconductance and capacitances, respectively.

II. EXPERIMENTAL RESULTS

The behavior of Sy is analyzed for two AlGaN/GaN
HEMTs on SiC substrate. The first device has a gate length of
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0.7 pm and a gate width of 2x400 pm (device A), while the
second device has a gate length of 0.25 um and a gate width of
8x50 um (device B). Furthermore, S» has been also studied
for a GaAs HEMT with a gate length of 0.15 um and a gate
width of 10x60 um. For convenience and ease of comparison,
Table I presents a summary of the values of KS, KFBL, KFP,
KFBU, KFB, gm, Cg, Cgu, Cas, and fr (e, fr =
2n/(2(Cgs+Cqga))) for the three tested devices. The kink
parameters are not reported for the whole GaN device B, since
the KE appears only for the intrinsic device.

Fig. 1 illustrates the KE in Sy, for the GaN device A: whole
(blue) and intrinsic (red) devices with Vps = 10 V (a) and Vps
= 20 V (b). As can be clearly seen, the KE is reduced by
increasing Vps from 10 V to 20 V. This result can be attributed
to the reduction of gn, from 253 mS to 223 mS. This gn
degradation is caused by the more severe heating phenomena
under higher dissipated power, which is increased from 2.4 W
(Vps =10 V) to 4.4 W (Vps = 20 V). Furthermore, the KE
becomes more pronounced after removing contributions of the
extrinsic elements. This is because the KE is inherently rooted
in the intrinsic device, whereas the extrinsic contributions tend
to mask and reduce this effect. By mathematically removing
the extrinsic contributions from the experimental data, the
magnitude of KS increases from 10.5 to 22.5 at Vps = 10 V
and from 6.4 to 13.4 at Vps =20 V.

The behavior of Sy, for the GaN device B is reported in Fig.
2(a). The KE is not visible in S22 of the whole device, whereas
it appears for the intrinsic device with KS reaching a
magnitude of 3.1. Therefore, the extrinsic contributions can
cause the KE to disappear completely. This result is of great
importance because circuit designers should be aware if the
device is affected by the KE to take it into account. A clear
example is the power amplifier design based on engineering
the current and voltage time-domain waveforms at the intrinsic
section to optimize the device performance [12].

Fig. 2(b) shows that, similarly to the case of the GaN
devices, the GaAs HEMT exhibits a more pronounced KE
after removing the extrinsic contributions. As a consequence,
the magnitude of KS is increased from 11.2 to 22.1.

The comparison of the KE for GaAs and GaN HEMTs is a
challenging task, since a comparison between devices based on
different technologies, materials, and geometrical dimensions
is not really straightforward. In addition, an off-wafer LRM
calibration with alumina substrate has been performed for both
GaN devices, whereas an on-wafer TRL calibration has been
performed for the GaAs device. Hence, the calibration has
moved the electrical reference planes closer to the actual
device for the GaAs device with respect to the GaN ones.
However, the comparison becomes feasible at the intrinsic
sections, where the inconsistencies due to the different
extrinsic access lay-out and calibration procedures disappear.
At the intrinsic sections, similar values of KS are achieved by
analyzing operating conditions with a similar value of gn. In
particular, KS is roughly equal to -22 for both the GaN device
A with a gn of 253 mS and the GaAs device with a g, of 255

mS. This outcome definitely confirms that, independently of
the tested technology, the origin of the KE and its size have to
be mainly ascribed to gm. This result is in accordance with
previous experimental studies showing that the magnitude of
KS increases at the operating conditions (e.g., temperature,
gate width, and bias point) leading to higher g, values [7], [8].
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Fig. 1. Measured (symbols) and simulated (lines) S22 from 40 MHz to 40
GHz for the GaN device A at Vgs = -2 V: whole (blue) and intrinsic devices
(red) with Vps = 10 V (a) and Vps = 20 V (b). The inset highlights the KE
with three squares at the calculated KFBL, KFP, KBFU in the simulated S2>.

TABLE 1. KINK SIZE, LOWER LIMIT OF THE KINK FREQUENCY BAND,
KINK FREQUENCY POINT, UPPER LIMIT OF THE KINK FREQUENCY BAND,
KINK FREQUENCY BAND, GM, CGS, CGD, CDS, Fr FOR TESTED HEMTS

KFBL| KFP |KFBU| KFB | gn | Ces | Cea | Cas | fr

DEVICE KS | (GHz) | (GHz) | (GHz) | (GH2) [mS)|(oF)| (0F) | (pF) |(GHz)

Whole GaN device A

Vos=10V, Vas=-2V -10.5] 2.0 32 54 | 34

25312.43| 0.25 [0.36| 15.0
Intrinsic GaN device A

Vos=10V, Vos=-2V -22.5| 1.8 3.0 58 | 4.0

Whole GaN device A
Vps=20V, Vgs=-2V

22312.52| 0.17 [0.29| 13.2
Intrinsic GaN device A
Vips=20V, Vgs=-2V

Intrinsic GaN device B

Vis= 10V, Vas=-2.72V 3.1 55 85 | 13.3 | 7.8 |90 ]0.55( 0.09 |0.17| 22.4

Whole GaAs device

Vios=6V, Vas -0.6V -11.21 59 | 9.7 | 16.6 | 10.6

255(0.70| 0.07 |0.13| 52.7

Intrinsic GaAs device

Vios=6V, Vas=-0.6V -22.1| 5.6 [ 109 | 17.8 | 12.2
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Fig. 2. Measured (symbols) and simulated (lines) S22 for the GaN device B at
Ves =-2.72V, Vps = 10 V, and the frequency going from 0.1 GHz to 50 GHz
(a) and for the GaAs HEMT at Vgs = -0.6 V, Vps = 6 V, and the frequency
going from 2.5 GHz to 65 GHz: whole (blue) and intrinsic devices (red). The
inset highlights the KE with three squares at the calculated KFBL, KFP,
KBFU in the simulated S2>.
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As introduced in [1], the KE can be associated to the
transition of Zoy from a low-frequency series RC circuit (i.e.,
Zow =1 + (jJCs)™) to a high-frequency parallel RC circuit (i.e.,
You = g + j®Cp). By disregarding the intrinsic non-quasi-static
effects, which play a significant role only at high frequencies,
and omitting Rgs, which merely changes the starting point of
S2» without affecting the KE, a simplified expression of Zu
and Y, can be obtained in terms of g, Cgs, Ced, Cas [1]:

Em Cgs (1 +8 mZO )ng
¥+ g,.) Coa (1+ ¢,y )ng +Cys (1)
+ .
]0)[(] + ngO )ng + CdsJ

2
Cou . C,iCou

Y, =Y 8 + +j 878 1Cu| (2
Cos +Coa Cos +C

where Yy is the reciprocal of Zj (i.e., 50 Q).

The effects of Cgs, Cgod, Cas on 1 and g cancel each other as
far as they change by the same factor and thus gn is the
dominant element in determining the size of the KE. In
particular, higher g, leads to a more pronounced KE by
decreasing r and increasing g. On the other hand, it should be
pointed out that larger capacitances imply that the transition
from Zou to Your is achieved at lower frequencies by increasing
C; and C,. In accordance with this statement, similar values of
KFBL, KFP, and KFBU are obtained for the GaN device B
and the GaAs device, since they have similar values of the
intrinsic capacitances. Finally, it should be noticed that,
although the degradation of gn at higher Vps leads to a much
smaller KS for the GaN device A, only minor variations of
KFBL, KFP, and KFBU are achieved since the intrinsic
capacitances change only slightly with Vps.

It should be pointed out that the KE affects the device
performance at operating frequencies of interest, since KFP is
much lower than fr. As a matter of fact, microwave transistors
have a wide range of possible applications at frequencies well
below fr in order to obtain a high gain. On the other hand,
KFP is significantly higher than the cut-off of the low-
frequency dispersion (i.e., in the megahertz range). Therefore,
we may rule out that the KE is caused by traps and thermal
effects, which play a crucial role for microwave transistors,
especially for the GaN technology, by impacting their
performance and even reliability [13-15]. These non
equilibrium processes cannot follow the applied signal at high
frequencies, since their time constants are much longer than
the reciprocal of microwave frequencies. Nevertheless, low-
frequency phenomena can affect the quiescent bias condition
and, in turn, also the RF behavior as it is dependent on the DC
bias point. Hence, low-frequency dispersion can affect the KE
as its size and shape are due to the combined effect of the
circuit elements and their values depend on the DC bias point.
It should be underlined that the origin of the KE can be mainly
correlated to the relatively high value of the RF g, which can
be heavily influenced by the low-frequency dispersion.

Z
Zaur = 0 +
1+ ngO
1

gmcgd
Cyo+Coq

III. CONCLUSIONS

The kink effect in Sz, has been deeply studied for HEMTs
fabricated in both GaN and GaAs technologies. It has been
shown that the intrinsic transconductance and capacitances are
mainly responsible for the size and frequency band of the kink
effect, respectively. Furthermore, it has been demonstrated that
the extrinsic contributions can mask the kink effect to cause
even its disappearance.
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