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Abstract

Although GaN HEMTs are regarded as one of the most promising RF power tran-
sistor technologies thanks to their high-voltage high-speed characteristics, they are
still known to be prone to trapping effects, which hamper achievable output power
and linearity. Hence, accurately and efficiently modeling the trapping effects is cru-
cial in nonlinear large-signal modeling for GaN HEMTs.

This work proposes a trap model based on an industry standard large-signal
model, named Chalmers model. Instead of a complex nonlinear trap description,
only four constant parameters of the proposed trap model need to be determined to
accurately describe the significant impacts of the trapping effects, e.g., drain-source
current slump, typical kink observed in pulsed I/V characteristics, and degradation
of the output power. Moreover, the extraction procedure of the trap model parame-
ters is based on pulsed S-parameter measurements, which allow to freeze traps and
isolate the trapping effects from self-heating. The model validity is tested through
small- and large-signal model verification procedures. Particularly, it is shown that
the use of this trap model enables a dramatical improvement of the large-signal

simulation results.

AlGaN/GaN HEMT, modeling, pulsed S-parameter measurements, trapping ef-

fects, drain-lag



Zusammenfassung

Obwohl GaN HEMTs wegen ihrer hohen Durchbruchspannungen und ihrer ho-
hen Driftsittigungsgeschwindigkeit als eine der vielversprechendsten HF-Leistungs-
transistortechnologien angesehen werden, ist bekannt, dass sie anfillig fiir Trapping-
effekte sind. Diese verschlechtern die erzielbare Ausgangsleistung und die Linea-
ritdt. Folglich ist die genaue und umfassende Modellierung diese Trapping-Effekte
entscheidend fiir ein gutes nichtlinearen Grof3signalmodell der GaN HEMTs.

In dieser Arbeit wird ein Trap-Modell vorgestellt, das auf dem Chalmers Modell
beruht, einem allgemein in kommerzieller Entwurfssoftware verfiigbaren GroBsi-
gnalmodell fiir Transistoren. Anstelle einer komplizierten nichtlinearen Trap Mo-
dellierung miissen im von mir vorgeschlagenen Modell nur vier Parameter zur Be-
schreibung der wesentlichen Trap-Wirkungen bestimmt werden. Trap-Wirkungen
sind hier Drain-Source-Strom-Abfall, Abknicken der gepulst gemessenen Ausgangs-
kennlinie und Verschlechterung der Ausgangsleistung. Die Extraktion der Trap-
Modell-Parameter stiitzt sich auf gepulst gemessene S-Parameter. Dadurch wird der
Trap-Zustand bei der Messung eingefroren und Selbsterwédrmung vermieden. Die
Giiltigkeit des Modells wird anhand von Klein- und GroBsignalmessungen iiber-
priift. Speziell wird hier gezeigt, dass durch die Verwendung meines Trap-Modells

die GroBsignal-Simulationsergebnisse deutlich verbessert werden.

AlGaN/GaN HEMT, Modelierung, gepulste S-Parameter Messungen, Trapping-
Effekte, Drain-Lag
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Chapter 1
Introduction

Gallium Nitride high electron mobility transistors (HEMT) utilize high-density two-
dimensional electron gas (2DEG) accumulated in the boundary layer between GaN
and AlGaN through their piezoelectric effect and natural polarization effect [1].
This makes it possible to realize a high current density and a high saturation volt-
age as its main transistor characteristics. Combined with its other characteristics,
such as high power, low noise, and a high breakdown voltage, those outstanding
characteristics make it ideal for high-power, high-frequency, low noise applications
[2-4], e.g., in high-power amplifiers and LNA [5-9]. Furthermore, GaN HEMT has
also shown great potential in extreme operation environments, e.g., high/low tem-
perature operation conditions, which actually have a strong impact on the electrical
performance of devices [10, 11]. Hence, despite that the technology of GaN HEMT
is not as well understood as the previously adopted devices, e.g., GaAs HEMT, the

development of its commercial production never stopped.

However, this puts the circuit designers in a very awkward position: on one hand,
they are attracted to the outstanding characteristics of GaN HEMTs, and many of
them actually have already benefited from the use of GaN HEMTs in their designs.
On the other hand, the demand for accurate GaN HEMT models is still pressing, as

they are still not fast enough to be used in most circuit simulators.

During the past years, many large-signal models for GaN HEMTs in different
types were developed to characterize their large-signal behavior [12-15]. However,
high modeling accuracy can be considered to be quite close to be guaranteed in the
academic world, but still far away from being accessible to circuit designers. This is

mainly due to the anomalies of GaN HEMTs caused by dispersion effects [16—18],
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which are still the key issues in the modeling community.
In the following, different types of large-signal models will be first discussed and
compared. Next, the challenges of the GaN HEMT modeling will be presented in

detail. Finally, a brief review of the whole work will be addressed.

1.1 Large-Signal Model Types

Large signal models normally fall into two main types:

1. Physical models
These models use the parameters based upon device properties, such as gate
width, gate length, and thickness of layers, or upon physical data, such as
carrier transport properties and the device geometry, in order to solve physics
equations that describe the device characteristics, e.g., current, voltage, power,
etc [19-23].

2. Empirical models
This type of model is entirely based upon curve fitting. This means the pa-
rameters of these models are normally determined by fitting the equations to

the measured data through mathematical optimization.

Considering the shortcomings of traditional empirical model, such as non-physi-
cal nature and too many fitting parameters, which are often difficult to be understood
and extracted, physical models show their advantages due to its inherent superior-
ity such as explicit physical implication and unified expression to describe all the
regions of device operation [24-27].

Compared with physical models, the empirical large-signal equivalent circuit
model is simpler and easier to be implemented in commercial simulators and has
been widely used in circuit design [28]. Basically, the nonlinear empirical models
are generated with nonlinear functions that could account for the current flow (I/V
functions) and the charge dynamic variation. They are also able to describe the
device physical phenomena as long as the model parameters are linked to physical
effects. However, the modeling accuracy strongly depends on the accuracy of the
measurements, and the adequacy of the model formulation. Moreover, these models

can also be constructed based upon a lookup table developed from the measured



data, and therefore are called “table-based models” [29-31]. Moreover, recently,
a new type of empirical models has been presented, which utilizes artificial neural
network, or AAN [32-35].

In this work, a well known empirical model, i.e., the Chalmers (Angelov) non-
linear model [36], has been adopted, as it is one of the frequently used GaN HEMT
models. Its parameter extraction techniques have been already researched and de-
veloped in the last years [37-39], e.g., its drain current model’s parameters can be
directly extracted by simple inspection of the experimental DC I/V and g,, char-
acteristics, in this way. the model can accurately predict not only I, but also its
derivatives. However, for GaN HEMTs, the drain current model is more complex
than that for Si or GaAs devices [36], since the model should also include the func-
tions to account for the trapping effects that GaN HEMTSs encounter under working

conditions. The details will be addressed in next section.

1.2 GaN HEMT Modeling Challenges

As mentioned previously, GaN HEMT offer outstanding characteristics, that attracts
more and more circuit designers. However, at the same time, its models suffer from
the electrical anomalies of the GaN HEMT induced by the trapping effects. The
trapping effects can normally be split into two groups: drain-lag effects are caused
by the charge capture and emission processes of the donor traps in the buffer lay-
ers below the 2DEG and gate-lag effects are mainly due to the presence of neg-
ative charges trapped on the semiconductor surfaces of the epitaxial layers above
the 2DEG [40]. Gate-lag effects in recent AlIGaN/GaN technology have been sig-
nificantly reduced by passivation and field plate. For some devices, e.g., in our
case, gate-lag effects are so weak, that it is almost impossible to distinguish be-
tween gate-lag effects and thermal effects even by means of pulsed measurements
[41]. Hence, drain-lag effects remain the main trap phenomena. Since static DC I/V
measurements without separating trapping effects can lead to inaccurate RF models
[42],[43], it is important to include these effects in the transistor large-signal models
to describe the transistor’s RF behavior accurately.

From a view of DC/pulsed I/V characteristic prediction, a drain-lag model worth
its salt would have the following abilities: First, it should be able to describe the

drain-source current slump, which is known as the knee-walkout [17]. Furthermore,



the typical kink observed in pulsed I/V curves should also be described, which is
mainly due to the asymmetry in time constants associated with capture and release

of charge traps [44].

On the other hand, it is reported that the transconductance dispersion is mainly
related to gate-lag effects [45], while output conductance dispersion is mainly re-
lated to the drain-lag effects [46]. Hence, the drain-lag model is also supposed to
be able to provide a correction term AG;, to account for the difference between the
output conductance G4, extracted from small-signal RF characteristics (G4;zr) and
that obtained from DC I/V characteristics (G5 pc) [47]. The use of the drain-lag
model without this correction term could result in a mismatch in predicting the real

part of S, which is basically influenced by the output conductance G ;.

In the last decade, a significant interest on modeling drain-lag effects can be ob-
served within the microwave community. As a result, various trap models [47-52]
have been published. However, until now, none of them was available in commer-
cial EDA tools. There are two main reasons here: on the one hand, some models
are of little use to describe some impacts of drain-lag effects, e.g., Jarndal et al.
[47] proposed a drain-lag model which cannot account for the difference between
emission and capture time constants. On the other hand, some drain-lag models
are most accurate since they are able to fully predict the impact of trapping effects
on nonlinear device performance. However, the parameters of these models have
proven to be too complicated to be extracted, e.g., Jardel and Quéré et al. [44, 48]
developed a drain-lag model (in this work it is called Quéré drain-lag model), but
no publication so far exactly addresses the question how to describe the values of
the trap-related parameter k employed in this drain-lag model, as it is only assumed

to be a linear function of v, for reasons of simplicity in [44, 48].

In this work, first of all, a simple drain-lag model, named parameter-scaling
drain-lag model [49], is proposed. This drain-lag model is able to predict device
performance well for various trap states. It relies on scaling of model parameters
with quiescent drain voltage which yields convenient parameter extraction. Another
benefit of this model is that it reduces to the standard Chalmers model with opti-
mized parameters for fixed drain bias. However, it is of little use in describing the
typical kink around the quiescent drain voltage from pulsed I/V curves or predicting
the RF output conductance under large-signal condition. Thus, the Quéré drain-lag

model was integrated to overcome these drawbacks. This drain-lag model employs



a pseudo gate-source voltage at the input of the current source. The pseudo gate-
source voltage is related to a fitting parameter k, which is linked to the amplitude of
traps and is assumed to be a linear function of v,,. However, it is shown that, instead
of the complicated expression of parameter k as presented in Quéré drain-lag model,
a constant value should yield the same modeling performance if combined with the
parameter-scaling drain-lag model. This can significantly simplify the model pa-

rameters extraction process.

1.3 QOutline of the Thesis

This thesis is structured as follows:

Chapter 1 describes the objective of this thesis and the motivation behind per-
forming this research. The state of art of the GaN HEMT trap models is briefly
reviewed and the associated problems due to their inaccuracy and complexity are
summarized.

In Chpater 2, at first, a brief overview of the structure and operation of Al-
GaN/GaN HEMT is given in order to provide the physical background of the main
behaviors to be modeled. Next, a detailed description of the proposed GaN HEMT
modeling strategy is presented. Finally, the physical mechanisms of the trapping ef-
fects are introduced, and the advantages and drawbacks of the published trap models
are clarified.

Chapter 3 presents the principle and set up of the used multi-bias pulsed S-
parameter measurements. Moreover, the main characteristics of pulsed measure-
ments are discussed.

The GaN HEMT modeling relying on the pulsed S-parameter measurements is
covered in Chapter 4. The impact of the use of the pulsed S-parameter measure-
ments on the extraction of extrinsic parameters and intrinsic capacitances of small-
signal model is presented in the first section of this chapter. The second part shows
that better large-signal models can be extracted by using the multi-bias pulsed S-
parameter measurements.

Chapter 5 addresses a novel drain-lag model to account for trapping effects in
the large-signal description of GaN HEMTs. The model formulations are presented
and reasoned, and the methods to determine the model parameters are explained.

However, significant discrepancies are observed when verifying the model with



pulsed S-parameters. The reason for this drawback is discussed in detail at the
end of the chapter.

A solution to overcome this drawback is presented in Chapter 6. The modeling
accuracy and the reliability of the extraction results are verified by comparison of
small- and large-signal simulations with measurement data.

General conclusions and required improvements in future work are discussed in
Chapter 7.



Chapter 2

GaN HEMT Modeling Strategy

The significant progress made on technology of GaN HEMTs for the last years
makes them usable in many different areas where e.g., high power and high fre-
quency are needed, and they seem to be able to replace several existing semicon-
ductor technologies, e.g., GaAs, Si, and SiC devices, in these areas [53]. With this
rapid development a need of accurate large-signal models for GaN HEMT is press-
ing, since these models are the key elements to simulate the circuits in commercial
EDA tools.

In Section 1, the fundamentals of technology, structure, and basic operation of
GaN HEMTs will be discussed in detail. This background information is very im-

portant for the accurate device modeling.

The proposed modeling strategy in this thesis can be split in two stages: small-
and large- signal modeling. Section 2 introduces the extraction process of the small-
signal equivalent circuit parameters, which has become well published for HEMTs

or FETs in some references [54-56].

Section 3 will address the next issue after small-signal modeling: Large-signal
modeling. The Chalmers (Angelov) model [36-39] was applied here, as it is a
frequently used and well-known GaN HEMT model.

Section 4 discusses the state-of-the-art dispersive effect modeling strategy of
GaN HEMTs. As mentioned in Chapter 1, dispersion effects, also known as mem-
ory effects, not only hamper the achievable output power and linearity of HEMTs,
but also significantly influence the modeling accuracy. Therefore, much effort has

been devoted to understand and model them.



2.1 AlGaN/GaN HEMT

GaN HEMTs have reached the commercialization phase and are already available
from a number of companies, since these devices have shown several outstanding
properties such as high power, low noise, high efficiency, etc. These properties
enable to make the design of power amplifiers more efficient, compact, easier, and
reliable.

In this section, a brief review of vital characteristics, e.g., structure and technol-

ogy, and basic operation of GaN HEMTs is presented.

2.1.1 AlGaN/GaN HEMT Structure

A detailed description of the GaN HEMT processing technology is beyond the pur-
pose of this thesis but a brief introduction of the GaN HEMT structure would be
helpful in understanding the performance of GaN HEMTs.

Gate )
Source Drain
DR I
GaN-Cap 5nm

<+— 2DEG

Figure 2.1: The structure of modeled AlGaN/GaN HEMT in this thesis.

The basic concept in a HEMT is the aligning of a wide and narrow bandgap
semiconductor adjacent to each other to create a heterojunction. In AlIGaN/GaN
HEMTs, the carriers from a wide energy gap material (AlGaN) diffuse to the narrow
bandgap material (GaN) where a dense two-dimensional electron gas (2DEG as
shown in Fig. 2.1) is formed on the GaN side close to the boundary with the AlGaN



[57]. The high sheet charge density of the 2DEG in AlGaN/GaN HEMT combined
with the high saturation velocity in the undoped GaN is one of its peculiar useful
properties for providing high current densities.

Fig. 2.1 shows the basic structure of modeled AlGaN/GaN HEMT in this thesis.
As seen in this figure, SiC is used as substrate [58]. It is one of the best choices
for high power applications due to its good thermal performance. In our case, the
substrate provides an excellent thermal conductivity of 3.5 W/cm. Besides, sap-
phire (Al 03) or silicon (Si) are also an option for substrate. They are relatively
inexpensive but have worse thermal conductivity.

The epitaxial growth of the transistor structure starts with the deposition of a
50 nm thick AIN nucleation layer upon the substrate to reduce the lattice mismatch
when growing the GaN layer on the SiC substrate [59]. A 1.7 um thick Fe-doped
GaN layer and a 850 nm undoped GaN layer are then deposited to provide free
charge carriers and to increase the electron mobility, respectively. These GaN lay-
ers are followed by a 18 nm Al ,5Gag 75N barrier layer. Finally, the whole structure
is capped with a 5 nm thick Si-doped GaN layer (2 x 10'® cm™) to increase the
effective Schottky barrier, which improves the breakdown characteristics and de-
creases the gate leakage [60].

To summarize, as shown in Fig. 2.1, the AlGaN/GaN HEMT structure used in
this thesis consists of 50 nm AIN nucleation layer, 1.7 um Fe-doped GaN buffer
layer, 850 nm GaN layer, 18 nm Aly,5Gag 75N barrier layer, and 5 nm GaN cap

layer on a 500 pum thick semi-insulating SiC substrate.

2.1.2 Basic AlGaN/GaN HEMT Operation

The structure of AlIGaN/GaN HEMT takes the advantage of superior transport prop-
erties of electrons in a potential well of lightly doped semiconductor material. A
simplified AlIGaN/GaN HEMT structure is presented in Fig. 2.2.

As shown in this figure, a doped or undoped wide energy gap material (AlGaN)
lies on the narrow bandgap material (GaN). This results in a sharp dip in the con-
duction band edge at the AlIGaN/GaN interface as shown in the band diagram of the
structure in Fig. 2.2(b). This leads to a high carrier concentration in a narrow region,
called a quantum well, along the hetero interface. The distribution of eletrons in the
quantum well can be considered as two-dimensional instead of three-dimensional

due to its very small thickness. Therefore, the charge density is termed the 2DEG
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Gate i Undoped Undoped
metal AlGaN GaN

Source Gate Drain

[ 1 1 T[]

Doped or undoped AlGaN /——Polarization charge

A e A A R e A S S o S

Undoped GaN X1 2DEG
Substrate: SiC

(a) (b)

Figure 2.2: (a) basic configuration of AlIGaN/GaN HEMT, (b) band diagram [81].

and quantified in terms of sheet carrier density (n;).

What is to notice is that, unlike in AlGaAs/GaAs HEMT, a 2DEG is able to
be formed at the AIGalN/GaN interface even when the wide energy gap material
(AlGaN) is undoped. This is mainly due to the presence of a strong polarization
field across the AlGaN/GaN heterojunction. In this way, a 2DEG with the sheet

carrier density up to 10" cm™

can be achieved without any doping [1]. As the
surface states act as a source of electrons in 2DEG [61], the band diagram and the
electron distribution of the AlGaN/GaN heterostructure are changed by the built-in
static electric field in the AlGaN layer induced by spontaneous and piezoelectric
polarization. Hence, a number of electrons transfer from the surface states to the

AlGaN/GaN interface, leading to a 2DEG with high density.

2.2 GaN HEMT Small-Signal Modeling

The first phase in the determination of a HEMT model is the extraction of the ex-
trinsic and intrinsic parameters shown in Fig. 2.3, a standard small signal equivalent
circuit for GaN HEMTs, which is inherited from models of GaAs FETSs and can also
represent the effects found in GaN devices. The linear model extraction is a critical
step since this model will lay the initial foundation for the modeling accuracy of fi-
nal nonlinear model. Direct extraction techniques for determining the small-signal
equivalent circuit parameters from S-parameter data have become well known in re-

cent years for FETs and HEMTs [54-56]. In this thesis, the extrinsic parameters will
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—_ e — —_— e e = — — — = =

L. intrinsic parameters
S

Source

Figure 2.3: Small signal equivalent circuit for GaN HEMTs

be determined by using cold-FET S-parameter data [56]. The small-signal model is
then completed with the calculation of its intrinsic parameters, using S-parameters

measured at active bias points.

2.2.1 Extrinsic Parameter Extraction

The basic procedures for extrinsic parameters (Ry, Ry, Ry, Ly, Lg, Ly, Cpg, Cpa) €X-
traction require zero drain voltage S-parameter measurements (cold FET condition)
with the gate in forward conduction or with the channel pinched off. Under the cold
FET condition, the voltage-controlled drain-source current can be neglected. More-
over, using the mentioned two gate bias conditions allows a further simplification
of the equivalent circuit by excluding some elements, thereby reducing the number
of unknowns.

The extrinsic parameter extraction can be split in two stages: Capacitance ex-
traction on the one side and inductance and resistance extraction on the other side.
All extraction results in the following sections are performed with a 250 ym wide
HEMT, manufactured in a 0.25 um GaN-on-SiC process at the Ferdinand-Braun-

Institut, Leibniz-Institut fiir Hochstfrequenztechnik.

A): Capacitances (C,,, C,,) extraction

Setting vy, to zero and v, below pinch-off voltage simplifies the equivalent circuit
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Gate Cs Drain

Source

Figure 2.4: Simplified equivalent circuit for GaN HEMTs at vy, = 0V, vy < Viyincnos s

as illustrated in Fig. 2.4, since the internal transistor shows a very high impedance
and can be described with capacitances only. Moreover, since vy, = 0V, the field
under the gate is symmetric. The simplified equivalent circuit now results in the

following equation:

Im(Y11) = jw(Cpe +2Cp + Cpy)

Im(Y12) = Im(Y21) = —jw(Cg + Cpy) (2.1)

Im(Y2) = jw(Cpq + Cgs + Cp + Chy)
where Cp represents the fringing capacitance or depletion region under the gate
extending into the channel, C,; is the extrinsic feedback capacitance and can be
neglected for considered FETs. It is evident, that C), can be then calculated from
the slope of the Im(Y;; + 2Y},) versus w as:

_ Il’l’l(Y]] + 2Y12)

Cpe = (2.2)

w
In order to determine C,,4, C4; must be lumped in with C,,;. Hence, an additional

condition (e.g., the ratio between C,; and C,,;) should be needed. In references [56]
and [62] two different extraction algorithms are published and can be found in the

following equations:

Im(Y 2Y
Dambrine[56] Ci=0 = Cpu = Im(Yy, +2Y5)

Im(Yy +2Y
Tayrani[62] Cus=4C,y = Cpa = ’71(225—12)
w

(2.3)

(2.4)
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ground pad
_L cpgr _L_cpar
T _ T
//Y
probe pad L oo delz# probe pad
ground pad

Figure 2.5: The layout of AlIGaN/GaN HEMT with 2 finger.

However, these extraction assumptions are not based on physical effects. What
is to notice is that, the pad capacitances (C,, and C,,;) are established by the probe
pad configuration. As shown in Fig. 2.5, the probe pads, which are connected with
the gate and the drain, respectively, have almost the same length, width and distance
to the ground pad. Therefore, this enables the usage of an approximation that might

simplify the extraction effort [63]:

Cpa = Cpy (2.5)
(b)
50 50 ‘
E ol 6.32 507 446
3 ol
AN E
>.‘_ -50 Vm
c;_n‘_ & 50! -46.75
> -100 |
E
n -100 | ]
2150 -113.3
(&}
-200 : : : -150 : :
0 10 20 30 40 -10 -5 0
freq (GHz) V_ (V)

gs

Figure 2.6: Extraction result of extrinsic capacitance C,, for a 250 yum GaN HEMT
by using pinch-off S-parameters at different frequencies and different gate bias volt-

ages.
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Fig. 2.6 shows the C,,, extraction result for a 250 um GaN HEMT based on Equa-
tion (2.2) at different gate bias voltages for frequency from 400 MHz to 40 GHz.
The result illustrates that a smooth and reliable extraction can be performed at the

far pinch-off region.

B): Inductances (L,, L;, L,) extraction

The cold FET S-parameters measured at vgs = 0 and v, > 0 were used to de-
termine the inductances (L,, Ly, L,). In this condition the parallel capacitors C,,,
C,q and Cy, can be neglected, since the transistor is in a low-resistance state if the
Schottky diode is conducting. Fig. 2.7 shows the simplified equivalent circuit [64],

and the fOllOW lng equations can be COIlCluded:
Z - R + R + = + '(A)L + .(A)L + —j
g N 4 A .

R,
Z12 = Zz] = RS + ? + ‘]CL)LS (26)

Zzz = RC + Rd + RS + ]a)Ls + ](,()Ld

where R. is the channel resistance, R; and C; represent the differential resistance

and capacitance of the Schottky barrier, respectively. And now considering the gate

Gate Ly R . L Drain
— A Il
Rg | R./2 R4

Ls
Rs
Source

Figure 2.7: Simpilified equivalent circuit for GaN HEMTs at vy, =0V, v, >0 V.
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Figure 2.8: Extraction result of extrinsic inductance L, for a 250 um GaN HEMT

by using “cold” S-parameters under gate-forward condition.

Z,, source Z;, and drain Z; branch impedances, the following equations were used

in the extraction of extrinsic inductances:

R:

J

Z, =Z1~Z»=R,+ jwL, + — 1
g T AN T AR = R O T T 0l R,

R,

Zy=Zn=7n =R+ + jol, 2.7)
R, .

Zd 2222—212 :Rd+7+]a)Ld

It is evident that the inductances except L, can be obtained by using the imagi-

nary part of the Z-matrix, which can be simply obtained by converting the S-matrix:

[, = mZo 2.8)
w

[ = M%) (2.9)
w

Fig. 2.8(a) presents the shape of Im(Z,) versus w under gate-forward condition,
namely the extraction results for L,. Fig. 2.8(b) illustrates the estimated values
of L, at each gate voltage, and an almost constant value (around 42.2 pH) can be
finally obtained.

For L,, under the condition of low frequency and high gate forward bias the
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Figure 2.9: Extraction result of extrinsic inductance L, for a 250 um GaN HEMT

by using “cold” S-parameters under gate-forward condition.

following equations results:

CiR:
Imzg) = ole = e my
J7
~ w(L, — C;R?)
R
~ Q)(Lg C]IT)

(2.10)

Therefore, L, can be identified with the plot of Im(Z,)/w vesus 1/IgS2. Fig. 2.9

shows the L, extraction results based on Equation (2.10). It is evident that the

values of the imaginary part of Z,/w shown in Fig. 2.9(a) in the frequency range

from 5 GHz to 40 GHz are rather constant, and these values were next applied to

approximate a straight line against 1/I,,* as shown in Fig. 2.9(b). The intersection

point with the y-axis provides the extracted value for L.

As shown in Fig. 2.5, the probe pads connected to the gate and drain have almost

the same length. Hence, the contribution of probe pads to the extracted values of
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gate and drain inductances (L, and L) is almost same. However, for 2 finger tran-
sistor, the probe pad is connected with 2 gate terminals at one side, and at another
side the probe pad is connected with only one drain terminal. This makes L, larger

than L.

O): Resistances (R,, R;, R,) extraction

The same bias conditions used in the inductance extraction were also adopted in
the resistance extraction procedure. However, the chosen frequency should be low
enough to overcome the capacitance of the Schottky diode, so that the influence
of C; can be neglected. Therefore, the real part of Z, can be simply rewritten as

following:

Re(Z,) = R,+R,

&
=

(2.11)

This simplified equation illustrates that R, can be determined from the plot of
Re(Z,) versus 1/1,.

Fig. 2.10(a) illustrates the shape of real part of Z, converted from a cold-FET
S-parameter measurements at different gate conditions. The values in the frequency

range from 1 GHz to 40 GHz were next supplied to approximate a straight line over

@ (b)

11 1 :
=15 ... 40 mA

'9

_ 10}
E 10
o 9
= 3
o e
N9 o 8
Q (2]
E o |
[=)]
x g
6
7 5
0 10 20 30 40 0 20 40 60
freq (GHz) 1 (11A)

Figure 2.10: Extraction result of extrinsic resistance R, for a 250 yum GaN HEMT
based on Equation (2.11).
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1/1,5 as shown in Fig. 2.10(b). The extracted value of R, can then be noted from the
y-intercept of this line.

The extraction of R; and R, can be more problematic due to the unknown resis-
tance R, in both Z;, and Z,,. In this thesis, to overcome the R. problem we used the

approximation published in reference [62] as following:

R; = Re(Zy) (2.12)
Ry = Re(Z,) (2.13)

However, it has been found this approximation is accurate only for small devices

when using TRL calibration [65].

2.2.2 Intrinsic Parameters Extraction

After extracting the extrinsic parameters, the bias dependent intrinsic parameters
were determined based on the extracted extrinsic parameters and the multi-bias S-
parameter measurement. The extracted extrinsic parameters were first used to de-
embed the measured S-parameters to give “intrinsic S-parameters” at the intrinsic
reference planes of the transistor. And the “intrinsic S-parameters” were next con-
verted to Y-parameters, which were finally used to calculate the intrinsic parameters

by using several expressions shown in the following.

|
o
|

|
|

Vot SCat S | Ve

Cos=—| V o

Figure 2.11: Simplified equivalent circuit for the intrinsic GaN HEMT in II-
topology.
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Fig. 2.11 shows the equivalent circuit in [1-topology for the intrinsic HEMT, and

this equivalent circuit can result in the following Y-parameters:

Rngswz . Cgs
Yy = pt Jw(f + Coa)
Y1 = —jwCyq
gme T .
Yoy =————  — jwC 2.14
2T T4 joRiC,, T 19
1 .
Yy = + ]w(cds + ng)
Rds

D=1+wC>R?

gs i

For low-noise devices, R; and C,, have small values at low frequencies, so that
the approximation D = 1 can be used in this Y-matrix [56]. Hence, the bias depen-
dent values of the intrinsic elements (Cyy, Cga, Cys, Ri, Gug, gm, T) can be simply

calculated in selected frequency range using the following equations:

Im(Yy, + Y12)

Cpy = T T12) (2.15)
w
Im(Y
Cp = 012) (2.16)
w
Im(Y- Y
= I ¥ Vo) 2.17)
w
- ! (2.18)
l Re(Y11 + Y12) '
Gys = Re(Y2) (2.19)
&m = |(Ya1 = Yi2)(1 + jwR;Cyy)l (2.20)
—arg((Ya) — Y12)(1 + jwR,C.,
= arg((Yo, 12)( Jw g ) 2.21)
w

Figs. 2.12 and 2.13 show the bias-dependency of the intrinsic parameters C,,
Cqa, Cas, 8m> Gas, and 7 extracted by using multi-bias S-parameters within selected
frequency ranges.

It has to be noted that the extracted values of intrinsic capacitances Cyy, C,q, and
Cys above vy = 0V will not be accounted for in the large-signal modeling, since the
used large-signal model, namely the Chalmers model, can not take these values into
account and the extracted values of intrinsic capacitances lack physical meaning to

be used.
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Figure 2.12: Extracted bias-dependency of intrinsic capacitances and 7 of the small-
signal model for a 250 um GaN HEMT.
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Figure 2.13: Extracted bias-dependency of intrinsic parameters g,,, G4, of the small-
signal model for a 250 um GaN HEMT.

2.3 GaN HEMT Large-Signal Modeling

For a GaN HEMT, its large-signal modeling can be split into several parts: the
drain-source, gate-source, gate-drain current modeling, and nonlinear capacitances
modeling. These parts can describe the main nonlinearities of the devices. However,
the drain-source current represents the dominant and the most important nonlinear-
ity, so its model is normally considered as the key issue in large-signal modeling
procedure. Moreover, the drain-source current model also represents the DC and
dynamic characteristics of the devices, which play a decisive role in predictions of

small- and large-signal behavior of the devices.

When modeling the intrinsic currents and nonlinear capacitances, it should be
noted that the extrinsic elements are already extracted as discussed in previous sub-
sections. In this section, the proposed large-signal modeling procedure will be ad-
dressed. In this procedure, both the current (/(V,T)) and nonlinear capacitance or
charge (C(V,T) or Q(V,T)) models were formulated with intrinsic voltages using the
basic electrical equivalent circuit as shown in Fig. 2.14 and the parameters within

these models were optimized by using the bias dependent small-signal model.
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Figure 2.14: Basic equivalent circuit used in this thesis for large-signal model.

2.3.1 Nonlinear Circuit Modeling

The Chalmers model [36, 38] was applied in this thesis to model the intrinsic non-
linear current source of GaN HEMTs, as it is a frequently used and well-known
GaN HEMT model. In this compact model the current sources are described by
nonlinear functions of intrinsic voltages v4,(t) and v,,(t). It has to be noted that the
proposed large-signal model was empirical, which means that the model parameter
extraction routine is always based on measurements. In this thesis, multi-bias S-
parameter measurements were adopted to determine the model parameters and also

to validate the extracted models.

A) Drain-source current model

The drain-source current function of the Chalmers model can be expressed as:

Lis[ Vs, Vas] = Iio - (1 + tanh(y)) - tanh(a - V) - (1 + A4 - Vyy) (2.22)

where I, is the drain current at maximum transconductance g,,, 4 is the channel

length modulation parameter and « is the saturation voltage parameter. The param-
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eters A and « are also used in some other models, i.e. Statz [66] and Curtice [67]
GaAs FET models.

In this formulation, it is evident that the gate voltage dependence is described by
a hyperbolic tangent function, whose derivatives are normally available in commer-
cial HB simulations. And the gate dependent parameter i is a polynomial function

of v, expressed as:

l/’ = le ' (Vgs - Vpkm) + P2 : (Vgs - Vpkm)2 + P3 : (Vgs - Vpkm)3 (223)
Py, = P; - (1 + B;/ cosh?(B, - V) (2.24)
Vpkm = Vpks — Dvpks + Dvpks ' tanh(a's ' Vds) (225)

where V; is the gate voltage at which the maximum of transconductance g,
occurs, D, is the difference of the gate voltage measured at the drain voltage in
the saturated region and close to zero, Py, P,, and P; are fitting parameters, which
contribute to the prediction of measured “bell-shaped” g,, structure, B; and B, are
fitting parameters for P;.

The parameter « is also a bias dependent parameter and can be described as:

a =a,+ a- (1 +tanh¥)) (2.26)

where «, indicates the slope at low voltage and low current region, a, represents
the slope at low voltage and high current region.

The detailed formulas for the differential information of iy, e.g., g,, and G, are
summarized in Appendix A.

The drain-source current model parameter extraction routine is based on multi-
bias S-parameter measurements, where the drain voltage is normally swept from
0V, and the gate voltage is swept from below pinch-off to a positive value, thereby
completely covering the relevant part of output I/V and transfer characteristics field.
The model can then be directly fitted against the currents measured along the S-
parameter and g,, from the small-signal model determined from S-parameters with
the least square algorithm in Scilab program [68]. The whole calculate and opti-

mization procedures have been implemented in a Scilab toolbox.
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Figure 2.15: Measured (symbols) and modeled (lines) I;; and g,, of the 250 um
GaN HEMT, described by the Chalmers current model.

Fig. 2.15 shows large-signal model predictions of /;; and g,, together with the
DC and small-signal parameters against which the models were fitted. It is evi-
dent that a significant deviation can be observed between modeled and simulated
transconductance g,, since the model cannot account for the difference between
gm determined from S-parameters and G,, being the derivative of the DC current
dl;s/ dV,, and in case of GaN HEMTs, it cannot be generally assumed that g,
and G,, are identical or close to each other. However, a good agreement has been

achieved for prediction of /;; by using Chalmers model formulations.

B) Gate-source and gate-drain current model

In the proposed large-signal model, the gate-source and gate-drain current sources
were modeled by two diodes which connect gate with source and drain. The val-
ues of the diodes were extracted from simple forward biased measurements, and a

modified Schottky diode formulation was employed to describe them as:

Igs — Ij(e(Pg tanh(2(Vgs=Vig))) _ e(Pg tanh(—Zng))) (227)

Igd — Ij(e(Pg tanh(2(Vga—Vij))) _ e(Pg tanh(—ZV/g))) (228)
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where [; is the gate forward saturation current, P, is a fitting parameter, which
contributes to predict the slope of the curve (1,/V,;), V, is the gate voltage at which

the transistor is operated.

2.3.2 Large-signal Capacitances Modeling

After modeling the nonlinear current parameters, the large-signal capacitances are
to be modeled by fitting the large-signal capacitances to the small-signal equivalent-

circuit parameters.

For the Chalmers model, although its capacitance model and charge model have
the same parameters, the capacitance model as opposite to the charge model was
mostly used for convenience. However, it is known that the use of charge model
as opposite to capacitance model enables a good convergence and ensures energy

conservation [69, 70].

a. Capacitance model

In case of the capacitance model, the large-signal equivalent circuit has the same
topology as the small-signal equivalent circuit in II-configuration as illustrated in
Fig. 2.16. For simplicity, the intrinsic resistances are not shown. It is evident that
the large-signal capacitances and the small-signal capacitances can be related to

each other as:

[
O || O
ng,ss
-jwt
Vgs p— Cgs,ss Vgsgme T CdS,SS VdS
O O

Figure 2.16: Intrinsic small-signal equivalent circuit in II-configuration. For sim-

plicity, the intrinsic resistances are not shown.
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Cgs,ss = Cgs,ls (2.29)
ng,ss = ng,ls (230)
Cds,sx = Cds,ls (231)

For GaN HEMTs, the gate-to-source and gate-to-drain capacitances Cy, and Cyy

present a nonlinear dependence on both gate-source and drain-source voltages v

and v, as shown in following equations:

400 400

3
>

(&)

0 0 :

-3 -2 -1 0 0 10 20 30
V. (V) vV, (V)
200 200

Cyq (F)
o
o

0 10 20 30

Figure 2.17: Modeled intrinsic capacitances against v,, and vy, extracted from

multi-bias S-parameter measurements, small signal model (symbols) and large sig-

nal model (lines).



27

Cys = Cygpi + Cyspo X (1 + tanh(yr;)) X (1 + tanh(y),)) (2.32)
Coi = Cyapi + Caapo X ((1 = Py + tanh(y3)) X (1 + tanh(y4)) + 2 X Pyyy)  (2.33)
Y1 =Pio+ Py X Voo + Prip X Vg (2.34)
Y2 = Py + Py X Vi (2.35)
Y3 = Py — P31 X Vg (2.36)
Wa = Pao+ Pyy X Vg — Py X Vyq (2.37)

where Py, P11, Py, P21, P30, P31, Pso, P41, and Py are the main fitting parameters
of the capacitances model. The drain-to-source capacitances C, 1s assumed to be
constant. These parameters were determined by fitting the simulation curves to the
small-signal equivalent-circuit parameters below v, = 0 V. As shown in Fig. 2.17,

the intrinsic capacitances can be well modeled by using the capacitance model.

b. Charge model

As mentioned before, the use of a charge model is necessary in the large-signal
modeling, not only realizing a good convergence in simulations but also ensuring
energy conservation. However, one of the major problems during the extraction
of the charge model parameters is the discrepancy that occurs when attempting to
relate the large-signal model to the small-signal model using the same topology as
shown in Fig. 2.16. This discrepancy is mainly due to the so-called transcapaci-
tances, which are caused by the multiple voltage dependence of the charges in the
large-signal model [70], e.g., for Chalmers GaN HEMT charge model: Q,, and Q4
are known to be functions of both gate and drain bias voltages.

First, considering the traditional intrinsic small-signal model in I1-configuration
illustrated in Fig. 2.16, the resulting bias-dependent small-signal intrinsic Y-para-

meters are then given by:

Y _ jw(cgs,ss + ng,ss) _jwcgd,ss
int,ss — . . .
gm,ss(l - JWTss) - Jngd,ss ]w(Cds,ss + ng,ss)

with
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o I o
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Figure 2.18: (a) Large-signal equivalent circuit of the intrinsic GaN HEMT. (b)
Intrinsic large-signal model in the presence of transcapacitances Cy, and Cgqyr

parallel to Cyg ciass and Cig crass-

e~ 1 — jut (2.38)

The intrinsic capacitances found in (2.38) are extracted from multi-bias S-para-
meter measurements after deembedding the extrinsic elements extracted from cold-
FET measurement.

Fig. 2.18(a) shows the intrinsic part of the large-signal equivalent circuit. It con-
sists of the gate-source charge (Q,), the gate-drain charge (Q,4), a current source
and drain-source capacitance (Cg, ). The functions of the charges Q,, and Q,, have

been presented in [71] as:

c s0
Qgs = Cgspi : Vgs + PL (1 =Py + tanh(PZO + Py1 - Vi)
11

: (¢l + ln(COSh(¢l)) - QgsO) +2- CgsO ' Plll : Vgs (239)
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C
Qi = Cgapi Vea + PLdO (1 = Pyyy + tanh(P3g — P3; - Vyy)) (2.40)
41
“ (¢4 + In(cosh(ds)) — Oga0) +2 - Coao - P111 - Vea (2.41)
with

¢1 = Pio+ P+ Ve + Pryy - Vi (2.42)

¢4 = Pyo+ Py1 - Vg — P11y - Vs (2.43)

Qgs0 = Pio + Pi11 - Vs + In(cosh(Pyg + Pyyy - Vyy)) (2.44)

Qgio = Pao — P11 - Vg + In(cosh(Pyg — Py - Vi) (2.45)

where Co;pi, Cos05 Coapis Coa0, Pro, Pi1, Poo, Pa1, P3o, P31, Pao, Psi, and Py are all
fitting parameters, which are also adopted in the Chalmers capacitance model.

It is evident that the charge Q,, depends on two bias voltages V,, and V;,, while
the charge Q,; depends on V,,; and V. Therefore, the classical capacitances and

transcapacitances yield:

0Qgs 0di

Cgs,class = ng,class = (246)
Vg s Vgg=const ng Vas=const

C _ 6Qgs C _ and 2 47

gs,tr — V gdtr — V ( . )
ds Vgs=const ds 1Vgg=const

The detailed formulas for classical capacitances and the transcapacitances can be
found in Appendix.

Now, it can be found that the resulting capacitances Cyq cja5s and Cygg ciass Of the
charge model share the same functions with the Chalmers capacitance model for C
and Cy,. Fig. 2.18(b) illustrates the resulting topology. Here, the transcapacitances
are understood as a remote-voltage dependent current source with jw. Now, the

resulting intrinsic Y-parameters are given by:

Y. _ { jw(cgs,class + ng,class) _jw(cgd,class - ng,tr) + jw(cgs,tr)
int,ls —

_ _ _ _ (2.48)
gm,ls(l - ]les) - ]wcgd,class ]w(cgd,class - ng,tr) + ]w(cds,ls)

It is obvious that the transcapacitances only impact on the modeling of Y}, and
Y5,. Hence, it can be assumed that a good modeling performance of Y;; and Y>; can

be expected when using the parameters determined for the capacitance model in the
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charge model. In order to relate the small-signal and large-signal Y-parameters, the

Y1, and Y5, of equation (2.48) should be rewritten in the following form:

Y= ](UC siclass T ]CL)(C class — C ,r) + ]w(c . r)
11 gs,cl gd.cl. gd.t gd.t (249)

Y21 = gm,ls(l - ijlS) - jw(ng,class - ng,tr) - jw(cgd,tr)
Therefore, as long as we have a negligible C,,,, to Y}, and a negligible C,4, to
Y1, and Y5, the small-signal and large-signal capacitances can be related to each

other as:

Cgs,ss = Cgs,class = Cgs,ls (2.50)
ng,ss = ng,clasx —LCgdr = ng,ls (251)
Cds,ss = Cds,ls (252)

These equations enable a numeric extraction of the parameters of the charge
expressions Q. and Q,, by fitting the proposed large-signal capacitances to the
small-signal capacitances. Fig. 2.19 shows the comparison between the small-

signal Cy,; extracted from S-parameter measurements and S-parameter simulation

(a) Cgd,class-Cgd.,tr (fF) (b) Cgd,class (fF)
120 120
110] 110+
100 1007
901
901 801
80 704
70+ 60 -
60 501
501 40+
40 301
1 20
30+ 104
20 T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Vds (V) Vds (V)

Figure 2.19: Small-signal intrinsic capacitance C,; extracted from S-parameter
measurements (dots) and S-parameter simulation (lines) based on the charge model
with (a) and without (b) considering transcapacitance Cgyy. Vos =-2.5 V10 -05V
in 0.5 V steps.
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using the extracted parameters for the charge model (a) and for the capacitance
model (b). As seen in the figure, the intrinsic capacitances of the transistor can
be modeled very well in application of the proposed procedure, which takes the
transcapacitance effects into account. However, the extracted capacitance model

without transcpacitance C,,,- dramatically underestimates the value of C,,.

Figs. 2.20(a) presents the proportion of the extracted values of Cgy;r 10 Coy g
against V. As seen in this figure, the impact of C,4,, significantly increases with
the increase of V, and it is obviously not negligible. Fig 2.20(b) shows the propor-
tions of the extracted values of Cy, 10 Cyq 4. It is obvious that C,y - has almost no

effect on the extraction of C,,; from Y5, especially at high V,, region.

As an other necessary condition for the application of the relationship between
small-signal and large-signal capacitances as formulated in Equations (2.50), C,q,r
should be negligible in Y;;. This condition is verified by Figs. 2.20(c), where Cyq .
shows little importance to Yy, for its share is always below 10% of (C; g5 + Coq ss)-
In the situation of Y5;, the importance of C,,, increases to a certain extent, e.g.,
20% at 28 V, which should be further optimized.

(a) Cgd,tr/Cgd,ss (%) (b) Cgs,tr/Cgd,ss (%)
regarding Y12
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Figure 2.20: Proportions of (a) Cyqr 10 Cyg 55 (b) Coyr 10 Coggs (€) Coapr 10 (Cosgs
+ Coass); (d) Coapr 10 (Coass + Gmss * Tss), against Vg, Vg is from -2.5 V to -0.5 V
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2.4 Trapping Effects in GaN HEMTs

It is well known that GaN HEMTs suffer from trapping effects, which hamper the
achievable output power, output current, and linearity. However, unlike GaAs MES-
FETs [72] the trapping effect phenomena observed in GaN HEMTs are very com-
plex and not completely understood yet. The recent studies provide only qualitative
and contradicting explanations of the trapping phenomena. This places the circuit
designers in a very tough situation: on one hand, the trapping effects cannot be
solved rapidly by the development of HEMT technology; on the other hand, until
now, none of the trap models has been available in commercial tools. This is the ba-
sis to find an accurate and efficient way to characterize these trapping effects, which
can be used by the circuit designers.

In this section, first the state of the physical explanation for trapping effects will
be reviewed. Next, two published models, which can take the trapping effects into

account, will be presented.

2.4.1 Physical Mechanisms of Trapping Effects

Understanding the origin of the traps in GaN-based transistors, their location, and
the physical mechanisms involved in the trapping is important for the optimization
of device performance. From an electrical point of view, the traps are known as
energy levels located within the energy band gap of semiconductor materials. They
cause many electrical anomalies, such as current collapse, the discrepancy between
trans-conductance under static and dynamic conditions and frequency dispersion
of the output conductance [40, 73]. GaN HEMTs usually exhibit short capture
time constants, when the traps capture free charge carriers and long emission time
constants, when the traps release free charge carriers [44]. These time constants
induce a delayed response of the channel current to the fast changing electrical
command signals (RF/Microwave). In recent years, the identification of traps in
GaAs-based transistors have already been studied well [72]. However, in the case
of GaN HEMTs, the identification of the traps has proven to be much more difficult
due to the non-reproducibility of measurements and invalidity in some cases [74].

Many factors may explain these limitations:

e Fabrication: The unstable material qualities and growth processes.
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e Electric field: The specific mechanisms, such as the Poole-Frenkel effects
[75], can occur due to the very high values of electric field in wideband gap
materials. In the presence of an electric field, the characteristics of the capture

and emission process change.

e Defects and dislocation: GaN contains high densities of defects and disloca-
tions formed during the growth due to the large difference in lattice constants

and in thermal expansion coefficients of the substrate and the epi-layers [61].

As already mentioned, the traps are able to capture and release the free charge
carriers. The important characteristics have been given in the Shockley-Read-Hall
(SRH) statistics [76]. The occupation factor fr of the traps, presented in Equation

(2.53), s described by the balance of the capture and emission processes as:

d
Ut - )~ B fr (253)

with
C,=0," Uin (2.54)

where fr is the electron occupancy ratio for deep traps, n is the electron concentra-
tion, o, is the electron capture cross-section, and vy, is the eletron thermal velocity.
The term (n - C,) gives the capture rate, while the emission rate E, is demonstrated

by the Arrhenius law as:

1 -E
E, = —A-T?. ¥t (2.55)

Temission

where A is a constant, T is the temperature, k is the Boltzmann’s constant, T,,,;ssion
is represents the charge emission time constant, and E4 is the activation energy.

In the simplest case, the activation corresponds to the position of the trap level
with respect to the bottom of the conduction band for a donor-type trap (or with
respect to the top of the valence band for an acceptor-type trap). It is evident that
the capture rate is proportional to the electron concentration n, while the temper-
ature together with the position of the trap level with respect to the bottom of the
conduction band strongly influence the emission rate E,. The emission and cap-

ture rates E, and (n - C,,) can be measured by monitoring the time evolution of the
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drain current. However, from the Equations (2.54) and (2.55), it can be concluded
that the emission time constants are several order magnitude longer than the capture
time constants. This peculiar behavior is very important to understand the transistor
electrical characteristics under RF drive, under transient conditions and also under
steady state operation.

For GaN HEMTs, the traps can be separated into two types "Gate-Lag" and
"Drain-Lag". They correspond to the delayed response of the drain current with
respect to V,, and V,, control voltages, respectively. Consequently, in frequency
domain, the impact of gate lag is noticeable on trans-conductance (the partial deriva-
tive of drain current with respect to gate potential), and the impact of drain lag on
the output conductance ( the partial derivative of drain current with respect to drain

potential).

2.4.2 Gate-Lag Effects

Gate-lag effects are mainly due to the presence of negative charges trapped at the
semiconductor surface of the epitaxial layers above the 2DEG. In this region, the
electric field is strongest, and the gate can provide free electrons to fill the surface

states.

Drain

VG

Source

Figure 2.21: Equivalent circuit with two gates: V; is the normal metal gate and Vyg

is the virtual gate.

In GaN HEMTs, in order to take gate-lag effects into account, Vetury et al. [17]
introduced the concept of “virtual gate”, which is a pseudo gate mainly caused by
the negative charges on the surface. Due to the resulting negative surface potential,
the channel of electrons is depleted and the gate depletion region is extended. These
surface states act as a second gate electrode. Fig. 2.21 shows the equivalent circuit

with two gate potentials: V is at the normal metal gate and is controlled by the
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Figure 2.22: Equivalent circuit with two gates: Vj; is the normal metal gate and Vg

is the virtual gate [17].

applied gate bias, Vyg is at the virtual gate and is controlled by the amount of the
trapped charges. Fig. 2.22 shows the schematic illustration of this concept and
explains, how the “virtual gate” acts as a second gate. In the first case, the surface
donors are ionized, which leads to the additional electrons in the 2DEG, while in
the second case, the partial occupation of these surface states with electrons results
in a somewhat lower 2DEG concentration [74], compared to case 1.

Gate-lag effects are supposed to be observed using pulsed I/V characteristics.

—QV_ =-2.3V;QV =28V
gs ds
250+ ——QV_ = -1V;QV_ =28V
gs ds
200 |
< |
E 150
3
=100
50 / |
0
0 10 20 30
Vis V)

ds

Figure 2.23: Pulsed I/V curves for different pulse quiescent gate voltages and same
pulse quiescent drain voltage of a 250 um GaN HEMT (pulse length: 250 ns, dy-

namic v, from -3 Vito 1.5 V).



36

However, due to the recent improvements in AlGaN/GaN technology, Gate-lag ef-
fects have been significantly reduced by passivation and field plate, e.g., in our
case, gate-lag effects are so weak, that it is almost impossible to distinguish be-
tween gate-lag effects and thermal effects even by means of pulsed measurements
[49]. As shown in Fig. 2.23 for two pulsed I/V curves with different quiescent gate
voltages, the deviations between these two iz, curves of different dynamic v, for
ves < 0 V can be attributed to gate-lag effects. However, the reverse deviations

observed for vy, > 0 V is mainly due to the thermal effects.

2.4.3 Drain-Lag Effects

In GaAs MESFETSs, the output current determined by the effective channel thick-
ness is normally modulated by the gate potential. However, due to the ionized traps
in the substrate [77] or at the substrate-channel interface [78], it is also modulated
by the extension of the depletion layer into the active region. The injection of free
electrons is determined by the drain potential, and this mechanism is called “drain-
lag effect” or also “self-backgating” (as the traps act like a pseudo backgate terminal
[79D).

In GaN HEMTs, the phenomenon of drain-lag is very similar but the output cur-
rent is now modulated by the density of free electrons in the channel. The presence
of a 2D electon gas (2DEG) is to compensate the positive (polarization) charge o*
at the AIGaN/GaN interface [80]. However, if the ionized traps are located near to
the AlGalN/GaN interface, the resultant change is not zero and becomes negative,
the equilibrium is kept by changing the 2DEG density (7,) as shown in the following

equation:

o, =¢q(ng—Nd"+ Na") (2.56)

where Nd™ is the density of ionized donors, Na~ is the density of ionized acceptors,
and q is the electron charge.

Fig. 2.24 explains how the traps impact the 2DEG density when a drain pulse
is applied. Three different states can be observed in the conduction band diagrams
under the gate: the initial state marked as case 1, after a positive drain pulse as case
2, back to the initial state as case 3. Here, it is assumed that the buffer already holds

deep donors and acceptors with densities Na and Nd (Na < Nd), respectively. To
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Figure 2.24: Description of trapping and detrapping process of traps located in the
GaN buffer of HEMT technology (Nd > Na) [81].

maintain the equilibrium, the Fermi energy is clipped to donor energy level in the

absence of electric field.

Nd* = Na~ when E=0 (2.57)

On the other hand, when an electric field is applied as in case 1, the equilibrium

18 reached if:

ny = (0y)/q+ Nd" — Na~ (2.58)

When the drain voltage is pulsed up as shown in case 2, the induced vertical

electric field causes the deep buffer scattering from the 2DEG channel, which can
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be captured by the donor traps. Hence, the density of ionized donors is reduced to

Nd'* and becomes neutral. This modifies the charge equation as:

n,=(oy)/q+ Nd" — Na~ (2.59)

When the drain voltage is pulsed back to the initial voltage as shown in case 3,
the reverse situation would happen. The charge equation should come back to Equa-
tion (2.58). However, this process, namely the emission process, presents a much
longer time constant than capture process. This asymmetry of the time constants of
capture and emission processes is very critical not only in the modeling but also for

understanding the pulsed I/V measurements.

Drain-lag effects can be observed using pulsed I/V characteristics, as shown in
Fig. 2.25, at different quiescent drain voltages: when the dynamic v,y is pulsed to
a value below QV/;, the emission process predominates for drain-lag-related traps
and the drain-source currents are here dependent on different QV,;,. When the dy-
namic vy, is pulsed to voltages above QVy;, the capture process predominates and
the drain-source currents now are dependent on dynamic voltage v, so these two

curves are very similar, as expected from physics.

——AQVv _ = 8V;QVv_=-2.3V
ds gs

250 —— Qv =15V; Qv =23V
200
<
g 150
3
=100
50 ?
/
0
0 10 20 30
V. (V)

Figure 2.25: Pulsed I/V curves for different pulse quiescent drain voltages and same
pulse quiescent gate voltage of a 250 um GaN HEMT (pulse length: 250 ns, dy-

namic v, from-3 Vo 1.5 V).
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2.4.4 Overview of the Published Models

For GaN HEMTs, the identification of the impact of trapping effects has always
been the focus of the modeling study. However, the study results are not very satis-
fying, due to the modeling difficulty induced by some material and manufacturing
process factors, such as unpredictable material qualities, the immature growth pro-
cess and larger trap densities [61].

Still several trap models have been developed to optimize the modeling accuracy.
The following subsections will introduce two of them. It has to be noted, that the
following subsections will only focus on drain-lag models, the gate-lag models can
be simply achieved by transformation of proposed drain-lag models.

The first proposed model is so-called RC branch type model [82], which not only
contributes to model the drain-source current slump due to trapping effects but also
takes into account the difference between output conductance extracted from RF
characteristic and DC characteristic. Another model [48] employs an external sub-
circuit, which determines the effective v, due to trap charges, to model the emission

and capture processes.

1) RC Branch Model

For this simple model, a RC branch is added in parallel the output current sources
as shown in Fig. 2.26, it is now often used in some GaN HEMT models, like the
Chalmers model. It is obvious that this RC branch works only at high frequency

o AV I °
Gate Rgd Cgd Drain
R Ll | 757
pr— CgS Dgs
Source l proposed RC branch

Figure 2.26: Large-signal model with proposed RC branch published in reference
[82].
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due to the capacitor and brings a correction factor for the transition from DC output

conductance to HF output conductance:

Gasur = Gaspc + 1/R (2.60)

To model the emission time constant, the capacitor value is chosen in order that
RC = 7 pission- However, in the meantime the capture time constant is overestimated
to be the same value as the emission time constant, which should be much longer
than that for capture process.

Using this model to simulate the small-signal behavior is proved efficient. How-
ever, it is no more valid under large-signal condition, because the considered dif-
ference between Gy, yr and Gy, pe is always constant and equals 1/R, which can
induce serious deviations for v, close to the pinch-off voltage under large-signal
condition.

In Fig. 2.27, the measured pulsed I/V characteristics at QV,;; = 28 V and QV;
= -2.3 V is compared with the transient simulations by same conditions using the
standard Chalmers model with RC circuit and without RC circuit. It is evident that
the model with RC circuit is able to fit the I/V characteristics in high v, region by
raising the current slope (i.e., the output conductance) of 1/R, however, if v, is close
to the pinch-off voltage, the constant correction term 1/R will make the simulations

inconsistent and results in a negative drain current.

Vout (V) Vout (V)

Figure 2.27: Comparison between measured (red dashed lines) and simulated (blue
solid lines) pulsed I/V characteristics at QV;, = 28 V and QV,, = -2.3 V using stan-
dard Chalmers model (a) without RC branch; (b) with RC branch. The inconsistent
region is highlighted.
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2) The Quéré Drain-Lag Model

In recent years many drain-lag models using external sub-circuits were published,
one of them was developed by O. Jardel and R. Quéré [44, 48]. It takes into account
both processes of trapping effects: capture process and emission process. Fig. 2.28
shows the equivalent circuit of this model, and it is comprised with two parts: an
envelope detector section, which reproduces the asymmetrical time constants for
capture and emission process of traps, and a voltage modification section, which

determines the effective v, due to the trap charges.

V, Reap R

Figure 2.28: Drain-lag sub-circuit: the left part synthesizes the equivalent charge of

trap while the right part processes the voltages to generate the actual control voltage
Veserr [48].

The first part operates as an envelope detector and can be seen as a “2-path RC
branch” model presented previously. If the input voltage v, is pulsed up, the diode
conducts, the current flows through the resistor R.,, and charges the capacitor C,
the charge time results in 7 = R, X C, which can also represent the time constant
for capture process by using small resistance for R.,,. In the case of a negative
variation of v, the diode is blocked and the emission process now can be modeled
by discharge of the capacitor C through the resistor R,,,, and the discharge time can
be calculated as: 7 = R,,, X C. As the emission process is much longer than the
capture process, the resistances should be considered as: R,,, > R.q,. The voltage
V. of the capacitor C is related to the density of trapped charges.

The second part achieves the prediction of the effective v, considering the trap’s
contribution. First, the input voltage v, is modified by the capacitor voltage V., and
the new voltage vy, - V. is processed by the amplification factor k(s gs7) shown in

Fig. 2.28 which is linked to the estimated drain current by:
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k(lgsesT) = k X L5 ps7(Vs) (2.61)

with

Ids,EST(Vgs) = GmEST X (Vgs - Vp) lf Vgs > Vp’ else 0 (262)

where k and Gmggr are fitting parameters, and voltage V7 can be defined as:

Vr = k(laspst) X (Vag = Vo) (2.63)

Finally, the effective gate voltage V. is defined by the following equation:

Vgs,eff = Vgs + k(lds,EST) X Vi = Vo) (264)

So that the drain current will be expressed as:

Ids = f(Vgs,eff» Vds) (265)

As a chronogram published in [81], Fig. 2.29 shows the internal voltages pre-

dicted by the sub-circuit in the case of a transient simulation for a drain voltage

pulse from 30 V to 10 V, and k({45 gs7) = 0.01 during a pulse width that is large

enough to observe emission and capture process on the simulated intrinsic voltages

and drain current. It can be observed that the capacitor voltage V., is able to exhibit

the slow emission and fast capture process, and the drain-lag model achieves a good

prediction of drain current under drain-lag impact.



43

A Vds
30
10 time
V
30“ c Tcapture
10 \ : .
Temission tlmi
A V.|.=k(Ve|$ - VC), k=0.01
2 i
02 N
-0.2 v
time
A Vys e =Vas* V1
-3.8 A
w40 — L
-4.2 !
timg
‘ Ids Current source
A
Capture
Emission time

Figure 2.29: Chronogram of internal voltages and drain current in the drain-lag

sub-circuit model for a negative drain pulse from 30 V to 10 V [81].



44



Chapter 3
Pulsed S-Parameter Measurements

Nowadays, it is well known that the pulsed measurements are the most relevant
characterization technique compared to conventional DC and CW measurements
[83-86]. They permit an in-depth characterization of different effects like drain

current non-linearity and discrimination of trapping and self-heating effects [87] .

In the last decade, pulsed measurements with a short pulse length were used
under the assumption that the device is free from the self-heating and drain-lag
effects [47]. However, the assumption doesn’t correspond with the reality, since the
trapping (capture process) time constant normally lies in nanosecond range which
is much shorter than the pulse length, while the detrapping (emission process) time
constant is of microsecond level which is longer than the pulse length, which means

that only the capture process will occur in the pulsed measurements.

This asymmetry of the time constant between emission and capture process al-
lows to understand the fact that the trap states depend on instantaneous values (v,
v4s) With a positive variation of vy, / v4¢ Or remain constant at the quiescent bias
point (QV,,, QVy,) with a negative vy, / v4, variation. Hence, it can be concluded
that the gate trapping state is described by the minimum of the quiescent and the
pulsed gate voltages, while the drain trapping state is described by the peak value

of the quiescent and the pulsed drain voltages.

This chapter will first focus on the principle of the pulsed measurements. Then,
this chapter is dedicated to introduce the pulsed S-parameter measurements setup
used in this thesis. Finally, the advantages of modeling GaN HEMTs relying on

pulsed measurements will be discussed.

45
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3.1 Principle of Pulsed Measurements

The principle of the pulsed measurements is shown in Fig. 3.1. It consists of I/V
characteristics and S-parameters measured in quasi-isothermal conditions at given
quiescent points (QV;; = 0 V and 28 V, QVgs = -1 V). So, it is possible to define

two cases with regard to the v, variation.

1. Negative vy, variation. In this case, vy, is pulsed from QV;; = 28 V to a
lower voltage, i.e., vs; = 14 V. However, the instantaneous output current
does not follow the fast v, variation but exhibits a slow current transient
due to the long emission time constant of drain-lag effects. Since the pulse
length is much shorter than the emission time constant, the current cannot
reach its steady-state as shown in Fig. 3.1 with black cross. Moreover, the
current should be measured in the middle of the pulse in order to prevent

any deviation caused by switching effects at the beginning and the end of the

t pulse 1:quiescent

measuring point

30

0 5 10 15 20 25

t pulse / S21 \\
/ mio*sm \
L |

. | e ’/
quiescent \ /
S22

S Q| N S

Figure 3.1: Principle of pulsed measurement, the time is not at scale. (black lines:
pulsed measurement at QV,;, = 0V, red marked lines: pulsed measurement at QV;
=28 V).
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tRF,meas. :1 50 ns
tDC,meas.=100 ns 1:DC,meas_=200 ns
—_ . Ids
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Figure 3.2: Time-domain profile of the used pulsed S-parameter measurements.

pulse.

2. Positive v, variation. In this case, vy, is pulsed from the lower voltage to
the steady-state. The response of the current is much faster, which can be
explained by a shorter time constant of the respective trapping process, i.e.,

capture process.

Fig. 3.2 illustrates several important time constants in the adopted multi-bias
pulsed S-parameter measurement. This measurement consists of two parts: DC and
S-parameter measurements.

For DC measurements, multiple measurements were made within a 100 ns mea-

suring aperture during the pulse and averaged together to generate a single reading.

(a): DC (b): RF

average of 16 pulses average of 100 measurements

average ofnsamples// \\ fi —) fa fi —— fa

Figure 3.3: Pulse measurement data reading technique (a: DC data reading method,
b: RF data reading method).
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Following that, the pulse was repeated many times and the final reading takes the av-
erage of these pulses as shown in Fig. 3.3(a). The pulsed S-parameter data reading
i1s more complicated. First of all, the pulsed measurement system triggers the VNA
measuring as many frequency points as possible within the measuring aperture in
one pulse, this continues in the next pulses until all frequency points are measured.
Next, in order to improve the accuracy of S-parameter measurement data reading,
the frequency sweep should be repeated many times and the readings averaged to
get a single measurement value as shown in Fig. 3.3(b). In our case, three frequency
points were measured within a 150 ns measuring aperture during a pulse with pulse
length of 250 ns. The frequency swept from 400 MHz to 40 GHz in 100 MHz steps
were repeated 100 times to generate the final measurement data. Moreover, the DC
measurements were also made at the end of the quiescent condition. These mea-
surements are carried out to make sure that the output voltage and current really

return to the steady-state.

3.2 Pulsed S-Parameter Measurement Test Bench

A schematic of the used multi-bias pulsed S-parameter measurement setup is shown

in Fig. 3.4. As seen in this figure, this pulsed measurement system consists of

Agllent PNA-X N5245A
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=

H
O
g

i
I
| e

Sefat
| E0

—i
)
=)
—=
-2
]
-2
B

(=]

| °|l
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Bias Tee: Auriga BT1026 )

Figure 3.4: Schematic of the used pulsed measurement setup including pulsed I-V

and pulsed S-parameter.
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several components, e.g., the pulsed I/V and RF characterization system Auriga
AU4850, a vectorial network analyzer Agilent PNA-X N5245A, external power sup-
plies, and two pulser heads.

The Agilent network analyzer Agilent PNA-X N5245A was used, since it is fully
integrated with the pulsed I/V and RF characterization system Auriga AU4850. The
PNA-X software controls the setup and measurement task while the AU4850 con-
trols the timing and triggering used to coordinate the pulsed DC and S-parameter
measurements. Moreover, the AU4850 is supplied with two external and inter-
changeable pulser heads that generate the pulses and allow the pulser circuitry to be
located closer to the device under test, minimizing signal degradation due to trans-
mission line effects. Moreover, the AU4850 comes with four Agilent external power
supplies to provide the quiescent and non-quiescent voltages for the gate and drain.

The bias tees (Auriga BT1026) used here for the pulsed S-parameter measure-
ment must be capable of handling low pulse-width, high currents and voltages and
support very high frequencies (75 ns, 40 GHz, 150 V, and 2 A). The two external
pulser heads are Auriga PHG 1001 (+20 V, 100 mA, and 2 W) and Auriga PHD 1020
(220 V, 2 A, and 40 W) for gate and drain port, respectively.

3.3 Pulsed Measurement Characteristics

For characterizing high-power AIGaN/GaN HEMT devices, which generally gen-
erate unwanted heat known as “self-heating effect” and suffer from trapping effects,
several types of device characterization are required. The efficiency of the charac-
terizations mainly depends on capturing the nonlinear dispersion in drain-current.
However, under DC condition, it is impossible to separate these effects. Hence, the
pulsed measurements tend to be the most fitting characterization technique com-
pared to conventional DC and CW measurements. [83-86]. In this section, the

advantages and the limitation of pulsed measurements will be discussed.

3.3.1 Device Self-Heating Reduction

As mentioned before, the pulsed measurements are able to reduce self-heating al-
lowing the device to be modeled under isothermal operating conditions in both their

linear and non-linear operating regions. However, this is only correct, if several
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Figure 3.5: Position of the most common measurements in transistor’s typical time

range [81].

conditions are satisfied for the pulsed measurements:

e The pulse length should be shorter than the time constants associated with

self-heating to eliminate self-heating during the measurement pulse [88].

Fig. 3.5 shows the time evolution of different dispersive effects that occur under
RF drive [81]. It is evident, the pulse length should be short enough to completely
eliminate the self-heating effects, which is impossible. In real cases, a pulse length
of 200 ns up to 400 ns will be used to reduce the impact of the self-heating effects.
In this work, the pulse length is 250 ns.

e The duration of the quiescent condition should be long enough to make sure
the device could return to its steady-state conditions after each measurement

pulse.

As seen in Fig. 3.5, the duration of the quiescent condition should lie in mi-
crosecond range in order to eliminate the current change induced by self-heating
effects during the pulse. However, it is impossible in our case, since the number of
the measurement samples in the quiescent condition is limited by the duration of the
quiescent condition: the longer the duration of the quiescent condition is, the fewer
samples can be placed by the oscilloscope. Hence, the use of the long duration of
the quiescent condition will significantly increase the inaccuracy of measurement.
In our case, the duty cycle is 0.1 %, which means the duration of the quiescent
condition is 250 us when the pulse length equals 250 ns.

Fig. 3.6 shows the drain-source currents measured at the end the quiescent con-

dition after the pulses with dynamic bias points (v4,,v4). At the end of the quiescent
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Figure 3.6: Drain-source currents measured at the end of the quiescent condition
after after pulses with different dynamic biases (v,4,v45). The pulsed measurement
was performed at QV,, =-2.3 Vand QV,;, =28 V.

condition, the drain-source current should return to its steady-state, i.e., the current
of quiescent bias (QV,, = -2.3 V and QV,, = 28 V). However, it is evident that the
drain-source current dramatically decreases with the increase of dynamic v,, when
Ves > 0 V. This phenomenon is mainly due to the self-heating, which occurs during
the pulses and cannot be eliminated by the short pulse period. The junction temper-
ature is completely determined by the electrical data at each operating point through
the simple equation as shown in Equation 3.1 (for simplicity purposes, the thermal

capacitance is neglected here).

Tj = Tamp + Ru + Las - Vs 3.1

where T, is the ambient temperature and equals the room temperature 20 °C in
this work, Ry, is the thermal resistance and for our DUT equals 30 °C/W. Hence, in
the case of dynamic v,, = 20 V, the change of the junction temperature from v,, =

0 V to vge = 1.5 V can be calculated as:

ATj =Ry - AQlys - QVyy = 5.5°C (3.2)

However, compared with the normal 7'; in the quiescent condition (52 °C), this
change is negligible and will not impact the performance of the device. Fig. 3.7

supports our suggestion.
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Figure 3.7: Comparison between DC I/V characteristics and pulsed I/V character-
istics at QV,, = QV,4, = 0 V with 250 ns pulses and 0.1 % duty cycle.

Fig. 3.7 shows a comparison between the DC I/V characteristics and the pulsed
I/V characteristics at QV,, = QVy, = 0 V with 250 ns pulses and 0.1 % duty cycle.
As expected, the impact of self-heating can be significantly observed in high v, and
vas region of the DC I/V characteristics. In the pulsed I/V characteristics, the impact

of self-heating effects is almost impossible to be observed.

3.3.2 Traps Isolation

The trap states are normally controlled by the supply voltages, so if we determine
a model with pulsed measurements, the trap state should be considered as the same
as the trap state under used quiescent bias. In the case of AIGaN/GaN FETs, this
assumption is not entirely correct. However, due to the asymmetry in time constants
associated with capture and release of charge traps, a pulsed characterization is not
enough in order to keep the trap states fixed. In particular, owing to the fast cap-
turing time constants, the trap state seems to be dependent on the dynamic voltages
Vdss Vds-

Fig. 3.8 presents a comparison between three sets of pulsed I/V curves for a
constant QV,, = -2.3 V and different values of QV,;, =8 V, 15V, and 28 V. The
impact of trapping effects is clearly seen in all of these three curves. When the
dynamic vy is pulsed to a value below QV,, (emission process), the curves show

so-called knee-walkout effect, that is more pronounced for higher QV,;. When the
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Figure 3.8: Comparison of three sets of pulsed I/V curves for pulse quiescent gate
voltage QV,, = -2.3 V and pulse quiescent drain voltages QV,;, = 8 V, 15V, and
28 V.

dynamic vy, is pulsed to voltages above QV,; (capture process), the three curves are
very similar, as expected from physics [89].

Recently, the dynamic trapping effects observed in pulsed I/V characteristics
have also been identified by the double-pulse experiment [90, 91], which not only
isolates the trapping effects from thermal effects but also enables the separation of

the trapping and detrapping processes.
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Chapter 4

GaN HEMT Modeling Based on

Pulsed S-Parameter Measurements

In GaN HEMT modeling process, the most important and difficult step of the non-
linear model extraction is to determine the drain-source current model parameters.
In order to predict the I/V characteristic accurately, several types of effects such as

self-heating effects and trapping effects have to be included in the model.

However, the status of GaN HEMT trap models can be considered to be quite
close to be solved in the academic world [47-52], but still far away from being
accessible to circuit designers, since no trap model so far is available in any com-
mercial EDA tool. This leaves us in a situation, where foundries cannot build their
design kits easily based on the models provided by the major simulation packages.
Also designers face the difficulty that they will not be supplied with GaN HEMTs
model parameters, and on the other hand, quickly extracting model parameters the

traditional way might not lead to satisfactory accuracy.

Given this situation, it is required to find a way to optimize the accuracy of stan-
dard HEMT models applied to GaN HEMT devices. Since we know that the lack
of a trapping description in these models prevents the formulation of a generally
accurate model, the task is to optimize the model with a certain transistor operation
in mind. In the best case, one obtains a good model for a certain application taking

into account that it might not be usable under other operation conditions.

Pulsed measurements are normally the key solutions to extract the drain source
current model parameters including trapping effects [92]. In this chapter, the param-

eters of the Chalmers model are extracted by using pulsed S-parameter measure-
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ments. The extracted model targets the power amplifier operation of the device at a
fixed drain supply voltage (28 V), which is a reasonable approach for many practi-
cal applications. The idea behind this work is that basically the DC supply voltages
determine the trap states. If the model is determined from pulsed S-parameters us-
ing this bias as quiescent bias point, the trap state should be the same as in a power
amplifier application. Hence, one would expect high model accuracy, although only
for a single bias point.

In the first section, the impact of traps on the extraction of extrinsic parameters
and small-signal intrinsic capacitances will be presented. The next section addresses
the question to what extent these pulsed S-parameters can be exploited to obtain an
accurate model valid for a dedicated bias point. Here, the large-signal modeling
process with pulsed S-parameter and its differences to the traditional modeling will
be focused on. The resulting large-signal model is then validated by comparing

simulation and load-pull measurements.

4.1 Small-Signal Modeling

The procedure for the extraction of the small-signal parameters has been presented
in Chapter 2. It is based on two S-parameter datasets: “cold-FET” S-parameters for
extrinsic parameters and “hot-FET” S-parameters for intrinsic parameters.

As mentioned previously, the use of pulsed measurements ensure a better large-
signal model as long as the pulses are kept short enough so that the self-heating
and trapping effects will not affect the device characteristics [88]. However, in
this section, the aim is to find out whether the traps impact the extraction results of
some small-signal equivalent circuit parameters such as the extrinsic parameters and
intrinsic capacitances. Hence, several pulsed multi-bias S-parameter measurements
with different quiescent bias points of QV,, = -2.3 V and QV,;, =8 V, 15V, and
28 V will be used to determine the small-signal equivalent circuit of the DUT at

different trap states.

4.1.1 Extrinsic Parameters

As discussed in Chapter 2, the small-signal modeling starts with the extraction of

extrinsic elements, and the procedure for extrinsic parameter extraction is based on
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Figure 4.1: Static (blue lines) and pulsed (red lines, QV,, = -2.3 V, QV,, = 28 V)
cold S-parameters, S; and Sy, at vyy = -4 'V, -6 V, and -8 V for frequency up to
40 GHz.

S-parameters in “cold-FET” condition. Under this condition, the DUT can be seen

as in a passive condition and the intrinsic elements can be easily derived.

A): Capacitances (C,,, C,,) extraction

At first, the gate and drain pad capacitances, C,, and C,4, can be estimated from
pinch-off cold-FET S-parameter measurements by using equations (2.2) and (2.3).
As an example for one trap state, Fig. 4.1 shows the comparison between the static
and pulsed (QV,, = -2.3 V, QV,, = 28 V) pinch off cold S-parameters S, and S,
at gate voltages below pinch-off for the frequency up to 40 GHz. It can be seen that
static and pulsed S ;; and S, show almost the same capacitive behavior at all used
gate voltages.

With this in mind, it can be assumed that the determined values of parasitic
capacitances using these different S-parameter data should be very close. Fig. 4.2
shows comparison between the C,, and C,,; extraction results based on static and
pulsed measurements at Qy,, = 28 V, which supports our suggestion. Furthermore,
the detailed values of extracted C, and C,, including those extracted from pulsed

measurements at different QV,, can be found in Table 4.1.

Table 4.1: Extracted values of extrinsic capacitances C,, and C,; based on static

and pulsed measurements

static meas. || pulsed meas. || pulsed meas. || pulsed meas.
QVds =8V QVds =15V QVds =28V
Cpe=Cpra 5.3 fF 6.3 fF 6.8 fF 6.5 fF
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Figure 4.2: Comparison between the C, and C,, extraction results based on static
measurements (blue line with circles) and based on pulsed measurements at QV,;, =
28 V (red line with x).

B): Inductances (L,, L,, L,) and Resistances (R, R;, R) extraction

After extracting the parasitic capacitance parameters, the other extrinsic param-
eters such as inductances (L,, L4, Ly) and resistances (R,, R;) can be extracted by
using cold S-parameters at positive gate voltages.

Fig. 4.3 shows the static and pulsed cold S-parameters S;; and S, at vy, =
1.9 V and 2 V for the frequency up to 40 GHz. As can be seen, static and pulsed
S11 and S, are both inductive on the upper-left quadrant of the Smith-chart. The

S11 S22

S Sl
// i \ // [

Figure 4.3: Static (blue lines) and pulsed (red lines, QV,, = -2.3 'V, QV,;, = 28 V)
cold S-parameters, S; and S, at v, = 1.9 V and 2 V for frequency up to 40 GHz.
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Figure 4.4: Comparison between the extrinsic inductance and resistance extraction
results based on static measurements (blue lines and circles) and based on pulsed

measurements at QV,, = 28 V (red lines and x).

inductances, L, and L,, can be identified from the imaginary parts of Z-parameters
by using the equations (2.9) and (2.10). It is evident that static and pulsed S|, and
S 2, present almost the same inductive behavior, so the extracted values of L, and L,
should also be very close. The extraction results of inductances, which values can

be found in Figures 4.4(a)(b), validate them.

Moreover, static and pulsed S ;; and S ;, shown in Fig. 4.3 present the resistance
as real part on the Smith chart. Using equations (2.11) and (2.13) allows us to
determine the resistances R,, R;, and R;. Now, we meet the same situation as for
inductances, namely the real parts of static and pulsed S;; and S, are also very
similar. Thus, it is clearly shown that the extracted resistances using both kind of
S-parameters should also be similar, and this is validated in Figures 4.4(c)(d)(e),
which reveal the extracted results by using equations (2.11) and (2.13). Finally,
the extrinsic inductances and resistances determined so far are summarized in Table

4.2.
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Table 4.2: Extracted values of extrinsic inductances and resistances based on static

and pulsed measurements

static meas. || pulsed meas. | pulsed meas. | pulsed meas.
oV, =8V OV, =15V || OV,;;, =28V
L, 55.8 pH 48.7 pH 48.7 pH 53.1 pH
Ly 42.4 pH 42.3 pH 42.6 pH 42.6 pH
R, 6.1 Q 520 520 510
Ry 6.9 Q 5.6 Q2 6.0 Q 6.2 Q
R, 3.6 2 29 Q 310 320

From Table 4.1 and 4.2 it is evident that the choice of the trap state, i.e., quiescent

bias, will not influence the extraction results of the parasitic parameters.

4.1.2 Intrinsic Parameters

The bias-dependent intrinsic parameters were then extracted based on the extrinsic
parameters already determined. This is a crucial step in GaN HEMT modeling
since these parameters will be the initial basis for the final extraction of a nonlinear
model.

The proposed extraction process, in terms of the admittance matrix of the intrin-
sic transistor, was already discussed in Chapter 2. It has to be noted that according
to equations (2.16) - (2.21) the intrinsic parameters are also dependent on the fre-
quency. Hence, it is necessary to adopt the S-parameters in the frequency range

where a constant and logical value can be achieved for intrinsic parameters.

Intrinsic capacitances and 7:

The comparison between the extracted values of the intrinsic capacitances and 7,
Versus vy, based on static S-parameter measurements and pulsed S-parameter mea-
surement at QV,;, = 28V is shown in Fig. 4.5. Furthermore, the comparison between
the extracted values based on pulsed S-parameter measurements at different QV,; is
shown in Fig. 4.6.

It can clearly be observed that the difference between intrinsic capacitances Cy,
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Figure 4.5: Comparison between the extracted values of the small-signal intrinsic

capacitances and 7 versus v, based on static measurements (blue lines with x) and

based on pulsed measurements at QV,; = 28 V (red lines with circles).
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Figure 4.6: Comparison between the extracted values of the intrinsic capacitances

and 7 of small-signal model versus v, based on pulsed measurements at QV,, =
8 V (red lines with circles), OV, = 15 V (blue lines with x), OV, = 28 V (black

lines with triangle).
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Figure 4.7: Comparison between (a): I/V characteristics, (b) extracted g,,, (c): ex-
tracted G4, based on static (red lines with circles) and pulsed (blue lines with x,

QVys = 28 V) (blue lines with x) measurements. vy is from-3 Vo 1.5Vin05V
steps.

Cg4, Cys and 7 extracted from static and pulsed S-parameter measurements is not
significant. And also can be seen, that the choice of OV, for pulsed S-parameter
measurements doesn’t impact the extraction results of intrinsic capacitances and 7

of small-signal equivalent circuit.

iss related parameters: g, and G, :

Due to the self-heating effects and trapping effects, the deviation between static

and pulsed I/V characteristics should be significant as shown in Fig. 4.7(a). g,

(c)
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Figure 4.8: Comparison between (a): I/V characteristics, (b) extracted g,,, (c): ex-
tracted G4, based on pulsed measurements at QV,, = 8 V (red lines with circles),

QV,s = 15 V (blue lines with x), and QV,; = 28 V (black lines with triangle).



63

and G, represent the rate of change of the drain current with respect to different
quiescent bias points. Hence, the extracted values of g,, and G, from static and
pulsed measurements are completely different as shown in Fig. 4.7(b)(c).

For pulsed S-parameter measurements at different QV,, the trap states are con-
trolled by the supply voltage, i.e., below QV/;, they are dependent on QV,;, so the
measured drain currents from different QV/;, in this region should differ from QV,;
to QVy; above QVyq, the trap states are dependent on dynamic drain voltage, so
the measured drain current from different QV,; at the same dynamic drain voltage
should be the same [89]. This rule should also be applicable to g,, and G, and this
can be verified in Fig. 4.8.

4.1.3 Small-Signal Model Verification

The small-signal modeling is verified by comparing the simulated S-parameters

with the measured S-parameters the models are derived from. The verification is

(a):V__=-2V;V =26V
gs s

d

(6):V  =-3V;V,, =26V

Figure 4.9: Measured (red dots) and modeled (blue dashed lines) static
S-parameters from 50 MHz to 50 GHz at given bias points.
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required over the complete bias region to check whether the extracted small-signal
models based on static and pulsed S-parameters are able to predict the measured

static and pulsed S-parameters over the considered operating bias range.

Small-signal model based on static measurements

Fig. 4.9 shows the measured and modeled static S-parameters at the bias voltages
in the pinch-off, ohmic, and saturation regions. The small-signal model is extracted

based on static S-parameters.

A good modeling agreement is observed at both active and pinch-off regions.
Moreover, the accurate modeling performances of S|, and S, shown in this figure
demonstrate the good agreement of intrinsic capacitances extracted based on the
procedure discussed in Section 2.2.2. Moreover, it is well known that S, and S5,
are basically influenced by the drain current. Therefore, the good correspondence
with the modeled results indicates that not only the drain current but also its dif-
ferential information have correctly been represented by the extracted small-signal

model.

(a):V =8V (b):v =22V

Figure 4.10: Measured (red dots) and modeled (blue dashed lines) pulsed
S-parameters at QV;; = 15 V from 400 MHz to 40 GHz at dynamic bias voltages:
(@) Vg =-2V1to0Vinl Vsteps, vy, =8V ;(b) ves =-3Vto0VinlV steps, vy
=22 V.
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Small-signal model based on pulsed measurements

As an example of the small-signal model verification with the small-signal model
extracted from pulsed S-parameter measurement, Fig. 4.10 shows the measured and
modeled pulsed S-parameters at QV,; = 15 V. Here, we focus on the two follow-
ing regions according to different processes of drain-lag effects, i.e., emission and
capture process:

a) if the dynamic v,y is below the used quiescent drain voltage QV,;, the drain
voltage is pulsed down during a pulse. In this case, emission process predominates
for drain-lag-related traps and the traps remain overcharged related to the QVy;.

b) if the dynamic v, is higher than used quiescent drain voltages QV,;, the drain
voltage is now pulsed up during a measurement pulse period. In this case, capture
process predominates.

A good fit can be observed at both active and pinch-off regions under each pro-
cess. The satisfying small-signal performance indicates the suitability of the extrac-
tion procedure by using pulsed S-parameter measurements and also the accuracy of

extrinsic element values.

4.2 Large-Signal Modeling

In this section, two sets of large-signal models, which were derived from the small-
signal model extracted from static and pulsed S-parameter measurement, will be
presented.

As already discussed in the last chapter, pulsed measurement is understood to be
able to freeze traps at quiescent bias point. Hence, the selection of quiescent bias
allows us to capture the “real” trap state of a certain transistor operation. In this
way, a good modeling accuracy in prediction of the transistor large-signal behavior
can be achieved even without a dedicated trap model.

This section addresses the question whether the model based on pulsed S-para-
meter measurement at QV,;, = 28 V achieves a better modeling accuracy in de-
scribing the large-signal behavior biased at v;; = 28 V than that based on static
measurement. At first, the large-signal modeling results with pulsed S-parameter
at QV,, = 28 V will be illustrated, and then the results will be compared with the

traditional modeling results.
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4.2.1 Drain-Source Current Model Parameters

The large-signal model (Chalmers model) extraction procedure has already been
described in Section 2.3. The Chalmers drain-source current model parameters were
determined by fitting the characteristic curves with the least square algorithm in a
Scilab program [68].

For pulsed measurements, the quiescent bias is fixed at a single bias: QV,, =
-2.3 Vand QV,, = 28 V to provide a fixed trap state in the modeling. In order to
reduce self-heating of the devices, the drain-source current was always measured in
short pulses. Hence, the pulsed I/V characteristic can reach the high power region
while the static I/V characteristics stop before reaching the “hot” region. In this
work, the pulsed gate voltage is swept from below pinch-off to +1 V, and the pulsed
drain voltage is swept from 0 V to 30 V, thereby covering the relevant part of the

output I/V and transfer characteristics field completely. In contrary, the static mea-

300

300

100 100

g, (mS)

Figure 4.11: Measured (symbols) and modeled (lines) i;; and g,, of the 2x125 ym
GaN HEMT, described by Angelov current model, and comparison between model
based on static S-parameter (at left hand side) and pulsed S-parameter at QV,, =
28 V (at right hand side).
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surements were performed within limited voltage ranges to protect our DUT from
being destroyed.

Fig. 4.11 shows large-signal model predictions of i;; and g,, based on static S-
parameters and pulsed S-parameters together with the DC and small-signal param-
eters against which the models were fitted. Since the model cannot account for the
difference between G,, = 9i;,/0v,s and g,, determined from S-parameter measure-
ments, significant deviations between modeled and simulated values are observed.

For each large-signal model, the model parameters given in equations (2.22 -
2.26) were optimized in order to provide best RF prediction without sacrificing too
much accuracy concerning the DC current. It is evident that relying on pulsed S-
parameters allows a much better fit of iy, and g,,,.

Moreover, for G4, the Chalmers model employs a RC branch parallel to iy,
which has already been presented in Section 2.4.4, in order to take into account the

difference between G,, under DC and RF condition as follows [38]:

1
AG .= G s _ G s = 41
d ds,RF ds,DC Rcmin + RC . (1 + tanh(w)) ( )

where R.,,;, 1s the minimum dispersion resistance measured in saturated voltages
and high currents, R, is the dispersion resistance for frequency dependent output
conductance, and i is already given in equation (2.23). Thus, it is obvious that AG 4

is both v4,- and v4,- dependent and the parameters R,,,;, and R, can be extracted from

8 ‘ 8
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Figure 4.12: Measured (symbols) and modeled (line) G, of the 2x125 um GaN
HEMT, and comparison between model based on static S-parameter (at left hand
side) and pulsed S-parameter at QV,, = 28 V (at right hand side).
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the AG4; or from the G,-related parameters, e.g., S 2.

In the extraction process AG,, can be calculated from the difference between
Gusrr determined from S-parameter measurements and G, pc determined from
DC I/V characteristics as Gyspc = 0igspc/0Ovas. Once the values of R, and R,
are determined, a correct S, and G4, gr prediction result can be expected to be pro-
duced. Fig. 4.12 shows the prediction results of G4, gr by using static and pulsed
S-parameter measurements. It is evident that the prediction accuracy of Gy, gr by
using static S-parameters is limited in a small v, range. On the contrary, v, be-
comes the decisive factor for the prediction of G, gr at high v, region by using

pulsed S-parameters.

It has to be noted that the thermal resistance and temperature parameters are
assumed not to vary too much within a given technology, and therefore are not ex-
tracted especially for this transistor under test, i.e., typical values of thermal model

parameters were used.

4.2.2 Capacitance Model Parameters

The nonlinear functions chosen to fit the extracted gate-source and gate-drain ca-
pacitance data are based on the equations given in [36], and the extraction procedure
is presented in Section 2.3. The drain-source capacitance C,, is known to be a very
weak function of bias voltage v,, and v4,, hence, it has been set to a constant value
[36].

Fig. 4.13 shows the comparison between the extracted values of the intrinsic
capacitances from standard S-parameter measurements and that from pulsed S-
parameter measurements at QV,;; = 28 V. As seen in the figure, in both cases the
intrinsic capacitances of the transistor can be modeled very well by the Chalmers
model formulations. And for both intrinsic capacitances the difference between ex-
tracted models from standard S-parameter measurements and pulsed S-parameter

measurements is not really significant.

As illustrated in Fig. 4.6, the deviation between the small-signal model intrinsic
capacitances extracted from pulsed S-parameters at different QV,;; can be neglected.
Hence, we can supply the same values of the capacitance model parameters also for

each large-signal model based on pulsed S-parameters.
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Figure 4.13: Modeled intrinsic capacitances against v, extracted from static S-
parameter measurements (at left side) and pulsed S-parameter measurements (at

right side); small signal model (symbols) and large signal model (lines).
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4.3 Large Signal Model Verification

Large-signal model verification is the last but very important step in modeling pro-
cess. This verification should include small-signal as well as large-signal power
levels. First, the models are checked whether they are consistent with static/pulsed
I/V and S-parameter measurements they have been derived from. Secondly, load-
pull simulation is compared with the corresponding measurements. In this section,

all simulations were performed in ADS [93] by using a Verilog-A design-kit.

4.3.1 1I/V Characteristics

The I/V characteristics can be split into two types: static I/V characteristics and
pulsed I/V characteristics. The static I/V characteristics are obtained sweeping val-
ues of the gate and drain bias voltages with two supply sources and measuring
the static drain-current for each sweep step. These measurements have following
limitations: safe operation limitations, i.e., maximum voltage, maximum current,
and maximum power, and non-negligible self-heating. Pulsed I/V measurements
can overcome the main limitations of the corresponding static measurements. As
mentioned in last chapter, pulsed I/V measurements provide a quasi-isothermal con-
dition, since all I/V characteristics can be obtained at a constant device temperature

defined by quiescent bias condition and ambient temperature. Hence, these mea-
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Figure 4.14: Measured (dots) and simulated (lines) static I/V characteristics.
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surements can offer a way to investigate the characteristic of the device in ranges
where damage or deterioration can occur [94]. Moreover, the pulsed I/V measure-
ments under appropriate quiescent bias conditions were also used for trapping in-

duced dispersion characterization [47, 95].

Static I/V Characteristics

The modeling performance of the large-signal model based on static measurements
is seen in Fig. 4.14. Here, the comparison between measured and simulated static
I/V characteristics is demonstrated. The good agreement between simulation and
measurement indicates the ability of the model based on static S-parameters to de-
scribe the DC performance of the transistor, and validates the parameter extraction

process for the Chalmers i;; formulation as reviewed in Section 2.3.1.

Pulsed I/V Characteristics

The large-signal model extracted from pulsed measurements is simulated in tran-
sient to reproduce the pulsed I/V characteristics at QV;, =28 V and QV,, =-2.3 V.
By introducing the RC branch parallel to iz, the Charmers model is able to accu-
rately describe the current slump observed in the pulsed I/V characteristics, which

is mainly due to the trapping effect. This can be reflected in Fig. 4.15. However,

Model based on pulsed measurement
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Figure 4.15: Measured (dots) and simulated (lines) pulsed I/V characteristics at
QVu4s=28Vand QV,, =-2.3 V.
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the current i;; becomes negative in a part of the simulated I/V network, which is
unphysical and inconsistent. The reasons have been already presented in Section
2.4.4. Moreover, the good fit indicates that the drain-current model parameters have

been correctly extracted.

4.3.2 S-Parameters
Static S-Parameters

The static S-parameters were simulated using the model derived from these S-
parameters, and the resulting simulation was then compared with measurements.
The results are illustrated in Fig. 4.16.

On the one hand, the parameter G4 has strong influence on the simulation of
the output impedance of the large-signal model. As discussed at the end of Section

4.2.1, the parameter G, can only be optimized in a limited v,, range. On the other

(@)vg=0Vand 1V, v=2V (b):vgs=-2.5 V10 0 V; vy=8 V

Figure 4.16: Measured (red dots) and simulated (blue dashed lines) static S-

parameters from 50 MHz to 50 GHz in the given regions, v, isin 0.5 V steps.
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hand, the parameters C,, and C,,; have strong influence on input impedance. Those
parameters can be modeled very well by the Chalmers model formulations.

In consequence, simulations of the large-signal model were expected to produce
better model agreement with measurements for Sy, related to the simulated input
impedance, than for S »,, related to the output impedance. For S ,,, a good agreement
can only be observed for the bias v;; = 14 and 26 V, where a high accuracy of G
prediction can be expected as shown in Fig. 4.12.

For §,;, which is strongly related to the transconductance g,,, a significant devi-
ation can be observed at all bias points as shown in this figure. This is mainly due

to the poor prediction accuracy for g,, as shown in Fig. 4.11.

Pulsed S-Parameters

The large-signal model based on the pulsed S-parameters at QV;, = 28 V was ver-
ified with the simulations under the same pulse conditions, i.e. with same pulse
length and duty cycle. Then, we focus on two regions according to different trap
processes of drain-lag effects as already discussed in Section 4.1.3 for small-signal
model verification. The comparison results are illustrated in Fig. 4.17.

A good modeling agreement can be observed at both drain voltages. Moreover,

v,=18V

Figure 4.17: Measured (red dots) and simulated (blue lines) pulsed S-parameters
from 400 MHz to 40 GHz at QV;, =28 V in the regions: dynamic v, below QV,; (at
left hand side) and dynamic v,;; above QV; (at right hand side), for each situation:
Ves =-2V 100 Vin0.5V steps.
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the accurate modeling performances of S, at all frequencies and S, at high fre-
quencies indicate the good agreement of the intrinsic capacitances extracted by
means of Chalmers model formulations. The largest disagreements of measured
and simulated S, appear at low frequencies regions, and this indicates the influ-
ence of v,; on G4, extraction as shown in Fig. 4.12.

It is well known that S5, is basically influenced by the drain current i;,. There-
fore, the good correspondence with the measured results indicates that not only the
drain current but also its differential information (g,,) has correctly been represented

by the Chalmers model.

4.3.3 Load-Pull Performance

Load-pull measurements are an experimental technique for direct characterization
of large-signal performance of active devices under certain input and output ter-
mination impedances. In this techniques, the output and input impedances can be
tuned to find an optimal condition that fulfills a particular performance parameter,
e.g., maximum output power or maximum power added efficiency (PAE).

In this work, the load-pull measurements were carried out at the fundamental
frequency of 8 GHz and at the DUT bias conditions Vy, = 28 V; V,; = -2.3 V and
1,5 around 30% Ipss. The source and load impedances used for each measurement
were chosen to provide a maximum output power.

Load-pull simulations were then presented and compared with measurements.
Fig. 4.18 presents the comparison between measured and modeled gain, power
added efficiency (PAE), and mean output current at V,;; = 28 V and at a frequency of
8 GHz. In order to ensure that the simulated condition agree with the real situation
presented by the measurement setup, the source and load impedances at second
harmonic frequency (16 GHz) for 8 GHz were also applied in simulation.

As seen in Fig. 4.18, a good agreement has been achieved for the small-signal
gain by using both models. This demonstrates the good performance of prediction
of S-parameters and also confirms that the current and charge source were modeled
with a good accuracy. In the saturation region, the agreement of the gain modeling
by using standard S-parameters is limited. The model always tends to overestimate
the gain in this region. These discrepancies can be attributed to the inaccuracy of
the model of the current source in the knee region of the static I/V curve (as shown

in Fig. 4.14). In this region, the impact of drain-lag effects is more pronounced.
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Figure 4.18: Gain, power added efficiency (PAE) and mean dc output current (/) as
a function of input power at frequency of 8 GHz and at bias condition: V,; =28 V.
measurements (red dots) and simulation with model from standard S-parameter
measurements (blue dashed lines) and simulation from pulsed S-parameter mea-

surements (black lines)

However, at the same time, the model based on pulsed S-parameters shows a
slight improvement in prediction of the gain in the saturation region, which proves
that the use of pulsed S-parameters enables an improvement in modeling GaN
HEMTs in presence of traps by the Chalmers model that lacks a sophisticated trap
description. This can also be validated by the improved modeling results of mean

output current in the saturation region.

On the other hand, as another result of poor drain-lag effects modeling, the stan-
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dard Chalmers model shows its inability in modeling the PAE, no matter what kind

of measurement is used.

4.4 Conclusions

In this chapter, the first section addresses the question whether the traps impact the
extraction results of the extrinsic parameters and the small-signal capacitances. It is
found that the change of the trap state does not influence the resulting values of the
extrinsic parameters and the small-signal capacitances.

Next, this chapter addresses the question whether it is possible to model GaN
HEMT devices with memory effects by a proven GaN HEMT model, i.e., the
Chalmers model, that lacks a sophisticated trap description. It is shown that the
Chalmers model is able to yield a good prediction of the transistor performance, if
the range of model validity is constrained to a fixed drain voltage and if the model
is determined relying on pulsed S-parameters.

At the same time, this chapter also shows the limitation of an approach that
relies on the standard Chalmers model. In order to overcome the significant devi-
ation found in predicting the pulsed I/V characteristics and load-pull performance,
the trapping effect modeling seems be indispensable to large signal modeling. In
the following chapter, an efficient trap model, which relies on the models based
on pulsed S-parameter measurements at different quiescent drain voltages, will be

introduced.



Chapter 5
Parameter-Scaling Drain-Lag Model

In the last years, a growing interest on modeling trapping effects could clearly be
sensed within the microwave community. As a result, various complete trap models
[47-52] were published. These models are the most accurate. However, the price
to pay is, on one hand, the need for elaborate measurements and the complicated
characterization of the trap model, and on the other hand, the use of these models
is still not available for circuit designers, since none of the published trap models is

yet adopted by commercial circuit simulator vendors.

In this chapter, a simple yet accurate drain-lag model, which aims to circumvent
these difficulties while maintaining simulation accuracy, will be presented in detail.
The first step of building this model is based on the fact that trap states are controlled
by the supply voltages and don’t follow the RF signal [96]. This allows to determine
a model from pulsed S-parameter measurements that is valid for a single bias point.
The improvement of the modeling accuracy has already been proven in the last
Chapter. Therefore, different model parameter sets were determined varying the
pulse quiescent gate and drain voltage, QV,, and QVj;, respectively. This enables
us to conclude which i;; model parameters of the Chalmers model are sensitive to
traps. Scaling these model parameters with regard to different trap amplitudes can
provide us with a drain-lag model, which is called in this work: parameter-scaling
drain-lag model.

The first section will address the extraction of Chalmers (Angelov) model pa-
rameters from pulsed S-parameters for different fixed pulse quiescent bias points.
Then, it will be shown that only three model parameters need to be adjusted to

the trap state, while the rest of the model remains unchanged. The extraction will

7
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be validated through pulsed I/V characteristics, pulsed S-parameters and load-pull
measurement.
Next, this chapter presents a drain-lag model, which employs a sub-circuit to

take into account the difference between emission and capture time constants.

5.1 Large-signal Model Extending

In the last chapter, different Chalmers model parameter sets were extracted with
pulsed S-parameters for different fixed pulse quiescent bias points. In this section,
it will be shown that only three i;; model parameters need to be adjusted to the trap
state, while the rest of the model remains unchanged. Moreover, it will be shown
that these three parameters also show a rather linear dependence on pulse quiescent

bias point, which allows for a simple drain-lag model.

5.1.1 Extending the Large-signal Model

In the last chapter, only the pulsed S-parameter at QV,, = 28 V was adopted to
extract a large-signal model for our DUT. Here, two additional large-signal model
parameter sets will be extracted with pulsed S-parameters at QV,;; =8 V and 15 V.
According to the extrinsic elements extraction results presented in Table 4.1 and 4.2
and the small-signal intrinsic capacitances extraction results shown in Fig. 4.6, the
extracted values of extrinsic elements and capacitance model parameters of large-
signal model should be the same for these three large-signal models. Note that the
thermal resistance and temperature parameters are assumed not to vary too much
within a given technology, and the typical self-heating model was used.

In order to conclude which parameters are sensitive to traps, the three sets of
measurements and extracted model parameter sets were compared. As a result,
significant variation with QV,, was observed only for three parameters: I, a;,
and A.

Starting from the model parameters determined at QV,;; = 28 V, model param-
eters were re-determined for the other pulse quiescent bias points, optimizing only
these three parameters and keeping the other parameters constant.

Fig. 5.1 presents the obtained curve-fitting results of I/V curves and transconduc-

tance g,, for several pulse quiescent drain-source voltages. The transconductance
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Figure 5.1: Measured (symbols) and modeled (line) iy and g, of the 2x125 um
GaN HEMT for pulse quiescent gate voltage QV,, = -2.3 V, and pulse quiescent
drain voltages QV,s of 8 V, 15V, and 28 V, respectivly, described by Chalmers

current model.

shown in the figures is taken from the small-signal equivalent circuit rather than
from being calculated from the current measurement. The good agreement between
simulation and measurement proves that the trap states are indeed frozen for each
measurement condition, since the model predicts /;; and g, well even in absence of
a trap model. It can also be concluded that the Chalmers model formulas are able to
describe 1, and g,, reasonably well by using pulsed S-parameters at fixed quiescent
bias even though the knee walk-out affects the shape of the I/V curves.

To verify the dependence of the scaled traps-influenced parameters on QV,;, the
model parameter scaling process was further carried out at QV,, = -1 V. Fig. 5.2 and
Table 5.1.1 show the extracted values of these trap-influenced parameters against
QV,, for QV, =-2.3 V and -1 V. It can be concluded that these parameters show a
rather linear dependence on the pulse quiescent drain-source voltage which allows

for a quite simple mathematical formulation.
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Figure 5.2: Extracted values of the trap-influenced parameters of Chalmers model

depending on pulse quiescent drain-source voltage.

Table 5.1: Exact values of the trap-influenced parameters.

Vs p=-2.3V Veso=-1V
Parameter (Vbso=) (Vpso=)
8 15 28 8 15 28
Ioio 129.6 123.7 107.4 125.8 115.1 101
as 0.391 0.321 0.284 0.2975 0.269 0.197
A*¥10° 541 7.35 9.9 4.53 8.85 11.75

5.1.2 Models with Scaled Parameters Verification

Same as discussed in the last chapter, various simulation with models based on
pulsed S-parameters at different quiescent drain-source voltages were carried out,

and the simulation results will be compared with measurement data.

Pulsed I/V Characteristics

Comparisons of pulsed I/V measurements and simulations with QV,, =-2.3 V and
QVy;s =8V, 15V, and 28 V are shown in Fig. 5.3. The very good agreement

between simulations and measurements in the region when v;; < QV,, (emission



81

QVds=8V
300

250+ Teococooe T e o
200 Tececocoe O
150
100 ‘

50 Soo0o000c0c000000 0

Q3
N
o) o\ o\ o o

Ids (mA)

0 ................D..O...

50 rrrTrTrrTT T T T T T T T T T T T T T
0 5 10 15 20 25 30

QVds=15V
300

250-
2007 e
150

100- o e e
- -

Ids (mA)

0 'f‘_-‘-
'50 L L L L L B
0 5 10 15 20 25 30

QVds=28V
250

200 e

Ids (mA)

50; .tooo""

07 0000 )

'50|\|\||\|\||\|\||\|\||\||||\|||
0 5 10 15 20 25 30

Vout (V)

Figure 5.3: Measured (red dots) and simulated (blue lines) pulsed I/V characteristics
at QVye =-2.3 Vand QV,4, =8V, 15V, and 28 V. For each case: v,, =-2Vt0o 1.5V
in 0.5 V steps.

process dominants) indicates the ability of the models for describing the current
under impact of different trap states, which depend on QV/; in this region. However,
as discussed in Section 2.4.4, the RC branch used in the standard Chalmers model
cannot account for the difference between emission and capture process. This is

reflected in this figure as the mismatch always occurs when v, > QVy;.
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Pulsed S-Parameters

Pulsed S-parameter measurements at QV,, =-2.3 Vand QV,;, =8 V, 15V, and 28 V
were presented and compared with the simulations to verify the extracted models

with scaled parameter values.

20*512 \\

|

Figure 5.4: Measured (red dots) and simulated (blue lines) pulsed S-parameters
from 400 MHz to 40 GHz at QV,, =-2.3 Vand QV,;, =8V, 15V, and 28 V in the
regions: v, < QVy, (at left hand side) and v, > QV,, (at right hand side), for each
situation: ve; =-2 Vto 0 Vin 0.5 V steps.
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Fig. 5.4 shows the comparison results between measured and simulated S-

parameters for all of the three models in the frequency range up to 40 GHz at re-
gions: 1) vy, below QV,; (at left hand side), and 2) v, above QV,, (at right hand

side). It is clearly seen that a good agreement has been achieved for S-parameters

except S, in low-frequency region for each case. As the real part of S, at the low

frequency is strongly related to output conductance G, the mismatch of S5, at low

frequencies at different v, is mainly due to the mismatch of G, for a wide range of

Vs as shown in Fig. 4.12.
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Figure 5.5: Gain, power added efficiency (PAE), and mean output current iy as a
function of input power (P;,) at 8 GHz and at V;;, =8 V, 15V, and 28 V. (Measure-

ments: red dots, simulation: black lines)
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Load Pull Performance

To further verify the models with scaled parameters, load pull measurements at
Vis =8V, 15V, and 28 V and at 8 GHz were presented. The source and load
impedances were chosen as optimum impedances for providing maximal output
power. Furthermore, the impedances at second harmonic were also supplied in the
simulation in order to better reproduce the measurement condition.

Fig. 5.5 shows the comparison results between measured and simulated gain,
PAE, and mean output current at different bias conditions for V,;;, =8 V, 15V, and
28 V. It is clear that a good agreement has been achieved for small-signal gain,
which indicates the models were determined with a certain focus on the model ac-
curacy for power applications at the specific given bias point. However, the dis-
agreement of the PAE and /;, in saturation region, especially for higher bias con-
dition, can still be clearly observed, which should be ascribed to the absence of an

appropriate trap model.

5.2 Drain-lag Model based on Scaled Parameters

In the last chapter, it has been shown that the proposed trap model of the standard
Chalmers model, i.e., the RC branch parallel to i, at the output [56], cannot accu-
rately predict the impact induced by trapping effects. In this section, a novel drain-
lag model was described in detail and employed in the Chalmers model instead of
the RC branch. It will be shown that the use of this developed drain-lag model over-
comes the drawbacks when describing the pulsed I/V characteristics (PIV), i.e.,
negative iy, and the poor prediction of the typical kink observed in PIVs. More
importantly, this developed drain-lag model significantly improves the modeling

accuracy in prediction of the transistor load-pull performance.

5.2.1 Model Description

Fig. 5.6 shows the voltage and current transient curves under the impact of drain-
lag effects, which normally can be split into two processes: emission and capture
process when v, is pulsed down or up, respectively.

However, in this work, the whole process of drain-lag is split into the following

two processes: lagged-state and steady-state process as highlighted in Fig. 5.6 [49].
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Figure 5.6: output voltage v, and output current iy as a function of time. Steady-

state and lagged-state process are highlighted.

The lagged-state process begins when v, is pulsed up or down and finishes at the
moment i,, reaches its stable value, while the steady-state process lasts as long as
igs stays stable.

In the last section, it has been shown that only three parameters have to be ad-
justed if the quiescent drain voltage varies: I, a; and A. The other parameters
can be kept unchanged without a significant loss of accuracy. Moreover, these three
parameters show a rather linear dependence on the pulse quiescent drain-source
voltage. Using this dependence enables a good prediction of the drain source cur-
rents in steady-state process, where the steady traps in this process are controlled by
the steady input voltage v,, and output voltage v,,. Now, these three trap-dependent

parameters can be formulated as:

kaO(Vds) = kaO,cons (1 + Tr]pkO “ Vds) (51)
a’s(vds) = Uscons * (1 + Tralphas : vds) (52)
/l(vds) = /lcons : (1 + Trlambda : Vds) (53)

where Tripk0, TV aiphas, and Trygmpq, are new fitting parameters to adjust the drain-
source currents to different trap states.

However, when v, is pulsed up or down, the instantaneous output current iy
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Remission

Figure 5.7: Schematic of drain-lag model.

does not follow the fast v, variation but exhibits a slow current transient through
the whole lagged-state process.

In order to take this into account a sub-circuit shown in Fig. 5.7 was employed,
which is the left part of the sub-circuit shown in Fig. 2.28 and is considered to
account for the different time constants of the emission and capture process.

Fig. 5.8 shows the behavior of the input voltage v,, and the output voltage v, cq
of this drain-lag sub-circuit, together with the simulated output current i;;. When v
is pulsed from a higher voltage to a lower one, the instantaneous i, value first does
not change and preserves the trap state related to the previous value of v;,. After
a long time interval determined by the detrapping process, i;; gradually reaches a
value depending on the trap state of the new value of v;,. On the other hand, when
v4s 18 pulsed to a higher value, the response is much faster, which can be explained
by a shorter time constant of the respective trapping process. With this in mind, the
output voltage v, Of the sub-circuit offers a nice solution to describe the changes
in the trap states. As a result, the three voltage-dependent parameters can be defined

as:

kaO(Vds,eff) = kaO,cons : (1 + TrlpkO : vds,eff) (54)
a’s(Vd.Y,eff) = scons * (1 + Tralphax : Vds,eff) (55)
/l(vds,eff) = Acons " (1 + Trampda - Vds,eff) (56)

and the time constants for these two processes are defined as:
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Figure 5.8: Input and output voltage of the drain-lag subcircuit as a function of time

and simulated output current, for a drain pulse between 30V and 10 V.

Tcapture = Rcapture -C (5.7)
Temission = Remission * C (58)

where Rcapture < Remission-
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5.2.2 Model Parameter Extraction

Now, an overview of the extraction of the drain-lag model parameters will be given.
The trapping time constants, i.€., Temission aNd Teqprure, should be determined by
means of measuring the current transients during drain-source voltage pulses. The
extraction process and results have been already addressed in detail in [48]. Ac-
cording to these results one does not need to determine the trapping time constants
exactly, as long as the emission time constant is much longer than the capture time
constant as discussed in [48]. Thus, the emission time constant is set here as T,,;ssion
= RemissonC = 1 pus, while the capture time constant is set as Teqpure = ReapureC =
1 ps. Therefore, the number of drain-lag model parameters added to the standard
Chalmers model without constant RC branch can be reduced to 3, namely 7'7;,,
T raiphas> and T Fiampaa-

These parameters are extracted from pulsed S-parameter measurements at dif-
ferent quiescent drain voltages OV, = 8 V, 15V, and 28 V and a constant QV;
= -2.3 V. For each measurement condition, a standard Chalmers model was made
by fitting (1) the drain-source current model against the measured drain-source cur-
rent along the pulsed S-parameter measurement and (2) the transconductance g,
extracted from the pulsed S-parameter measurements. Only three parameters have
to be adjusted if the quiescent drain-source voltage varies: I, @, and A which are
proven sensitive to traps. Our investigations revealed that these parameters show a
rather linear dependence on the quiescent drain voltage, as plotted in Fig. 5.6. Then
the parameters Tripko, T uiphas, and T'7igmpaq can be simply extracted from the slope
of the changes of parameters /9, @y, and A versus QVy,. The resulting values for

these drain-lag model parameters are given in Table 5.2.

Table 5.2: Extracted values of drain-lag model parameters

TripkO Tralphas Trlambda

-0.008089 || -0.01206 || 0.05817

5.2.3 Model Verification

After modeling the drain-lag effects with these scaled parameters, a Verilog-A de-

sign kit was developed based on this augmented Chalmers model. To verify the
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parameter-scaling drain-lag model, various simulations including pulsed I/V, pulsed
S-parameters, load pull performance (under different bias conditions), and low fre-

quency large-signal behavior, are presented and compared with measurement data.

Pulsed I/V Characteristics

The I/V characteristics of GaN HEMT are always important in both modeling pro-
cess and during model verification. They indicate the major nonlinearity and show
the impact of the dispersion effects. In this work, the output currents were also mea-
sured under pulsed conditions together with the pulsed S-parameter measurements.
This allows for preventing self-heating and focusing on the dispersion effects.

The pulse repetition rate and pulse width employed in the simulations correspond
to the values used in the measurements, i.e., 250 ns and 250 us, respectively, giving
a duty cycle of 0.1%.

Fig. 5.9 shows a comparison between measured and simulated pulsed I/V char-
acteristics for quiescent voltages QVgs =-2.3V and QVps =8V, 15V, and 28 V.

As seen in this figure, the typical kink can be observed around the quiescent
bias point in pulsed I/V characteristics, and it is mainly due to the asymmetry in
time constants associated with capture and release of charge in the traps: A normal
narrow-width, low-duty-cycle pulsed characterization is sufficient in order to keep
both the thermal and trapping state fixed. In particular, owing to the fast (i.e. faster
than release) capturing time constants, the trapping state seems to be dependent on
the peak values of the instantaneous voltages v,, and v;.

Although the use of the parameter-scaling drain-lag model enables an overall fit
despite the high span of drain bias, especially around the quiescent bias and ensures
a significant improvement in prediction of the typical kink in the I/V curves and the
knee walk-out effect, the deviation between measurements and simulations are still

particularly obvious.

Pulsed S-Parameters

To further verify the parameter-scaling drain-lag model, pulsed S-parameter simu-
lations at different quiescent drain voltages were carried out and compared with the
measurements.

Fig. 5.10 shows the measured pulsed S-parameters and the simulation results by

using the parameter-scaling drain-lag model at different quiescent drain voltages for
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Figure 5.9: Pulsed I/V measurements for vy, from -3 to 1.5 Vin 0.5 V steps at QV,
=-23 Vand QV,;, =8 V, 15V, and 28 V, pulse length is 250 ns (symbols), pulsed

simulations with the same conditions (lines)

bias conditions v,; = -2 V and v,, below and above QVpg. The accurate modeling
performances of S ;; and S |, for each quiescent condition testify the good agreement
of intrinsic capacitances C,, and C,,, which were extracted on the basis of the S-

parameter measurements and illustrated in Fig 4.13. Moreover, it is well known that
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Figure 5.10: Measured (red marked lines) and simulated (black lines) pulsed S-
parameters at QVgs = -2.3V and QVps = 8V, 15V, and 28V for dynamic bias
condition: vy, = -2V, vy, below QVpg (at left hand side) and above QVpg (at right
hand side).

S 1s basically influenced by the drain current. Its parameters were extracted on the
basis of pulsed I/V measurements and thus are less connected to S-parameter mea-

surements. Therefore, in consequence, simulations of the large-signal models with
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the parameter-scaling drain-lag models were expected to provide closer agreements
with the measurements for S';; and S ,, which are strongly related to the intrinsic
capacitances, than for §,;, related to the simulated transconductance. These expec-
tations correspond to the results illustrated in Fig. 5.10 with comparatively better

agreements of simulations for S {; and § |, than for S ,;.

On the other hand, the deviation between measured and simulated S, is par-
ticularly obvious. This is due to the absence of RC branch, which can provide a
correct term AG,, = 1/R. The detailed reasons and solutions will be discussed in

next section and chapter, respectively.

Load-Pull Performance

In addition, load-pull measurements with different bias conditions are conducted
to further verify the large-signal performances of the Chalmers model with the

parameter-scaling drain-lag model.

A comparison between measured and simulated (with RC sub-circuit and with
the parameter-scaling drain-lag model) gain, PAE, and mean output current is given
at Fig. 5.11, and demonstrates the improvement brought by the new drain-lag
model. As seen in this figure, the impact of the trapping effects, in our case mainly
the drain-lag effect, can be especially observed at the PAE and mean output cur-
rent. The standard Chalmers model using RC sub-circuit at output fails to predict
this impact, while the parameter-scaling drain-lag model dramatically improves the
modeling accuracy in prediction of the decrease of mean output current caused by

drain-lag effect.

However, as the Chalmers model with the parameter-scaling drain-lag model
suffers from a mismatch in S, the agreement of measured and simulated small-
signal gain is very limited. The mean i, first decreases with increase of the input
power as can be illustrated from the i, curves at V;, = 15 V and 28 V, and this is a
significant consequence of the asymmetric nature of the traps capture and emission
processes and cannot be attributed to the thermal effects, which is less modeled by

using the parameter-scaling drain-lag model.



93

o measurement //
71 —=— parameter-scaling drain-lag model //
- - - standard Chalmers model /

Gain (dB)

Gain (dB)

10—
-15 .10 5 0 5 10 15 20

RFpower
100
o 70+
A=)
£
© 40
LD |
S L B L L LI I I 10—
45 10 5 0 5 10 15 20 1510 5 0 5 10 15 20

Pin (dBm) Pin (dBm)

Figure 5.11: Measured (dots) and simulated (lines) gain, PAE, and mean I, as a
function of input power P;, at 8 GHz for v;s = 8 V, 15 V, and 28V, (black dots:
measurements, red marked lines: simulation with the parameter-scaling drain-lag
model, blue dashed lines: simulation with standard Chalmers model extracted from

pulsed S-parameter measurements at QV,;, = 8 V, 15V, and 28 V, respectively).

5.3 Discussion of Model Limitations

In this chapter, a drain-lag model is presented, which is proven to predict device
performance well for various trap states. However, the drawbacks of this drain-lag

model is particularly obvious:

e The modeling accuracy of Knee-walkout effect is very limited.

e [t is of little use in describing the typical kink around the quiescent drain
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voltage from pulsed I/V curves.
o [t shows its inability in prediction of § ;.

The latter is mainly due to the mismatch of the RF output conductance Gy gr.
Output conductance G, represents the partial derivative of the drain current with
respect to the drain voltage. In the standard Chalmers model, a correction term
AG 4 to the DC output conductance G4 pc, Which is given by the model parameters
of the main current source found in Equation (2.22), is supplied by an RC branch
parallel to C;.

For the drain-lag model described in this chapter, the correction term AG; is
related to the partial derivative of three trap state dependent parameters, [z, @,

and A, with respect to drain voltage v, €.g., in case of I ,:

Ol pko(Vaserr) Ty Naserf
avds pkO,cons IpkO ans

(5.9)

where vy, rr 1s a time-relevant parameter and can be expressed as:

—t

Vds(lO) - Avds . (1 - €Temi55iwl) if Avd‘y <0
Vdseff = - (5.10)

Vds(l()) - AVdS . (1 - 6”“”’“"’) if Avds >0
In this equation, vy,(#)) and A v, represent the value of v, before v, variation
and the instantaneous change of vy, respectively. Actually, for pulsed measure-
ments, the value of v,,(fy) equals the quiescent drain voltage QV,;, and the value of

the time t equals the used pulse length 7,,, in this work, 7, = 2501 < Temigsion-

Thus, we have:

-t

etemision = 1 = Vys.rr & QVys (const.) if Avg, <0 (5.11)

As a consequence, AG,, now can be given by:

avds,e ff

~0 = AGu,=0 (5.12)
avds

Therefore, we can assume that G4, or G4,-related parameters, e.g., S 2, extracted

from Chalmers model with the parameter-scaling drain-lag model and Chalmers

model without RC branch should be very close. Fig. 5.12 supports our suggestion.
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Figure 5.12: Comparison between measured (black dots) and modeled (lines)
pulsed S-parameter S », biased at vy, = -2 V and v, = 14 V at a quiescent bias point
of QV,s = -2.3 V and QV,, = 28 V up to 20 GHz using the Chalmers model (a)
without RC branch (red solid line) (b) with the parameter-scaling drain-lag model
(blue dashed line).

5.4 Conclusions

This chapter addresses a novel drain-lag model to including the trapping effects in
the Chalmers model for the large-signal description of GaN HEMTs. Only three
model parameters are required to scale with trap state, which allows for an easy in-
terpretation of the impact of trapping on transistor performance. The model shows
good accuracy in load-pull simulation over a wide range of drain bias voltages. As
an additional benefit, the scaled model parameters can be used to approximately
simulate the transistor relying even on a model that lacks a dedicated trap descrip-

tion
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Chapter 6

Combined Drain-Lag Model

The limitation of this parameter-scaling drain-lag model will also be addressed in
this chapter. To overcome this drawback of the parameter-scaling drain-lag model,
the Quéré drain-lag model was integrated. A brief review of the Quéré drain-lag
model has already been presented in Section 2.4.4. It is shown that this drain-lag
model employs a pseudo gate-source voltage at the input of the current source. The
pseudo gate-source voltage is related to a fitting parameter k, which is linked to the
amplitude of traps and is assumed to be linearly dependent on the output current
[44]. In this chapter, it is shown that instead of the complicated bias dependence of
the parameter k as presented in Quéré drain-lag model, a constant value should bring
the same modeling performance, if combined with the parameter-scaling drain-lag
model. This can significantly simplify the model parameters extraction process.
Finally, the proposed drain-lag model in this chapter is verified by comparing
measured and simulated pulsed I/V characteristics, pulsed S-parameters, load-pull
performance under different bias conditions and different load impedances, and low-

frequency large-signal behavior.

6.1 Model Development

In this section, a streamlined drain-lag model based on the Chalmers model, ex-
tracted by means of pulsed S-parameter measurements, is presented. First, the
topology of the modified Chalmers model is illustrated. Next, it will be shown
that the new model is able to provide a correction term AG, in order to take into

account the impacts of drain-lag effects.
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Figure 6.1: Large-signal model topology for GaN HEMT with thermal and trapping

sub-circuits.

6.1.1 Developed Large-Signal Model Topology

The intrinsic topology of the modified large-signal model for the investigated GaN
HEMT is shown in Fig. 6.1. As mentioned previously, this modified large-signal
model does not only employ the parameter-scaling drain-lag model, but also adopts
the Quéré drain-lag model, which employs a pseudo gate-source voltage at the input
of the current source as illustrated in this figure. The detailed drain-lag sub-circuit
for the Quéré drain-lag model has been described in Section 2.4.4 and is again
shown in Fig. 6.2.

As seen in the figure, there are two input voltages: v,, and vy, and two output
voltages, named Vyerr and Ve orr. Vasers i the output voltage of the “2-path RC
circuit”, which takes into account the difference between the capture and emission

time constants. Hence, we have:

1% S(t )—AV S'(l—e"'em[_slsion) if Ay s <0
Vaers =4 ’ » ‘ (6.1)
vds(t()) - Avds . (1 — eTcapture) lf AVds > O

where Tomigsion = Rem + C and Tgpure = Reqp - C are the time constants for emission

and capture process, respectively. vy,(f) and A v, represent the values of v, before
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Figure 6.2: The equivalent circuit of drain-lag model with two input voltages: v

and vy, and two output voltages vy, s and vy, ¢r [44, 48, 81].

v4s variation and the instantaneous change of v, respectively. Actually, for pulsed
measurements, the values of the variables v,(#y) and Av,, in equation (5.10) equal
QV,s and QV,, — vy, respectively, and the value of the time t equals the used pulse

length 1,5, in our case, Teapure <K tpuise = 250 1S <K Topission- SO We have:

“pulse “pulse

@ Temission 1 and e Teapture g 0 (62)

Thus, Equation (6.1) can be rewritten in the following form:

OVys (const.) if Avy, <0
Vdseff = (6.3)
Vds if A\/’a(Y >0

Another output voltage v, . is employed in the model as a pseudo intrinsic gate
voltage, which modifies the current source command voltage v, to account for the

trap contribution and can be formulated as:

Veseff = k- (vgs — Vds,eff) t Vgs (64)

where k is a fitting parameter related to the amplitude of traps. Now, the main

current source is given by:

Ly = pkO(Vds,eff) - (1 + tanh(¥))tanh(a - vys)
' (1 + /l(vdS,Eff) *Vas + LSbO . e(vdg_vtr)) (65)
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with

'70 = Pl ' (Vgs,eff - Vpkm) + P2 : (vgs,eff - Vpkm)2 + P3 ' (vgs,eff - Vpkm)3 (66)
Vpkm = Vpks — Dvpks + Dvpks ' tanh(a’s(vds,eff) : Vds) (67)
a=aqt as(vds,eff) ' (1 + m”h(lﬁ)) (68)

Moreover, the equations of the parameter-scaling drain-lag model can be de-

scribed as

LokoWaserr) = Ipko,cons = (1 + Tripro - Vagefr) (6.9)
as(vds,eff) = U.cons * (1 + Tralphas : Vds,eff) (610)
A(vds,eff) = Acons * (L + T Fiampda - Vds,eff) (6.11)

In these equations, only the parameter k of the Quéré drain-lag model remains
to be determined. It is assumed in [44, 48] to be dependent on the estimated output
current I, gs7. However, the mathematical formulation of the bias dependence of k

is tedious.

The influence of traps should be regarded as an unmodifiable parameter to a
transistor. Hence, in order to simplify the expression of k, the parameter-scaling
drain-lag model was adopted to pre-estimate the impact of traps. In this way, the
parameter k is now related to the rest of the impact of traps, which cannot be de-
scribed by the parameter-scaling drain-lag model. It has been found that the value
of k tends to be constant instead of following a complicated function and the final

model can achieve the same or even better model accuracy.

6.1.2 Output Conductance Match

In order to overcome the drawback of the parameter-scaling drain-lag model in
mismatch of S »,, the Quéré drain-lag model is integrated. Now, the correction term
AG 4, which takes the difference between RF and DC output conductances into

account, can be formulated as:
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A-C
AGy, = Gds,RF - Gds,DC = pko(Vds,eff) T (a + a’s(Vds,eff)
cosh”(avyy)
FE) 4 yaaser) - B-C- 1) (6.12)
Vas v pkO\Vds.ef f v .
with
avgs 1 avgs avgs
i Gvds) coshz(zp)( : Ovys 2" (g pin) Ovys
, Ovg
+3-P3- (Vgs = Vi)™ - (6.13)
avds
where
A =1 + tanh(¥) (6.14)
B =tanh((a - vy,) (6.15)
C =1+ AVasers)  Vas + Lgpo - €V~ (6.16)
According to Equation (6.3 and 6.4), we have:
OV, OVise k (emission)
Pes _ o _g. Lsetf _ (6.17)
Vs Vs 0 (capture)

Itis evident that the parameter k could be simply extracted from the G4, of equiv-
alent small-signal model, which is known to be strongly influenced by the drain-lag
effects [46]. The detailed parameter extraction procedure will be discussed in the

next section.

6.2 Model Parameter Extraction

The extraction procedure for the parameters Tripr0, T Faiphass T Fiambda> Temission and
Teaprure has been already revealed in last chapter and also in reference [49]. There-
fore, only one parameter left to be determined: the parameter k.

As mentioned before, the parameter k can be determined by fitting the model
against the value G, of the small-signal model extracted from pulsed multi-bias
S-parameter measurements. Considering the importance of traps for the extraction

of k, it is necessary to determine k under different trap states. Hence, the pulsed
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Figure 6.3: Extracted values of k as a function of v, at v4, below QVy; (at the left-
hand side) and function of v, at vy, = 0 V (at the right-hand side). k is extracted by
fitting the model against pulsed 1;; and G4, at QV,;, =28 V, 15V, and 8 V. (black

solid lines: for combined drain-lag model, blue crosses: for Quéré drain-lag model).

multi-bias S-parameter measurements at different quiescent drain voltages QV,; =
8V, 15V, and 28 V are presented here.

Fig. 6.3 shows the extracted values of k as a function of v, and v, for the
combined drain-lag and the Quéré drain-lag model. From the extracted values of k
against v, it can clearly be observed that the extracted k for the combined drain-

lag model shows a smooth and quasi-constant value for v, >-2 V at each trap state,
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while that for the Quéré drain-lag model rises with increasing v,.

In this work, the pulsed measurements with a pulse length of 250 ns were used
under the assumption that the device is free from the self-heating and drain-lag
effects [47, 52, 97]. However, the assumption doesn’t correspond with the reality,
since the trapping (capture process) time constant lies normally in nanosecond range
that is much shorter than the pulse length, while the detrapping (emission process)
time constant is of microsecond level that is longer than the pulse length, which
means that only the capture process will occur in the pulsed measurements. With

this in mind, the curves of extracted values of k against v, can be split in two cases:

150 %} 70
O measurement
——k=0.051 9 60
—»—k=0.027
100 —_ 50
ra (/2]
g é 40
_% » 0% 30
20
10
o
0 0
-2 0 2 2
V. (V)

Figure 6.4: Measured (circles) and modeled (lines) pulsed /;; and G4, for vy =3 V
at QV,, = 28 V with different k extracted by fitting the model against only G4 (blue
lines) and against both /;; and G, (black lines with symbols).

1). v4y < QVy4,: The drain-source voltage is pulsed down during a pulse, and the
slow emission process predominates for the traps. In this process, the voltage vy rr
in equation (2.64) presents a slow voltage transient from QV,, to dynamic v, and
should be considered different from the dynamic v, in the short pulse, which puts
the parameter k in a critical position of the i ;; description. Hence, in the extraction
of k, not only extracted G, but also measured pulsed i;; should be accounted for
in the region v, < QVy;, otherwise a mismatch for the I/V characteristics as shown
in Fig. 6.4 may come up. As illustrated in Fig. 6.3, it is evident that the extracted
values of k for combined drain-lag model tend to be constant thanks to the prediction
of the behavior of the related traps through the parameter-scaling drain-lag model
according to equations (5.1) - (5.3). In contrast, the parameter k exhibits a rather

complicated behavior for the Quéré drain-lag model.
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2). vg4s > QV,4s: The drain-source voltage is pulsed up. Hence, the fast capture
process predominates, and the voltage vy, .¢r changes quickly from QV,, to dynamic
v4s in the pulse. In this situation, the parameter k does not influence the output cur-
rent iy, any more, and the traps are now dependent on the related dynamic voltages
(vgs and vy,), which are same for the combined and the Quéré drain-lag model.

Hence, the extracted values of k are the same.

6.3 Model Verification

After modeling the drain-lag effects, the modified Chalmers model including this
combined drain-lag model was implemented in a Verilog-A design kit for the ADS
simulator [93]. A large-signal model extracted by using the procedure described in
this chapter has been validated by comparing the simulations with measurements of
a further transistor type.

In this section, model verification results are reported in detail on different bias
points and for different types of stimuli, i.e., (1) pulsed I/V characteristics, (2)
Pulsed S-parameters, (3) Load-Pull performance at optimum load impedances for

max. P,,, and (4) Large-signal measurements at low frequency.

6.3.1 Pulsed I/V Characteristics

Fig. 6.5 shows a comparison between modeled pulsed I/V characteristics by us-
ing the standard Chalmers model with RC sub-circuit (blue marked lines), the
parameter-scaling drain-lag model (gray dashed lines) and the combined drain-lag
mode (black solid lines). Here, three standard Chalmers models were separately ex-
tracted by using pulsed S-parameter measurements with these different QV,;;, which
has been proved in enabling them to achieve a good fit of the pulsed drain current
iqs. However, on one hand, the good fit is confined to v;; < QVyq, since the pro-
cess of capture is not considered in the model. On the other hand, the pulsed drain
current i;; becomes negative in a part of the simulated I/V networks, which is non-
physical. This is because the correction term AG,; provided by the RC branch is
always constant, even in the low v,, and low v, region.

Although the general fit is acceptable using the parameter-scaling drain-lag model

and a good modeling accuracy is achieved around the quiescent bias, the accuracy
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Figure 6.5: Pulsed I/V measurements (symbols) for vy, from -3 Vto 1 V with 1V
steps at QV;, =28V, 15V, and 8 V, pulsed simulations (lines) in the same conditions
by using the standard Chalmers models (blue marked lines), the parameter-scaling
drain-lag model (gray dashed lines) and the combined drain-lag model (black solid

lines).

of prediction of typical kink in the pulsed I/V curves observed around v, = QVy; is
still limited, and, even more pronounced, the model cannot describe the knee walk-
out effect. However, these problems of the both models have been obviously solved

by using the new drain-lag model described previously.
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6.3.2 Pulsed S-Parameters

Pulsed S-parameters were measured for each bias of the I/V characteristic illustrated
in Fig. 6.5 and also at different quiescent drain voltages QV,;, =8 V, 15V, and 28 V.
To verify the models extracted with these S-parameters, we should focus on the two

following regions according to different processes of drain-lag effects:

a) If the dynamic v, is below the quiescent drain voltages QV,;, the drain voltage

(@): Vgs=2 V; v4s=8V

p 30%512
/

(b): Vgs=2 V; vgs=22V

\
S21
///’_ 30>|S 12
\l ’/ 1
S22 4

/

S11

Figure 6.6: Measured (red dots) and simulated (lines) pulsed S-parameters from
400 MHz to 40 GHz for QV4, =15V and QV,, =-23 Vat(a) vgs =8 V, vy =-2V
and (b) vgy = 22V, vy = -2 V. (blue marked lines: the standard Chalmers model,
black dashed lines: the parameter-scaling drain-lag model, black solid lines: the

combined drain-lag model).
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is reduced during a pulse. In this case, the emission process dominates for drain-
lag-related traps and the traps remain overcharged related to the QV,,. Fig. 6.6(a)
shows the measured pulsed S-parameters biased at v, = 8 V below QV,, = 15V
versus that simulated by the Chalmers model with the standard Chalmers model
(blue marked lines), the parameter-scaling drain-lag model (dashed lines), and with
the combined drain-lag model (black solid lines). The good modeling performance
of §1; and S, using all of these three models indicate the good agreement of the
intrinsic capacitances C,; and Cyq. Moreover, it is well known that S5, is basically
influenced by the drain current. Therefore, the better correspondence with the sim-
ulated S, using the standard Chalmers model and the combined drain-lag model
testifies the better drain current modeling accuracy as shown in Fig. 6.5. Moreover,
it can clearly be observed that the parameter-scaling drain-lag model fails to predict
S22, which is strongly related to the output conductance G,,. This problem can be
solved if a correction term AGy; is provided, e.g., by the RC branch of the standard
Chalmers model or by the parameter k of the combined drain-lag model.

b) If the dynamic v, is higher than the quiescent drain voltages QVy;, the drain
voltage is increased during a measurement pulse period. In this case, the capture
process predominates and the response time for the drain voltage change is very
short. The S-parameters measured under this condition can be considered very
close to the ones measured under static condition without self-heating. Fig. 6.6(b)
presents the measured and simulated pulsed S-parameters at v;; = 22 V. The discrep-
ancies between measured and simulated pulsed S-parameters by using the standard
Chalmers model further demonstrate its uselessness for the capture process. For the
use of the parameter-scaling drain-lag model and the combined drain-lag model, a
similar situation of case (a) can clearly be observed: a significantly improved fit for

S5, 1s obtained by using the combined drain-lag model.

6.3.3 Load-Pull Performance

To further verify this large-signal model, load-pull measurements at 8 V, 15V, and
28 V and at 8 GHz were performed. The source and load impedances were chosen
as optimum impedances for providing maximum output power. Furthermore, the
impedances at second harmonic were also supplied in the simulation in order to
better reproduce the measurement condition.

The impact of trapping effects on average output drain-source current, especially
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Figure 6.7: Measured and simulated gain, PAE, and mean /; as a function of input
power P;, at 8 GHz for v;; =28 V, 15V, and 8V, (black dots: measurements, black
solid lines: simulation with combined drain-lag model, red marked lines: simu-
lation with the parameter-scaling drain-lag model, blue dashed lines: simulation
with standard Chalmers models extracted from pulsed S-parameter measurements
at OV, =28V, 15V, and 8 V, respectively).

drain-lag effects, is particularly obvious, for the trapping effects significantly ham-
per the achievable output power and degrade the output current. The constant RC
branch parallel to i;;, which was employed in the standard Chalmers model, was
supposed to describe this impact of trapping effects. However, as can be seen in

Fig. 6.7, its ability to describe the trapping effects is still very limited, although the
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used standard models were especially extracted by using pulsed S-parameter mea-
surements with QV,, same as the bias condition of load-pull measurement, which
can improve the modeling accuracy [41].

The parameter-scaling drain-lag model leads to a significant improvement of pre-
diction accuracy for PAE and mean output current, especially at higher V,, condi-
tion, where the impact of drain-lag effects is more pronounced. However, at the
same time, further improvements in predicting the mean output current could be
expected by using the combined drain-lag model.

Moreover, the parameter-scaling drain-lag model fails to predict the gain in the
linear region due to the mismatch of the S-parameters, i.e., S,, as shown in Fig.
5.12, while a good agreement in predicting the gain in the linear region has been

achieved by using the combined drain-lag model.

6.3.4 Low-Frequency Large-Signal Behavior

In order to further validate the accuracy of the proposed model under actual oper-
ating conditions, large-signal network analyzer (LSNA) measurements [51, 98, 99]

were performed at low-frequency (i.e., 2 MHz). This operating frequency, chosen to

Vds,0=28 V; Vgs,0 =-2.3 V

O L ‘ L ‘ T 17T
0 10 20 30 40 50 60

Vds (V)

Figure 6.8: The load lines (red solid lines) synthesized during the low-frequency
LSNA measurement. A bias point of vgo = 28 V and vy = -2.3 V is studied.
The measured DC I/V characteristics (dashed lines) are also shown with the I/V
characteristic at vy, 0 = 0 V is highlighted.



110

lay above the cut-off frequency of dispersive effects, allows focusing on the correct
evaluation of the I/V model, avoiding the presence of linear and nonlinear dynamic
effects. In this way the impact of the low-frequency dispersion effect, i.e., mainly

the trapping effect, can be well isolated.

Fig. 6.8 illustrates the load lines synthesized during the 2 MHz LSNA measure-
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Figure 6.9: Measured (black circles) and simulated (lines) load lines and output
current in time-domain waveform under large-signal operation at 2 MHz with drain
incident wave with amplitudes of (a): 15 V; (b): 23 V; (c): 27 V; (blue dashed
lines: simulation with standard Chalmers model; red marked lines: simulation with
the parameter-scaling drain-lag model; black solid lines: simulation with combined

drain-lag model).
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ments at a bias point of v4,0 = 28 V and v, 9 = -2.3 V. For each load line, the gate
incident signal is a sinusoidal wave with a constant amplitude of 1.15 V, chosen to
dynamically reach v, = 0 V (i.e., since the FET input port at 2 MHz behaves as
an open circuit, the gate voltage amplitude is twice the gate incident amplitude),
whereas the amplitude of the drain incident wave is swept with values from 4 V
to 29 V. Compared with the DC I/V characteristic at v, = 0 V, the impact of the
dispersive phenomena related to traps can clearly be observed.

Fig. 6.9 shows the comparison between measured and simulated load lines and
time-domain output current under large-signal operation at 2 MHz for three different
amplitudes of the drain voltage: 15V, 23 V, and 27 V. The simulations were per-
formed with three different models: the standard Chalmers model; the parameter-
scaling drain-lag model and the new proposed drain-lag model. It is evident that the
standard Chalmers model shows its limitation in taking into account the difference
between output current measured under DC and large-signal conditions, whereas
both of the adopted drain-lag models yield an improvement in predicting the output
current in the presence of traps. However, the parameter-scaling drain-lag model
still overestimates the output currents along the whole load lines, while, at the same
time, the combined drain-lag model is able to reproduce the output current with a

better level of accuracy.

6.4 Conclusion

In this chapter, an improved drain-lag model for GaN HEMTs based on the Chalmers
model and pulsed S-parameter measurements is presented. This proposed drain-lag
model is combined from two published drain-lag descriptions, not only taking the
advantages of both models but also overcoming the drawbacks of both.

It i1s shown that only four constant model parameters have to be extracted by
means of fitting them against the measured pulsed i;; and the calculated i, -related
parameters g,, and G4,. This greatly simplifies the modeling procedure for the trap-
ping effects.

The proposed drain-lag model has been validated by several types of measure-
ments: pulsed I/V characteristics, pulsed S-parameters, load-pull performance un-
der different conditions, and time-domain output current at low frequency under

large-signal condition. Good agreement was found which demonstrates that this
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drain-lag model can accurately predict the performance of GaN HEMTs in the pres-

ence of trapping effects.



Chapter 7

General Conclusions and Future
Work

AlGaN/GaN HEMT devices are considered to be very promising candidate for high
power and high speed applications, owing to their properties such as high breack-
down voltage, high charge density, and high electron mobility. However, the ex-
istence of trapping effects limits the wide application of AlGaN/GaN HEMT and
especially increases the difficulty of modeling.

Taking into account the shortcomings of the published trap models like unsatis-
factory prediction accuracy or complexity of the parameter extraction, a trap model
for GaN HEMT based on the Chalmers model is developed. The trapping effects
have been characterized using pulsed I/V and S-parameter measurements. The trap
model is proven to be able to predict the large-signal behavior of the researched
device.

The following paragraphs give a brief summary of this work and outline the
general future trend in the characterization and modeling of AlIGaN/GaN HEMT.

7.1 Key Research Results

This thesis started with the outlining of the motivation for tapping effects modeling
of GaN HEMTs. The limitations of the former published trap models have been
discussed in detail. On the one hand, some of them, e.g., the RC branch used in
the standard Chalmers model [38], are of little use in predicting the whole impact

of the trapping effects such as knee-walkout effects and typical kink observed from
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PIVs. On the other hand, some of them, e.g., the Quéré trap model published in
[48], are able to predict the trapping effects accurately. However, the complexity of
their parameters or the parameter extraction procedures excludes them easily from
the consideration of the users, mainly the model developers and circuit designers.
Hence, the need for a simple yet accurate trap model is still pressing within the

modeling research community.

Almost all the published trap models were based on pulsed I/V measurements.
These measurements are very efficient to observe the impact of the trapping effect
and also to verify the resulting trap models, since they are able to reduce the self-
heating and freeze the trap state below used quiescent bias. However, this type
measurement also shows its limitation on quantifying the impact of the trapping ef-
fects due to the high and non-negligible uncertainty of the current measuring. Given
this situation, pulsed multi-bias S-parameter measurements were used in this work.
The data reading accuracy of the pulsed S-parameter measurements is secured in
Chapter 3 by using proposed data reading strategy. Hence, these measurements

enable an accurate extraction of the intrinsic capacitances and the differential infor-

mation of iy, €.8., gn = g:—‘z and Gy, = géj under given trap states. The use of g,
and G, instead of the pulsed i, ensures the accurate extraction of the trap-related

parameters.

In the first part of Chapter 4, it is found that the extracted values of the bias-
independent extrinsic parameters and the small-signal intrinsic capacitances do not
vary too much under the impact of different trap states. Following that, it is shown
that the standard Chalmers model is able to yield a good prediction of the transistor
performance, if the model is determined relying on pulsed S-parameters and if the
range of model validity is constrained to a fixed drain voltage. This gives us the
chance to extend the model validity to a wide range of bias points, e.g., in our case
at bias v;=8 V, 15 V, and 28V. In this way, by comparing the extracted model
parameter sets, the trap-related parameters can be focused in the scope of large-

signal modeling.

In Chapter 5, it is found that the parameters /., @,, and A are very sensitive
to traps and can be determined by different trap states, while the other parame-
ters of the standard Chalmers model can be kept constant with different trap states.
Moreover, these three trap-dependent parameters show a rather linear dependence

on the trap states controlled by the quiescent bias point, which yields simple scal-
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ing rules and easy model implementation. These realized a drain-lag model, named
parameter scaling drain-lag model. This drain-lag model relies on scaling of these
three trap-dependent parameters with quiescent drain voltage which yields conve-
nient parameter extraction. Moreover, the asymmetry of the emission and capture
time constant is also considered by using a “2-path RC branch”. In this way, this
drain-lag model is able to rough estimate the knee-walkout effects and typical kink.
However, although it has been proven to predict device large-signal performance
well for various trap states, significant discrepancies can be clearly observed when
comparing the simulated pulsed S-parameters with the measured ones for the real
part of S5, which is strongly influenced by G4,. This is mainly due to the absence
of the RC branch of the standard Chalmers model, which provides a correction term
AG 4, to account for the difference between the output conductance obtained from

DC I/V measurements and that extracted from small-signal RF characteristics.

In Chapter 6, this drawback was overcome by integrating the Quéré drain-lag
model in the parameter-scaling drain-lag model. The Quéré drain-lag model em-
ploys a pseudo gate-source voltage at the input of the current source. The pseudo
gate-source voltage is related to a fitting parameter k, which is linked to the ampli-
tude of traps and is assumed to be linearly dependent on the output current. How-
ever, our investigations have shown that, instead of the complicated expression of
parameter k as presented in Quéré drain-lag model, a constant value should bring
the same modeling performance if combined with the parameter-scaling drain-lag

model. This can significantly simplify the model parameters extraction process.

Firstly, the new drain-lag model, named combined drain-lag model, has been
validated by pulsed I/V characteristics (PIVs). Good agreement was found which
demonstrates that this drain-lag model can accurately predict the impact of trapping
effects on PIVs: the knee-walkout effects and the typical kink. Secondly, this drain-
lag model was further validated by pulsed S-parameter measurements. It is shown
that the integration of the Quéré drain-lag model has efficiently overcome the draw-
back of the parameter-scaling drain-lag model. Finally, large-signal measurements
were used, and the good correspondence between measurements and simulation

indicates the validation of the proposed drain-lag model.



116

7.2 Future Works

The following investigations are proposals of future work that outcome of the work

reported in this thesis:

e Investigation of the thermal-dependency in the values of the drain-lag model

parameters, applying a thermal-trap model [100].

e Investigation of the extraction procedure for thermal model based on pulsed
S-parameter measurements at different ambient temperatures. The thermal
fitting parameters, which account for the temperature dependency of the non-
linear model elements, should be also accurately extracted and included in

the model in order to simulate larger device sizes.

e Investigation of the extraction procedure for extrinsic parameters of devices
with larger size. The reliability of the extracted values of extrinsic param-
eters strongly depends on the quality of the “Cold FET” S-parameter mea-
surements. However, these measurements suffer from non-avoidable mea-
surement uncertainty [101]. Therefore, a new extraction procedure should be

done in order to provide reliable values for extrinsic parameters.

Measurement-based large-signal modeling techniques will remain as the most
practical approach for GaN HEMT modeling in the future. However, accurately
modeling requires addressing a number of challenging problems. Many research
works have already been made to deal with some issues and some works still remain

in the “to-do list”.



Appendix A

i;,-Related Parameters

The drain current function of the Chalmers model is given by the following [38]:

Ids = Ipko * (1 + tal’lh(lﬂ)) . tanh(a/ . Vds) . (1 +A4- Vds) (Al)
with
'70 = le ' (Vgs - Vpkm) + P2 ' (VgS - Vpkm)2 + P3 : (VgS - Vpkm)3 (AZ)
Py = Py - (1 + By/ cosh®(B - Vyy)) (A.3)
Vpkm = Vpkx - Dvpks + Dvpks : tanh(as : Vds) (A4)
a = a, + a; - (1 +tanh(¥)) (A.5)

The output transconductance g, is the partial derivative of I, to V,,, while the

output conductance G is the partial derivative of 1, to V. Hence, we have:

ald&'
m = : =1 (1+/1V€)—(Pm+2P(Vv_V m)+
8 Vgs Vas=const PO ¢ COShZ(I,[/) : ? § P
3- P3 ' (Vgs - Vpkm)z) : (tanh(a : de)+
a; - Vds

(1 + tanh(y)) - )

cosh?(a - V)
(A.6)
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0l 1 + tanh - tanh(a - Vy;
Gy = & =1pko * ( ki (1/2) anh(a - Va,) (a+a,- Vi - X)+
Vs Vgs=const cosh (a : Vds)
Lo - tanh(@ - V) - (1+ A+ Vg) - X+ (A7)
Lo - (1 + tanh(y)) - tanh(ar - V) - A
with

1 Dvpks c

X = : . 2
cosh“(y) cosh™(ay - Vyy)
2By - By Py -sinh(B, - Vi)

COSh3(Bz . Vds)

' (_le -2 P2 : (Vgs - Vpkm) -3 P3(Vgs - Vpkm)Z_

)
(A.8)



Appendix B

Classical Capacitances and

Transcapacitances

The formulations of the Chalmers charge model have been presented in [71] as:

with

CgsO
Qgs =Cospi* Vs + on (1 = Pyy; + tanh(¢))-
1

(¢1 + ll’l(COSh((ZS])) - QgsO) +2- CgsO . Plll : Vgs

ngO
di =Cgdpi - ng + _P : ((1 — P + tanh(¢3))-
41

(¢4 + In(cosh(d4)) — Qga0) + 2 - Cyao - Pi11 - Vea

¢1 = Pio+ Py Vg + Priy - Vs

¢ = Py + P2y - Vs

¢3 = P3o — P31 - Vs

¢4 = Pyo+ Pyy - Vg — P11y - Vs

Qg0 = P1o + P11 - Vys + In(cosh(Pyg + Pyyy - Vi)
Qgio = Pao — P11 - Vas + In(cosh(Pyg — Py - Vi)
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The classical capacitances and the transcapacitances yield:

00,
Cgs,class === :Cgspi + CgsO (1 + tanh(¢1))-
Vgs Vas=const
(1 + tanh(¢y) — P111) + 2 - Cys0 - Pr1y (B.9)
90
ng,cluss = —gd :ngpi + ngO : (1 + tanh(¢3) - Plll)'
ng Vis=const
(1 +tanh(¢4))+2-ng0-P111 (BlO)
ans P21 : CgsO
Corr = —= =———— (¢ + In(cosh(d;)) — Qus0)+
. Vds Vgs=const P11 . COShZ((bz) ¢1 ¢1 80
CgsO : Pll]
b (1 + tanh(¢>) — P111) - (tanh(¢1)—
tanh(Pm + P11 - Vds)) (Bll)
0Qa P31 - Ceao
Codir = —— =— ———— (¢4 + In(cosh(¢hs)) — Qpui0)—
st Vds Vga=const P41 . COSh2(¢3) (¢4 ( (¢4 840
Coao - P11

5 L. (1 + tanh(¢3) — Py1y) - (tanh(¢s)—
41

tanh(Pao — P111 - Vi) (B.12)



Appendix C

List of Symbols

Cg

Cds’ ng, Cgs
ng,clussv Cgs,class
ng,lr’ Cgs,tr

Cj

Cpas Cpg

Cps

Py,

Pous

PAE

Qs Qs
OVis, QVys
R.

Ri.Ro. R,
R;

fringing capacitance

Drain-source, gate-drain, and gate-source capacitance

Gate-drain, and gate-source classical capacitance
Gate-drain, and gate-source transcapacitance
Differential capacitance of the Schottky barrier
Parasitic drain and gate pad capacitance
Extrinsic feedback capacitance

Thermal capacitance

Bandgap energy

Drain-source conductance

Output transconductance

Drain, gate, and source inductance

Ionized donors and acceptor density

Sheet charge concentration (o/e)

Electron charge (1.6 - 10719)

Input power

Output power at Fundamental frequency
Power Added Efficiency

Intrinsic gate-drain and gate-source charge
Quiescent drain-source and gate-source voltage
Channel resistance

Extrinsic drain, gate, and source resistance

Gate-source charging resistance
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M ™M ™ ™ T ™ ™T™ =™

o
<

coulomb

dBm

PR e < 0



Tcapture

Temission

o

Uthn

Differential resistance of the Schottky barrier
Thermal resistance

Scattering parameters

Temperature

Ambient temperature

Junction temperature

Admittance parameters

Impedance parameters

Intrinsic gate, drain, and source branch impedance
Dynamic drain-source and gate-source voltage
angular frequency

Transit delay time

Charge capture time constant

Charge emission time constant

Sheet charge density

Eletron thermal velocity

oC/W

°C
°C
°C



Appendix D

List of Abbreviations and Acronyms

ADS®
AlGaN
AIN
CAD
Cw
dBm
DC
DUT
EDA
Fe
FET
GaAs
GaN
HB
HEMT
LNA
LP
LSNA
MESFET
PA
PIV
RF

Si

Advanced Design System
Aluminium Gallium Nitride
Aluminium Nitride

Computer Aided Design
Continuous Wave

decibel (mW)

Direct Current

Device Under Test

Electronic Design Automation
Iron

Field Effect Transistor
Gallium Arsenide

Gallium Nitride

Harmonic Balance

High Electron Mobility Transistor
Low noise amplifier
Load-Pull

Large-Signal Network Analyzer
MEtal-Semiconductor FET
Rower Amplifier

Pulsed I/V characteristics
Radio Frequency

Silicon
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SiC Silicon Carbide
2DEG Two-Dimensional Electron Gas
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