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Nomenclature

Symbol  Description

q Charge of an electron

h Reduced Planck’s constant

my Longitudinal effective mass

D Two-dimensional density of states

E, Quantized energy of the n'" sub-band

F Electric field

eV Electron volt

€ Dielectric permittivity

Ny Ionized acceptors density

Ec Conduction band energy

By Valence band energy

Eyg Fermi-level position in neutral state

E; Fermi-level position in non-equilibrium state
01 Conduction band and Fermi-level difference
01 Conduction band and Fermi-level difference

AFEc Conduction band discontinuity

dq Depletion region in the small band-gap semiconductor
da Depletion region in the large band-gap semiconductor
ds Spacer layer width

d Thickness of barrier layer

Vao Conduction band bending in neutral state

Vs Conduction band bending in non-equilibrium state
Onm Metal Schottky-barrier height

Vy Applied gate voltage

Vi Applied drain voltage
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Description

Vin
Ns

Ho

Vors

SCE

Rru

Ids
Qg

la
Ao

JFM

KFM
BFOM

viii

Applied source voltage

Saturation voltage

First sub-band energy level

Second sub-band energy level
Thermal Voltage

Sheet carrier concentration in the 2DEG
Low-field mobility

Saturation mobility

Cut-off voltage

Device width

Device length

Channel length modulation parameter
Short channel effect parameter
Thermal resistance

Drain-source current

Total gate charge

Gate capacitance

Virtual gate length

Characteristics length of saturation region
Virtual gate voltage

Johnson’s figure of merit

Keyes’ figure of merit

Baliga’s figure of meri
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Chapter 1

Introduction

ITI-V compound semiconductor based devices are one of the pillars of the semiconduc-
tor electronics industry. FET devices based on the hetero-junction at the interface of
ITI-V compound material systems have showed superior performance, specially in high
frequency and power electronics applications, as compared to their silicon counterpart
owing to their desirable material properties such as wide band-gap, high breakdown volt-
age and high electron mobility. After showing excellent performance in RF and power
applications, they have received a considerable attention and their use and development
have been in progress for the last four and half decades. Today, III-V hetero-junction
based devices are ubiquitous components in most communication systems, high frequency

and high power applications and a lot more.

Compact modeling of ITI-V devices has also been equally important in the field of circuit
design and simulation to realize Integrated Circuits (IC). Device modeling for circuit
simulation have come a long way improving with the improving device technology. The
modeling of III-V heterostructure field effect transistors (HFETS) generally shares com-

mon aspects with the rest of FET family and it also has its own unique features to
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Chapter 1 Introduction

consider. The common features in the general modeling of FETs have improved consid-
erably, in most cases, with the cost of increased complexity. The special cases of III-V
modeling are obviously due to some of the unique characteristics of the constituent mate-
rials and the resulting hetero-structure system. The operating conditions and application
areas can also disrupt the normal operation of the device and give rise to the need to

consider these effects in the device model.

Both empirical and physics-based approaches are being used to model special device
characteristics. Most of the device models in commercial circuit simulators that have
empirical roots continued incorporating empirical models of additional effects. This is one
of the factors that is continuously increasing complexity and number of model parameters.
Physics-based modeling of special physical effects is an attractive alternative. They
guarantee high accuracy and stability with a minimum set of parameters which, in most

cases, possess physical significance and can easily be extracted from measurements.

Independent physics-based models that are developed for a certain physical effect ex-
hibited by a device can be incorporated to core empirical or physics-based models. The
integration in physics-based core current models is, indeed, more natural and maximizes
accuracy and robustness. The integration in empirical models is also valuable and im-
proves model performance considerably. Here, the former modeling activity, development
of physics-based core as well as non-idea effect models, is exercised to come up with a

set of compact models for HEMT devices.

1.1 History

At the early stages of the emergence of III-V hetero-junction based devices, various

investigations and comparisons with silicon based devices in terms of important material
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Table 1.1: Electrical Properties of some important semiconductor materials for power
electronics application.
Material E,(eV) ¢ wulem?/Vs) Ec(MV/em)

St 1.12 11.8 1350 0.3
GaAs 14 13.1 8500 0.4
GaN 3.4 9.5 1500 2
4H-SiC  3.26 10 720 2
6H-SiC  2.86 9.7 370 2.4

E, : Band gap, € : Dielectric constant, p : Electron mobility, ¢ : Critical electric field

Table 1.2: Figures of Merit for RF application normalized to Silicon
Material JFM KFM BFOM

SI 1 1 1
GaAs 11 0.45 28
GaN 790 1.8 910

4H-SiC 410 5.1 290

6H-SiC 260 5.1 90
JFM : Johnson’s figure of merit, KF'M : Keyes’ figure of merit, BFOM : Baliga figure
of merit

properties were performed [1|. Such studies are of great importance in the selection of
materials for different applications. Table 1.1 shows the basic semiconductor properties of
silicon and some important compound semiconductor materials [2, 3]. The ITI-V material
systems such as GaAs and GaN have got much wider band gaps and are capable of
handling very high maximum electric fields. In particular, GaAs have showed very high

electron mobility which indicates its suitability for high speed applications.

Silicon has continued to be the main component in many high power electronic circuits,
power MOSFETS, even after III-V based devices have came into picture. This was
because of its low cost production and its processing technology which was way advanced
as compared to the new comers. However, through time, the processing technology of
ITI-V based devices has also advanced considerably and they have outperformed those

using silicon in RF and power applications.
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Various figures of merit have been devised that can be used to evaluate the suitability of
different materials for a specific application. Table 1.2 shows the list of materials and the
value of some of the critical power application figures of merit, Johnson’s figure of merit

(JEM), Keyes’ figure of merit (KFM), and Baliga’s figure of merit (BFOM) [4, 5].

JEM conveys the information about power application performance and the related oper-
ating frequency of a semiconductor material [6]. It is originally formulated as a product of
the semiconductor breakdown field and the maximum carrier drift velocity. KFM relates
the thermal performance of a semiconductor with its high frequency performance [7]. In
terms of KFM, both 4H-SiC and 6H-SiC have showed more than five times superiority
over silicon. This shows the good thermal stability of SiC in high frequency and high
temperature applications. GaN has also showed an almost doubled performance superi-
ority according to this figure of merit. BFOM, calculated using the low field mobility,
the dielectric constant and the band gap of the material, is an important figure of merit
for high power application [8]. It was derived with an assumption that in low frequency
operation of a device the power loss is related to the on state resistance of the material.
It does not take into account switching loses related to high frequency operation. Thus,
for high frequency and high power performance evaluation switching loses due to the
charging and discharging of the input capacitance should be considered. The modified
BFOM that takes into account the operating frequency, Beliga’s high frequency figure
of merit (BHFFOM), can be used for such evaluation. GaN has a very high normalized
BFOM, with that of silicon, which shows that it is one of the best materials for high

power application.

Some GaAs FETs were in the forefront when the use of III-V hetero-junction devices
has blossomed. In the last few years, however, GaN based power FETs have been given
a considerable attention. They are one of the best candidates for high power and high

frequency applications [9, 10, 11, 12, 13, 14]. Since the late 1990s and early 2000s, GaN
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1.1 History
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Figure 1.1.1: Market forecast for GaN and SiC based power devices. Source: I-Micronews

technology and development have progressed a lot. One reason for this progress was
that it became possible to make high quality 4H-SiC reproducibly that can be used as
substrates [15]. Most of the early progresses in GaN FET fabrication were made on
sapphire substrates due to its availability and the high quality epitaxial layer that can
be grown on it [16, 17, 18]. However, due to their poor thermal conductivity property,
sapphire substrates could not be used to fabricate GaN transistors for high power appli-
cations. Then, silicon and SiC substrates have emerged as better alternatives for power
applications. The high thermal conductivity of SiC allows the high power densities to
be dissipated efficiently and avoids the high channel temperature that would result due
to self-heating. State of the art power levels of GaN FETs were achieved using SiC sub-
strates, 800W at 2.9GHz and 500W at 3.5GHz [19]. Silicon substrates also provide a
good alternative specifically for low cost and large wafer diameter production. This can
boost the availability of GaN on Si devices with competitive price in the market. This,
however, could not be achieved easily because of the difficulties to grow GaN epitaxial

layers on Si substrates due to the large lattice mismatch between the two materials. In
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Figure 1.1.2: Market forecast for GaN and SiC based power devices. Source: IHS IMS
research

addition, even if Si substrates have better thermal conductivity compared to Sapphire
substrates, it is still not as good as SiC substrates. This sets a limit on the high power

application of GaN on Si devices.

In spite of the existing issues yet to be solved, powered by the continuous improvement
in epitaxial growth technology of GaN on Si and expected future improvements, some
vendors are making moves for the mass production of GaN on Si devices for high power
application. GaN on Sapphire is the main stream for LED applications. However, GaN
on Si devices are expected to dominate the high power applications. High performance
semiconductor manufacturers such as M/A-COM and GaN Systems have already started
to make commercial GaN on Si power devices. Fig. 1.1.1 shows the market forecast for
SiC and GaN power devices in total and Fig. 1.1.2 shows only that of GaN in the coming

few years.
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1.2 Device State of the Art

Figure 1.2.1: A source/drain recessed HEMT device structure.

1.2 Device State of the Art

A typical AlGaN/GaN high electron mobility transistor (HEMT) device structure, source-
drain recessed structure, is shown in Fig. 1.2.1. Basically, HEMT structures are formed
using two materials with different band gaps, in this case using AlGaN and GaN. The
hetero-structure interface and the conduction band bending created when the two ma-
terials come in contact with each other is the key point of the principle of operation of
such devices. This creates a potential well where free electrons from the wide band gap
material (AlGaN) can be confined and form the so called two dimensional electron gas
(2DEG) along the hetero-junction interface. Since these electrons are separated from the
parent atoms and are confined in the potential well, they can move very fast as they
do not experience any scattering from the ionized atoms as in the case of MOSFET
operation. In fact, they experience coulombic scattering from the parent ionized atoms
that are just at the surface of the hetero-junction [20]. This can be reduced by using a
thin spacer layer, an undoped AlGaN layer. Gate, drain and source metallic schottky

contacts are then formed at the top of the wide band gap material.
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In AlGaN/GaN structure a 2DEG with sheet carrier concentration of more than 10*3cm =2
can be achieved at the hetero-junction interface without intentional doping [21, 22, 23,
24, 25, 26, 27, 28, 29]. This is well above that is achievable in other III-V material sys-
tems. This is mainly attributed to the high piezoelectric and spontaneous polarizations
at the interfaces. In Wurtzite AlGaN/GaN hetero-structure the piezoelectric polariza-
tion of the strained top layer is more than five times larger than that of AlGaAs/GaAs
structures [30, 31]. Moreover, it has been found that the spontaneous polarization is very
high in Wurtzite group III nitride generally and specially in AIN it was found to be three
to five times less than that of typical ferroelectric perovskites [32]. A very high number
of electrons will be then accumulated and confined at the hetero-junction interface to

compensate the polarization induced positive charge.

Surface states at the AlGaN surface are believed to be the sources of these free charge
carriers [22]. In actual devices, however, the free charge carrier source could be a com-
bination of other possible sources such as unintentional dopants, interface states at the
AlGaN/GaN interface, deep-level defects. One important point to consider about the
surface states being the sources of free charge carriers is the effect of surface passivation
in improving device performance. Surface passivation is known to enhance device per-
formance mainly by increasing the 2DEG concentration [33]. If it is assumed it does so
by decreasing surface states, it would then be a contradiction with the assumption that
the surface states are the sources of free charge carriers and thus if their concentration
is decreased the 2DEG concentration should also decrease. One explanation that can
probably pacify the contradiction between the two observations could be that surface
passivation reduces the ionization energy of the surface states relative to the conduction

band energy rather than eliminating the surface states [34].
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1.3 Compact Modeling

It is a common practice to adapt some of the key features of a modeling technique used to
model a previous group of devices, at least as an initial reference, whenever a new group
of devices emerge that also requires to be modeled. It is obvious that the new group of
devices will come with some new features that are unique to the group requiring a special
treatment. The general modeling of III-V FET devices for circuit simulation is different
in some aspects from that of silicon based devices. This, mainly, is due to the fundamen-
tal differences in material properties, the complex nature of the interface at the III-V
hetero-junction and complex dependence of the drain current on the terminal voltages,
additional effects such as frequency dispersion due to the surface traps and application
areas [35]. III-V FETs have got applications in relatively high power applications such
as in power amplifiers (PA). The design of these power amplifiers involves a difficult
tradeoff between linearity and power added efficiency (PAE). The simulation of linear-
ity and PAE require extensive modeling techniques. Linearity simulations require very
robust and continues models capable of differentiating to higher orders. Similarly, PAE
simulations require consideration of temperature effects due to power dissipation. One
efficient modeling approach, therefore, would be to thoroughly consider device specific

issues under a skeletal structures of previously well established modeling techniques.

Basically, there are two forms of compact device models, models for circuit simulation,
table based and closed-form equation based. Table based device models, as the name
indicates, are composed of set of tables that contain device measurement data. The device
measurement data can be generated from 2D device simulations or from experimental
measurements. Then the data can be inferred at a specific bias point when needed [36, 37,
38, 39]. This approach requires a considerable amount of measurement to be performed

and a very big memory space to store it. It also requires the use of some interpolation
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functions for possible intermediate readings. If these interpolation algorithms are chosen
to be very simple, the accuracy of the model can be affected. To make use of simpler
interpolation algorithms and maintain good accuracy, the database should contain more
closely spaced points requiring more memory space. Thus, memory and interpolation

algorithm sophistication should be traded off [40].

The other group of compact models are closed form equation based models. They are
basically sets of analytical equations that relate all the parameters of the model and
express the physical relation between the terminal characteristics of the device. The
model parameters are commonly extracted from measurements. Usually, procedural
parameter extraction techniques are developed along with the models. The qualities of
such models, in most cases, are evaluated from the point of model expressions simplicity,
number of model parameters involved, ease of the parameter extraction techniques and

the accuracy of the obtained results.

Physics-based compact models are closed form equation based models that are formulated
based on device physics. Such models are relatively accurate as they are based on funda-
mental semiconductor equations such as current density and continuity equations. Since
they are based on interdependent relations between physical semiconductor parameters,
in their original formation these models may require iterative numerical calculations to
get simulation results. This could result in fairly long simulation time. This has been
one of the main reasons that kept them least ranked for circuit simulation applications.
They can be used for circuit simulation applications when expressed in simplified an-
alytical forms. It is important to make sure that accuracy of the models is sacrificed
minimally while simplifying though. Moreover, in such forms they are very convenient
to incorporate additional physical effects observed in different devices. There are in-
deed physics-based compact models for circuit simulation reported by different Authors

[41, 42, 43]. However, majority of device models in commercial simulators are another

10
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forms of closed form equation based models, empirical curve fitting models.

Semi-empirical compact models available in most commercial circuit simulators are one
of the essential entities in the integrated circuit designing and manufacturing industry.
Such models normally go through regular and extensive revisions and improvements.
Currently, there are a number of compact models in circuit simulators that can be used
for general whole range device modeling as well as specialized circuit simulations. Models
like EKV [44], Angelov [45], EEHEMT [46, 47], TOM3 [48] are some to mention out of
many more available models. Most of these models, as mentioned earlier, are empirical,
or curve fitting oriented, by their nature. However, they also incorporate considerable
modifications based on device physics. In that regard they are not entirely empirical.

Rather, they are semi-empirical.

1.4 Synopsis of this Thesis

In this thesis a physics-based compact modeling of HEMT, specifically AlGaN/GaN,
devices for circuit simulation is presented. A complete modeling of drain current, gate
charge and gate capacitances is discussed. The core drain current and gate charge models
are derived using a simple charge control model derived from the solutions of Poisson’s
equation and Schrodinger’s equation solved for the active operating area of the device.
The models are simple continuous and applicable for the whole operating regime of
the device. A separate model is also presented for the current collapse effect which is
one of the serious issues both in the fabrication and modeling of AlGaN/GaN devices.
The current collapse model is developed using the core current model as a background
which resulted in a robust large signal model that can be used with and without the
presence of current collapse. The models developed here are suited for circuit simulation

application. They are implemented in a circuit simulator to carry out DC characteristics

11
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of AlGaN/GaN HEMT devices. The results of DC simulation carried out using the
models are validated using experimental data where good agreement was found between

the two. The details of model implementations and validations are also presented.

In Chapter 2 the development of the core charge control, drain current, gate charge and
capacitance models is presented. The fundamental electrostatics analysis of the active
region of the device is presented first that is used to formulate the basis of the physics-
based models. The incorporation of non-ideal effects that are necessary to widen the
application range of the model is discussed next. Moreover, the higher order derivatives
of the model are also analyzed to investigate the continuity and stability of the model
for further applications such as non-linearity studies. Model validations are then carried

out through comparisons with experimental measurement data.

In Chapter 3 the analysis and modeling of current collapse effect that is observed during
high power applications is presented. The reduction of 2DEG, and therefore the drain
current, due to entrapment of charge carriers by surface states in the barrier layer is
demonstrated using 2D device simulations. The compact modeling technique that is
used to account for the observed phenomenon is explained. The current collapse model
developed and its integration with the main drain current model are then discussed.
Model implementation in a circuit simulator, the corresponding equivalent circuit model

used and model validation using experimental data are then presented sequentially.

In Chapter 4 nonlinearity analysis and modeling of AlGaAs/GaAs pHEMT devices from
RFMD is presented. The Volterra series analysis is used to perform intermodulation
distortion simulations. The Volterra series coefficients are extracted using a methodol-
ogy that involves linear and nonlinear harmonic measurements. All the measurements
necessary for parameter extraction are described along with important issues that need

to be considered during the measurements. The implementation of the nonlinear model

12
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in circuit simulators and Two-Tone intermodulation distortion simulations carried out
using the model are presented. Then, the nonlinear model is verified using experimental

measurement data.

Finally, a conclusion and a summary of the effort made in here to formulate complete
compact models for circuit simulation of HEMT devices based on device physics is pre-
sented in Chapter 5. In addition, remaining modeling activities and possible future
modeling paths that should be followed in order to boost the performance of the models

presented here are also discussed.

13
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Chapter 2

Analytical Drain Current Gate Charge

and Capacitances Modeling

This chapter discusses the development of physics-based compact models for the drain-
source current, gate charge and gate capacitances of HEMT devices. The general electro-
static analysis of the hetero-junction region formed in III-V semiconductors is primarily
presented. The main parameters that characterize this region have got a complex rela-
tionship between each other. This brings a challenge to develop simple analytical physics-
based compact models. Using the inter-dependent relations between the hetero-junction
main parameters and reasonable simplifying assumptions based on justified results a sim-
ple charge control model is developed first. This charge control model forms the basis

for the development of analytical models of the terminal characteristics.
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Chapter 2 Analytical Drain Current Gate Charge and Capacitances Modeling

2.1 Carrier Concentration in the 2DEG

In the triangular approximation of the potential well if a quasi-constant electric field is

assumed, the solution of the longitudinal quantized energy can be approximated as [1]

En(eV) ~ (h_2>1/3 @qu) " <n + Z)m (2.1.1)

where my is the longitudinal effective mass.

In GaAs material the first two sub-band energy levels are calculated to be

Eo(eV) ~ 1.83%10°F3 and Ey(eV)~3.23%10°6F3 . (2.1.2)

The approximation of the energies of the sub-bands given in (2.1.2) over estimates the
sub-band splitting. This is because the conduction band increases sublinearly. However,
the 2/3 power relation between Ey, E; and F' is reasonable [2]. A more accurate estima-
tion of the band splitting can be done by improving the coefficients. This can be done
by establishing a relationship between the electron sheet concentration and the interface
electric field. Fig. 2.1.1 shows the band diagram of a hetero-junction consisted of an n-

type large band-gap semiconductor and p-type semiconductor with a smaller band gap.
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2.1 Carrier Concentration in the 2DEG

As the electric field in the smaller band gap material obeys Poisson’s equation, we have

3]

dFy  q[n(x)+ Nai
e (2.1.3)

The electric field is integrated within the limit of the depletion region. The boundary

conditions for the electric field and the depletion width are:
= F} from 0 at the end of the depletion region to Fj; at the hetero-junction interface
= x from 0 at the hetero-junction interface to d; at the end of the depletion region

Thus, the integration of the Poisson’s equation with these boundary conditions gives

e1Fj1 = qns + qNa1ds. (214)

In most cases the smaller band gap material is doped very lightly or unintentionally
doped to improve mobility of charge carriers in the region. In such cases the second term

in the right side of (2.1.4) is very small. Thus, it can be written as

61E1 = (qns. (215)
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Chapter 2 Analytical Drain Current Gate Charge and Capacitances Modeling

Figure 2.1.1: Band structure diagram at a hetero-junction formed by two semiconductors
of different band gaps.

Equation (2.1.5) gives the approximated relationship between the electric field at the
interface and the sheet carrier concentration. Substituting for the electric field from

(2.1.5) into (2.1.2) gives

Ey = ’yong/?’ and Fi = ylni/g (2.1.6)
where

2/3

2/3
o = 1.83 % 107 (g) and 1 = 3.23 %10~ (g) : (2.1.7)

For a GaAs material 7 and 7; are given as v = 2.26 % 1072 and v; = 4% 107'2. 49 and

~1 are adjustable parameters to meet measurement results.

The charge carrier concentration in the potential well at the hetero-junction interface

can be calculated using the Fermi-Dirac distribution and the two dimensional density of
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2.2 Space Charge Region in Equillibrium

states D. For a density of states D between Ey and Fjand 2D for energy levels above

E4, the sheet charge concentration, ng, is given as [1]

E01+6 Vo B, 1+e n

After integrating (2.1.8), the charge carrier concentration is given as

(Ef—Eq) (BEf—E1)
ng = DVyln [(1 +e Vin ) + <1 +e Vin )} ) (2.1.9)

Equation (2.1.9) gives an important relation between the Fermi-level, E¢, the sheet charge
carrier concentration, ng, and the sub-band energy levels Ey and E;. However, it is not
an explicit analytical relation between the parameters. The systematical developments
of analytical relationships between the important parameters, for the development of

compact analytical models, are described in the following consecutive sections.

2.2 Space Charge Region in Equillibrium

Before looking into the characteristics of the hetero-junction region while being manip-
ulated by an additional schottky contact, in this section a hetero-junction in thermal
equilibrium is investigated. The band diagram of the hetero-junction shown in Fig. 2.1.1

is in its equillibrium state. Assuming depletion approximation in the space charge region
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of the large band gap material, the potential and the electric field in the region obey the

Poisson’s equation [3]. Thus,

d*Vs (z) q
— 2 =_—=-N 2.2.1
T =~ Na@) (2.2.1)
and
dﬁb q
— =—-=N . 2.2.2
e (2.22)

The integration of the two Poisson’s equations can be performed within the range of the
space charge region. The boundary conditions can be defined, considering the fact that

the donor density in the spacer layer is zero, as

Na(x) =0 or—dg <x <0
A(z) f s (2.23)
NA({E):NA fOT'—d2<.%'<—d5'.

Thus, integration using these boundary conditions, shown in Appendix A, gives
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2.2 Space Charge Region in Equillibrium

N
Voo = T4 (3 — d2) (2.2.4)
€2
and
62&2 = qNA(d2 — dS) (225)

Va0, the band bending, is the potential at —ds in the space charge region in the equilibrium

state.

From (2.2.4) and (2.2.5) the product e9Fjo can be written as

coFly = \/2q52NAV20 + 2N3d2 — qNads. (2.2.6)

By applying geometrical rules on Fig. 2.1.1, V59 can also be expressed as

Vao = AEc — 6y — Ep. (2.2.7)

Equations (2.2.4) and (2.2.6) express the approximated values of the potential and the
electric field at the hetero-structure in its equilibrium state. Note that the depletion

length in the large band-gap material, dz, is not necessarily the same as the total width
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Figure 2.3.1: Band structure of a hetero-junction formed at the interface of two semi-
conductors with a different band-gap when a metallic material is placed in
contact with the large band-gap semiconductor to form a schottky contact.

of the material and a complete depletion of the large band-gap material is not assumed

in the calculations in this case.

2.3 Charge Control Mode

The band structure shown in Fig. 2.1.1 can be manipulated by placing a metallic contact
with one of the semiconductors. Fig. 2.3.1 shows the band structure when a metallic

material is attached to the large band-gap semiconductor to form a schottky contact.

Assuming that the region between the Schottky contact and the hetero-junction interface
is fully depleted, the electrostatic potential in the region obeys Poisson’s equation like
that of the neutral state described in Section 2.2 [3, 4]. Therefore, (2.2.1) and (2.2.2)
still hold in this region. A full depletion of the large band-gap semiconductor is assumed

in this case. Thus, the second integration boundary in z is now extended to d, which is
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2.3 Charge Control Mode

the total width of the large band-gap semiconductor. Hence, the electrostatic potential

is given as

qN 4 9
Vo = ——(d —dg)* — Fjod.
2= ( s) 2
From (2.3.1) one can easily obtain
£9 q]\lq 9
Fio = =(——(d —ds)* — Va).
€212 d ( 2es ( ) V2)

Similar to Fig. 2.1.1, applying basic geometry rules on Fig. 2.3.1 also gives

Vo=o¢m —Va+Er — AEc.
Substituting for V5 from (2.3.3) into (2.3.2) gives
€2 ,qNa

YRS E(T(d —ds)? — ¢ + Vg — Ep + AEQ).
€2

(2.3.1)

(2.3.2)

(2.3.3)

(2.3.4)

If the interface states are neglected, the product of the dielectric constants and the electric

fields at hetero-junction interface and the charge in the region can be related using Gauss

law as

e1Fi1 = eaFjp = qns.

(2.3.5)

Therefore, the charge Qg of the free charge carriers at the hetero-junction can be ex-

pressed as
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€ N
Qs = qns = f(vc — énr — By + AEg + %(d —dg)?). (2.3.6)

In (2.3.6) the Fermi-level term, Ey, is very small as compared to the other terms, and the
rest of the terms except Vj are summed and expressed as one single term, the so-called

cut-off voltage, given as

N
Vags = b = Ao — 524 (d — ds)? (23.7)

The cut-off voltage is a very important parameter as it defines the level of external voltage
that is necessary to wipe out the charge carriers in the 2DEG. Thus, now Qg can be

written as

£
Qs = qns = — (Vo — Vogy — By). (2.3.8)

2.4 Threshold Voltage

In sections 2.2 and 2.3 the status of the hetero-structure region in equilibrium and non-
equilibrium conditions have been investigated. What does really mark the transition
between these two states? It is the threshold voltage that results in the transition from
the neutral state to the charge control regime. This threshold voltage can be defined by
equating the product eoFjo calculated for each case [1]. By equating (2.2.6) and (2.3.4)

one can easily find the threshold voltage to be
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2.5 Simple Charge Control Model

2
Vvthreshold = ¢M — 52 — (\/qNQd%/2€2 — \/(AEC — 62 — EfO) + (IN262/2€2> . (24:1)

2.5 Simple Charge Control Model

The expressions given in (2.1.9) and (2.3.8) provide very important relations between the
Fermi-level, the first two sub-bands, the charge carrier concentrations and the controlling
gate voltage. However, these expressions are complicated and does not provide analytical
relations between the parameters that can be used to build compact analytical models.
In this section, using these relations and some simplifying assumptions, analytical ex-
pressions are developed that relate the controlling gate voltage and the charge carrier

concentration.

The plots in Fig. 2.5.1 show the levels of the first two sub-bands and the Fermi-level
calculated at a range of controlling gate voltage values. These levels are calculated
numerically using (2.1.9) and (2.3.8) [5]. The plots show that the second energy level
is higher than the first energy level and the Fermi-level of the full range of controlling
gate voltage considered. While the first energy level is higher than the Fermi-level only
up to a certain point and is lower for the rest of the voltage range. This shows that
the contribution of the second energy level to the carrier concentration in the triangular
potential well is negligible. Therefore, considering the contribution of only the first sub-

band to the charge carrier concentration, (2.1.9) can be rewritten as

(Ef—Ep)

ns = DVylin(e Vi +1). (2.5.1)
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Figure 2.5.1: Ey, Ey and E; calculated numerically using (2.1.9) and (2.3.8). Reproduced
from [5].

Equation (2.5.1) gives the carrier concentration in AlGaN/GaN hetero-structure system
where the contribution of only the first energy level is considered. After rearranging
(2.5.1) and making use of (2.1.6) and (2.3.8), a simple charge control model is derived,

given as

qdn

n
Voo="-+ o2/ + Vipln (==

DVy,

). (2.5.2)

The derivation of (2.5.2) is shown in Appendix B. It provides an explicit analytical
relation between the controlling gate voltage and charge carrier concentration. This can
be used to derive analytical expressions for terminal characteristics of a functional device
based on such hetero-structure system. It, (2.5.2), can be extended to include the lateral

potential V', considered as the local quasi-Fermi potential, at any point along the channel
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2.6 Drain-source Current Model

[6]. Therefore,

dng s
9 4 qon3 + V(). (2.5.3)

Vo—V =
90 € DV,

2.6 Drain-source Current Model

In this section and in the next consecutive sections, the developments of analytical models

for terminal current and charges by making use of (2.5.3) are discussed.

An analytical drain-source current model can be formulated using the definition of the

drain-source current along the channel written as [7]

Iz, = Wangv (2.6.1)

where v is the electron velocity in the channel. If a constant mobility, u, of the electrons
is assumed then, the relation between v and the electric field, F', at a certain point in

the channel is given as

= —uF = —y—. 2.6.2
v=—p P (2.6.2)
Therefore,
dv
Iys = s——- 2.6.

After integrating along the total length of the channel from source to drain I, is expressed

as

35



UNIVERSITAT ROVIRA I VIRGILI
PHYSICS-BASED COMPACT MODEL OF HEMTs FOR CIRCUIT SIMULATION

Fetene Mulugeta Yigletu

Dipdsit Legal: T 820-2015

Chapter 2 Analytical Drain Current Gate Charge and Capacitances Modeling

W[V
Ijs = — qnsdV. (2.6.4)
L Jy,
The integration variable can easily be changed to ng, the carrier concentration, using the

relation given in (2.5.3). Taking the derivative of both sides of (2.5.3) and rearranging

gives

d 2 1
dV = — <q? + g’yonSB + V}hnsl> dng. (2.6.5)

Substituting (2.6.5) in (2.6.4) for dV' and integrating from the source to drain gives a

simple analytical expression of the drain-source current that is written as

W | qd 2 H 5
Lo = -2 18 2 - ng) + =y (ndh —nd ) + Vin (np —ng)| . (2.6.6)
L |2 )
In (2.6.6) ng and np are the charge carrier concentrations, ns, calculated at the source
and at the drain terminals respectively. In principle, they can be calculated iteratively

from (2.5.3). A more efficient way to calculate them, however, would be using an explicit

expression of ng which will make the model computationally faster [6].

2.7 Additional effects

The drain-source current model developed in the previous section is basically for an
ideal long channel device where there are no other factors that affect the important
parameters of the drain current such as the carrier charge concentration and the electron

mobility. Thus, the expression in (2.6.6) forms the core current model. However, in
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2.7 Additional effects

real devices various physical phenomena have been identified that affect the final output
current to a great extent. Some of these additional effects are being tackled as the device
production technology advances and at the same time new undesirable effects are also
being created while improving device performance, specially in relation with device size
miniaturization. Application environment is also the other source of some of the non-
ideal effects. Therefore, for the core current model to be used for a wide range of device
types and sizes satisfactorily, the non-ideal effects should be included. Here, the most
important non-ideal effects that have been incorporated with the core current model are

discussed briefly.

2.7.1 Channel-length Modulation

After a saturation voltage has been reached, a high electric field is formed at the drain
side of HEMT devices. A further increase in the drain voltage will then move the high
field point towards the source. This effect is similar to shortening the channel length by
an amount AL. This effect, the reduction of the effective length of the channel, is the
so-called channel length modulation (CLM). The CLM can be accounted for using the

C LM parameter, \, that is used to modify the drain-source current as [7]

Liscom = Las(1+ AVy) (2.7.1)

where Ijs o0 is the drain-source current model after the C'LM modification.
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2.7.2 Short-channel Related Effects

Reduction of the gate length will have an influence on the controlling capability of the
gate. A shift in the threshold voltage of the device is observed with the reduction of the
gate length. In addition, the shift in the threshold voltage depends on the drain-source
bias. The total effects related with the short channel length can be incorporated as a

threshold shift using the short channel effect parameter (SCE) as

Va
SCE

where V¢ sc is the modified threshold voltage that contains the shift [7]. Long channel
devices will have a high SCFE value where the dependence of the threshold voltage on
the applied drain voltage will be less while short channel devices have lower SCE param-
eter where the modification the threshold voltage by the drain voltage can be properly

reproduced.

2.7.3 Self-heating Effects and Temperature Dependencies

Accounting for the effect of ambient temperature and device generated heating, self-
heating effect (SHE), is critical specially for GaN-based HEMTs as they are the best
candidates for high power applications [8, 9]. A considerable amount of heat could be
generated during high power applications [10]. This could be worsened if the substrate
is not a good heat sink. A reduced drain-source current and a negative conductance at
high operating drain voltage are the main manifestations of the existence of SHFE in a
device [11, 12, 13]. The additional amount of temperature incurred due to SHFE is given
as

AT = Ry Py (2.7.3)
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2.8 Derivatives of the Drain-source Current

where Py = I3,V is the dissipated power and Rrp, the thermal resistance, is the rep-
resentative of the thermal behavior of the device [14, 15|. Therefore, the operating
temperature of the device should be modified to account for the temperature increment,

AT, as

Tactual = Tambient + AT (274)

where Tnpient 1S the ambient temperature and 7,441 is the modified operating tempera-
ture. The thermal voltage, an important device parameter, and all the other temperature
dependent parameters of the model should then be calculated using the modified oper-

ating temperature.

2.8 Derivatives of the Drain-source Current

The derivatives of a drain-source current model are one of the important figures of merit of
a current model. They can be considered as the measures of the continuity of the current
model and enable investigations of discontinuity anywhere in the operating regime of
the model. The continuity of the current model is critical when it comes to applying
the model for non-linearity studies which mainly involves the successive derivatives. The
derivative of the drain-source model in terms of the gate voltage at a constant drain
voltage, the transconductance, and the derivative in terms of the drain voltage at a
constant gate voltage, the conductance, are the two main first derivatives of the current.

These two parameters are defined as

o a]ds
on =Gy

| Va (2.8.1)
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and

0l
94 = "3y,

|V, (2.8.2)

Once a drain-source current model is developed, obtaining the transconductance nu-
merically from the calculated current is a common practice. Here, however, dedicated
analytical expressions for the transconductance and conductance are developed. Having
an independent transconductance expression will provide one an alternative to directly
use the transconductance when it is not necessary to calculate the current for a certain
application. The transconductance and conductance expressions are developed using the
current model and the simple charge control model given in section 2.6 and section 2.5
respectively. The partial derivative of the current, (2.6.6), in terms of the gate voltage

is

Olgs _quW | qd on?, 6n% +2 Bn%/?’ Gng/g
av, Im= 71 |2 \oav, av,) "5\ oy, oy,
onp Ong
% _ s 2.8.3
V(G2 - )| - 299

From (2.8.3) a simplified expression of the transcondactance can be obtained as

quW | (qd 2 93 onp qd 2 93 ong

L = - z Vi, | =2 _ (12 z Vi | —2

g i [( =D + 570D + Vin v, - ns + 50nyg + Vin v,
(2.8.4)

where
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2.8 Derivatives of the Drain-source Current

ong 1
= — (2.8.5)
oV % + %707151/3 + V}hngl
and
1
Onp _ (2.8.6)

d ~1/3 _
Wy 14 240 g Vinnp'
are obtained from the differentiation of (2.5.3) at the source and at the drain respectively.
Substituting each partial derivatives of the charge carrier concentrations at the source

and drain given in (2.8.5) and (2.8.6) respectively in (2.8.4) and simplifying gives

=———[np —ng]. (2.8.7)

Equation (2.8.7) gives a very simplified analytical expression of the transconductance that

is similar to previous transconductance expressions developed to MOSFET devices.

Similarly, the analytical expression of the conductance can be obtained by calculating

the partial derivative of the current in terms of the drain voltage. Thus,

olgs _quW ﬂ Bn% B 8n% +g Bn‘;’)/?’ B Gng/g
av, =71 |22 \av, " av,) "5\ Tav, T oy,
onp Ong
9 _ IS\ 9.
Mh(avd avdﬂ (288)

Since the charge carrier concentration at the source does not depend on the drain voltage,
all the partial derivative terms of ng in (2.8.8) result in zero. Therefore, the expression

of the conductance can be written as
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quW | qd 2 93 onp
_ el z Vi | —= 2.8.9
9d T - np + 3’YOTLD + Vin v, ( )
where
371[) —1
= - (2.8.10)
OVa  ad g %’Yonpl/g + Vannp!

is obtained by the partial differentiation of (2.5.3) at the drain terminal. Thus, substi-
tuting (2.8.10) in (2.8.9) gives

W
9d = _quL np. (2.8.11)

2.9 Gate Charge Model

The total gate charge can be obtained by integrating the sheet charge carrier density

along the channel over the total gate area [7]. Therefore,

L
Qg = W/O qns (v) dz. (2.9.1)

The integration variable in (2.9.1), dx, can be changed to dV using (2.6.3) as the ex-
pression of dV in terms of dng is already given in (2.6.5) and can once again be used to
derive the gate charge expression in terms of charge carrier concentrations at the source

and at the drain. Thus, using (2.6.3)

[@/2 2 Vg
Q, = q“/ n2dV. (2.9.2)
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2.9 Gate Charge Model

Again substituting for s in (2.9.2) from (2.6.4) gives

[ n2dv
s s ) (2.9.3)
f I nsdV

(%

C?g ::L@ﬁLq (

Let the two integrals at the numerator and denominator inside the brackets in (2.9.3) be

represented as f(ns) and g(ns) respectively. Integrating the two separately after changing

the integration variable from dV to dns using (2.6.5) gives

d 1 8 8 1

fns) = g—g (nh —nd) + 170 <ng, - ng> + 5 Vin (n?, — n%) (2.9.4)
gd o ooy 2 (% 3

9(ns) = 5 (np —ns) + 70 (np =15 | + Vin (np = ns) . (2.9.5)

Thus, the complete gate charge expression becomes

4 (n )+ o (mh = nd ) + 4¥in ()

f (ns
Qg:Wngén§ = WlLq 5 5
s qd ( 2 2)'+'%70 (71% __7kg> + Vi, OWD —-nsd

(2.9.6)

Equation (2.9.6) gives the total gate charge of the charge carriers in the whole channel

region from source to drain [16].
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2.10 Analytical Gate Capacitance Models

The two main intrinsic capacitances associated with the gate region, gate-source capaci-
tance Cys and gate-drain capacitance Cyq, can be derived using the partial differentiations
of the total gate charge with respect to the corresponding source and drain terminal volt-
ages. To come up with simplified expressions of the gate capacitances, the two numerator
and denominator functions of ng given in (2.9.4) and (2.9.5) have been used. In addition,
the letter x is also used to refer to a point along the channel so that one can determine
the derivative of the gate charge not only at the source and drain but also at any point
along the channel as long as the potential at that point is identified. Thus, the general

gate capacitances are given as [16]

f(ns) _ 99(ns)
“av, 9 (ns) = [ (ns) =57, ) (2.10.1)

C.. WL aV,
‘ ! ( (9 (1))’

where, for example, V,, = V; at the source terminal and V, = V; at the drain terminal
and similarly Cy, = Cgys at the source and Cy, = Cyq at the drain. To simplify the
partial differentiations of f (ns) and g (ns), they can be written as the differences of two

functions calculated at the source and the drain terminals as follows

f (ns) = fmain (nD) — frmain (nS) (2.10.2)

9 (ns) = Gmain (ND) = Gmain (15) (2.10.3)

where
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2.10 Analytical Gate Capacitance Models

qd 1 1

Fmain (n2) = = —n3 + 4fmnz + §Vthn§ (2.10.4)
qd 2 1

Imain (Nz) = 2€n2 + =7 ong + = 5 Vi (2.10.5)

where n, = np at the drain and n, = ng at the source. The main advantage of expressing
f (ns) and g (ns) as given in (2.10.2) and (2.10.3) using the functions given in (2.10.4) and
(2.10.5) is that the partial derivatives of f (ns) and g (ns) in V5 and V; will be simplified
into direct derivatives of fiain (Nz) and gmain (nz) at the respective terminals as they
can be calculated independently at each terminal. These derivatives of frain and gmain

are given as

dﬁn@n@z) qd 2 2 dng
— = 2 z | —— 2.10.
v, < T + 3’yon + Vinn ) v, (2.10.6)
and
dgnmhl(nz) qd 2 dnx
— = —n, o . 2.10.
v ( - et 37071 + Vin v (2.10.7)

Therefore, now the general gate capacitances expression in (2.10.1) can be written as

dfmain(nz) n _ n dgmain(nz)
g (ns) — f(ns) dV, ) (2.10.8)

Cj .= dVz
oz = Wha ( (G (ns))

The general gate capacitance term in (2.10.8) can now be used to calculate the gate
capacitances, Cys and Cyq. The calculation of these two capacitances using the expression

given here are shown in section 2.11.5.
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Figure 2.11.1: Basic test circuit set up used in ADS for model validation.

2.11 Results

The analytical current and charge models developed in previous sections have been imple-
mented in Verilog-A, the industry-standard compact modeling language. The Advanced
Design System (ADS) from Agilent© Technologies is then used to carry out standard
set of simulations to test the performance of the models. Different sort of devices from
various sources have been considered in order to verify the universal applicability of the
models. Basically, the set of devices considered for the validation of the models are of
two types: those that are obtained from commercially active semiconductor companies
and those obtained from the world of research or literature. For the validation of the
drain-source current model, the two main terminal characteristics, output and transfer,
of the devices have been performed. In addition, the charge and capacitance models are
verified through the modeling of the gate terminal capacitances. Fig. 2.11.1 shows the

setup used in ADS for model validation.
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2.11 Results

Table 2.1: List of parameter values used to model a long channel device of 1um gate

length.
Parameter = Parameter description Parameter value
L(um) Channel length 1
Vorr(V) Cut-off voltage —2.85
W (um) Gate width 75
d(nm) Thickness of barrier layer 25
Rs(92) Parasitic source resistance 0.6
R4(02) Parasitic drain resistance 0.9
Vsat(m/s) Saturation velocity 1.19¢e5
po(m?/Vs) Low field mobility 0.06

2.11.1 Core current model validation

The plots in Fig. 2.11.2 , (a) and (b), show the comparison between the drain-source
current model and the I — V' characteristics of a long channel device with gate length of
1pm [17]. This mainly shows the validity of the core current model where most of the
short channel and other additional effects do not play important roles. The model was
able to reproduce both the output and transfer characteristics of the long channel device
very well. Table 2.1 provides the list of the basic set of parameters used to reproduce the

transfer and output characteristics of the long channel device shown in Fig. 2.11.2.

2.11.2 Output characteristics validation

The I; — V4 plots from Fig. 2.11.3 to Fig. 2.11.5 show the comparison between the
modeled and measured output characteristics of devices with different gate lengths. Fig.
2.11.3 displays the I; — Vy curves of a device with gate length of 0.7um [18]|. A certain
level of short channel effects have started to show up in the device even though not very
significant. In addition, since the measurements are carried out only up to very low
drain voltage values, no self-heating effect is observed as well. However, in Fig. 2.11.4

the output characteristics of a device with a gate length of 0.35um are plotted up to
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Figure 2.11.2: I-V characteristics of a 1um device Modeled (solid lines) and Experimen-
tally measured (symbols), (a) Output characteristics (b) Transfer charac-
teristics, data taken from [17].
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Figure 2.11.3: Output characteristics of a 0.7um device Modeled (solid lines) and Exper-
imentally measured (symbols), data taken from [18].

a relatively higher level of drain voltage [19]. At the higher drain voltage values the
drain-source current have started to reduce, because of SHE. Since SHE is included in
the model, it was possible to reproduce the current reduction at higher voltage that is
caused by high power dissipation. The parameters used to model these two devices are
given in Table 2.2. The output characteristics plotted in Fig. 2.11.5 are of a 9 x 100 GaN
HEMT with a gate length of 0.125um from Triquint©. The I; — V curves are measured
under a controlled power compliance. Thus, no SHE is observed as the I; — V curves at
higher gate voltage are measured only up to controlled levels of the drain voltage. Short
channel effects are observed at the I;— Vj curves of low gate voltage values. In addition,
at these low gate voltage values non-physical reduction of the current is observed near
the knee region. The model has properly predicted the expected knee voltage behavior

and the short channel behavior observed in the saturation region.
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Figure 2.11.4: Output characteristics of a 0.35um device Modeled (solid lines) and Ex-
perimentally measured (symbols), data taken from [19].
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Figure 2.11.5: Measured (symbols plus lines) and modeled (solid lines) output Character-
istics of a 9 x 100 device with a gate length of 0.125um. The gate Voltages
are 0V ,—0.6V,—1V ,—2V,—2.6V from top to bottom.
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Table 2.2: List of parameters used to model the I — V characteristics of two devices with
gate length of 0.7um and 0.35um.

Parameter = Parameter description 0.7um Device 0.35um Device
L(pm) Channel length 0.7 0.35
Vorr(V) Cut-off voltage -3.8 —2.98
W (um) Gate width 25 250
d(nm) Thickness of barrier layer 18 30
Rs(92) Parasitic source resistance 0.5 0.9
R4(02) Parasitic drain resistance 1.6 2
vsat(m/s)  Saturation velocity 1.19e5 1.19e5
po(m?/Vs) Low field mobility 0.04 0.05
A(Vh CLM parameter le—5 2e — 4
SCFE SCFE parameter le3 31
Ry, (K/W)  Thermal resistance 6.5 12

2.11.3 Transfer characteristics validation

The I; — V; plots in Fig. 2.11.6 and Fig. 2.11.7 show the modeling of the transfer
characteristics of the devices considered in section 2.11.2. The comparison between mod-
eled and measured transfer characteristics of the device with the gate length of 0.7um is
shown at a single drain voltage of 5V in Fig 2.11.6. As shown in the output character-
istics, see Fig. 2.11.3, a significant SCE is not exhibited by this device. Therefore, the
transfer characteristics of this device are not expected to show any threshold voltage shift
at different drain voltage values. Rather, Fig. 2.11.7, where the modeled and measured
characteristics of the 9 x 10 GaN HEMT are displayed, show significant threshold shifts
that occur for the different drain voltage values used. As mentioned earlier, the device
has a gate length of 0.125um which, to date, is a gate length in the lower limit of device
gate length range. Therefore, the SC'E is more pronounced in this device. Considering
the SCF is of great importance in modeling device behavior at such gate lengths and
below. An appropriate value of the SCE and the other model parameters are chosen so
that the model can trace the threshold shifts properly. Table 2.3 summarizes the set of

parameters used.
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Figure 2.11.6:

Figure 2.11.7:
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Measured (symbols plus lines) and modeled (solid lines) transfer Charac-
teristics of a device with a gate length of 0.7um at a drain Voltage of 5V,
data taken from [18].

0.8 T v T
/I
g 0.6 F -
5
= /
5 04F -
@)
c Model
§ —o— Measurement
a 0.2 .
7
/}>
0.0 a .
-4 -2

Gate Voltage (V)

Measured (symbols plus lines) and modeled (solid lines) transfer Charac-
teristics of a 9 x 100 device with a gate length of 0.125um. The drain
Voltages are from 5V to 20V with a step of 5 from bottom to top.
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Table 2.3: The set of parameters used to reproduce the I — V' characteristics of a 9 x 100
device with a gate length of 0.125um from TriQuint© Semiconductor

Parameter  Parameter description Parameter value
L(pm) Channel length 0.125

Vorr(V) Cut-off voltage —2.83

W (um) Gate width 900

d(nm) Thickness of barrier layer 20

vsat(m/s)  Saturation velocity 1.19¢e5
po(m?/Vs) Low field mobility 0.087

SCFE SCFE parameter 47

2.11.4 Transconductance and conductance validation

Fig. 2.11.8 and Fig 2.11.9 present the derivatives of the drain-source current, the
transconductance and the conductance. The first few derivatives of the drain-source
current model, as mentioned earlier, are very important figures of merit. They are the
measures of the continuity of the model in the whole operating regime and the continuity
of the model is of interest specially in nonlinear modeling applications. Fig. 2.11.10 to
Fig. 2.11.13 and Fig. 2.11.14 to Fig. 2.11.17 show the comparison between measured
and modeled higher order derivatives of the transconductance and the conductance re-
spectively. The good agreement shown between the model and the numerical derivatives
of the experimentally measured current verify that the model is continuous in the whole

operating regime of the device.

2.11.5 Gate charge and capacitance models validation

The C — V characteristics, gate-source capacitances against the gate voltage and gate-
drain capacitances against the drain voltage, of the device with 0.35um gate length
considered in the previous sections have been compared with the gate capacitance mod-

els given in section 2.10. Fig. 2.11.18 shows the modeled and measured gate-source
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Figure 2.11.8: Measured (symbols plus lines) and modeled (solid lines) transconductance
of a 9 x 100 device with a gate length of 0.125um. The drain Voltages are
from 5V to 20V with a step of 5 from bottom to top.
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Figure 2.11.9: Measured (symbols plus lines) and modeled (solid lines) conductances of
a 9 x 100 device with a gate length of 0.125um. The gate Voltages are
oV,—0.6V,—1V,—2V,—2.6V from top to bottom.
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Figure 2.11.10: Transconductance, ¢,,, and its first two derivatives, g,,1 and g2 at a
drain voltage of 5V.
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Figure 2.11.11: Transconductance, ¢,,, and its first two derivatives, ¢g,,1 and g2 at a
drain voltage of 10V.
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Figure 2.11.12: Transconductance, ¢,,, and its first two derivatives, g,,1 and gm,2 at a
drain voltage of 15V.

0.50
0.25

0.00

-0.25

— Simulated
(gm, gm1, gm2)
—m— Measured gm

-0.50 F

gm(S), gm1(S/V), gm2(SIV?)

—*— Measured gm1 b
—e— Measured gm2 vd = 20V
-0.75 1 . 1 . 1 . 1 . 1 . 7
-5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0

Gate Voltage (V)

Figure 2.11.13: Transconductance, ¢,,, and its first two derivatives, ¢g,,1 and g2 at a
drain voltage of 20V.
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Figure 2.11.14: Conductance, g4, and its first two derivatives, g41 and g4o at a gate voltage

of —2V.
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Figure 2.11.15: Conductance, gq4, and its first two derivatives, g41 and g4 at a gate voltage
of —1V.
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Figure 2.11.16: Conductance, g4, and its first two derivatives, g41 and g4o at a gate voltage
of —0.6V.

—— Simulation
(gd, gd1, gd2)
Measured Gd
Measured Gd1

—e— Measured Gd2

o
N
(6]
T

o

a

o
T
<

«
1
Q
<
1

gd(S), gd1(S/V), gd2(S/V?)
(@]
3

0 1 2 3 4
Drain Voltage (V)

Figure 2.11.17: Conductance, gq4, and its first two derivatives, g41 and g4 at a gate voltage
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Figure 2.11.18: Measured (symbols) and modeled (solid lines) gate-source capacitance,
Cys, of a device with a gate length of 0.35um at a drain voltage of 7V,
data taken from [19].
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Figure 2.11.19: Measured (symbols) and modeled (solid lines) gate-drain capacitance,
Cya, of a device with a gate length of 0.35um at a gate voltage of —1V/,
[19].

capacitances against the gate voltage where they showed a good agreement. The fring-
ing capacitance of this device is about 0.37pF/mm and the measurements are obtained
at a drain voltage of 7V. The simulated and modeled gate-drain capacitances against the
drain voltage are shown in Fig. 2.11.9. Measurement and model again show good agree-
ment. The gate-drain capacitance values are measured at a gate voltage of —1V. The
agreements between measured and modeled gate capacitances validates the total gate
charge model expression given in section 2.9 in addition to the capacitance expressions

that are derived from it using partial differentiations.
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2.12 Conclusion

The chapter discussed a systematic development of physics-based compact models for
circuit simulation based on the fundamental electrostatic consideration of the hetero-
junction interface of general III-V devices. The models allow prediction of device perfor-
mance based on device geometric structure and design features. The models have minimal

set of parameters and does not require an extensive parameter extraction procedure.

In section 2.1 the derivative of the charge carrier concentration from the definitions of the
Fermi-level and the first two energy sub-bands is presented. The relations between the
energy levels and the electric field are obtained from the Schrodinger’s equation solution
of the longitudinal quantized energy assuming a quasi-constant electric field. Poisson’s
equation was applied on the electric field and solved which resulted in a simple relation
between the electric field and the charge carrier concentration. The equilibrium state of
the hetero-junction region assuming depletion approximation is analyzed in section 2.2.
The band bending potential created in the large band-gap semiconductor is calculated
after solving Poisson’s equation for the potential and electric field in the region using the
appropriate boundary conditions. The effect of an external potential applied through
a schottky contact to disturb the equilibrium state is discussed in section 2.3. Using
the Poisson’s equation once again and considering the geometrical relations between the
potentials from a non-equilibrium band-structure diagram, a relationship between the
externally applied potential and the other hetero-junction parameters is established. The
threshold voltage, the theoretical transition point that separates the two distinct states
of the hetero-junction have been defined by equating the results obtained independently

for the equilibrium and non-equilibrium cases.

The special case of AlIGaN/GaN hetero-junction have been considered in section 2.5.

The relative positions of the first two energy sub-bands and the Fermi-level have shown
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2.12 Conclusion

that the second energy level is significantly higher than the first energy level and the
Fermi-level. Therefore, the contribution of the second energy level to the sheet charge
concentration, 2DEG, has been neglected. Based on this simplifying assumption and the
relations between the parameters of the hetero-junction region a simple charge control
model has been derived. This charge control model is very useful as it gives analytical

relation between the external voltage and the charge carrier concentration.

Using the charge control model, an analytical physics-based compact drain-source current
model has been developed. The model basically depends on the calculation of charge
carrier concentration at the source and drain of a device after which should be integrated
based on the definition of drain-source current calculation. To enhance the robustness
of the core current model, additional effects that directly affect the drain-source current
have been included. These effects arise from different device operating conditions as well
as from device technology. A standard set of modeling approaches, that are also used
in the modeling of other FET devices, has been adapted here to model the non-ideal

effects.

Analytical expressions of the transconductance and conductance were obtained through
the derivation of the drain-source current model. The analytical transconductance ex-
pressions provide an alternative to calculate the derivatives directly which otherwise will

be done by numerical differentiation after calculating the current.

A complete analytical expressions of the total gate charge has also been developed using
the charge control model. The gate-source and gate-drain capacitance expression were
then derived from the analytical gate charge model. The dedicated analytical expressions
of the gate capacitances or the numerical derivatives of the calculated gate charge can be

used in the equivalent circuit definition of a device in circuit simulator applications.

Different sets of test simulations have been carried out to demonstrate the validity of

61



UNIVERSITAT ROVIRA I VIRGILI
PHYSICS-BASED COMPACT MODEL OF HEMTs FOR CIRCUIT SIMULATION

Fetene Mulugeta Yigletu

Dipdsit Legal: T 820-2015

Chapter 2 Analytical Drain Current Gate Charge and Capacitances Modeling

the current and charge models. The results of the models have been compared with real
experimental measurement data of devices from the research as well as commercial areas.
The performance of the models were presented in section 2.11. The models, in general,
showed good agreement with measurement data taken from a wide range of devices in
different operating conditions. The incorporation of additional effects to improve model
performance has been demonstrated. The continuity of the model in the whole device
operating regimes has been shown through the validation of the transconductance and
conductance. This also automatically qualifies the model for non-linear applications.
Moreover, the total gate charge model and the resulting gate capacitance models have
also been verified by the good agreements shown between gate capacitance models and

experimental data.
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Chapter 3

Modeling Drain Current Collapse in

AlGaN/GaN HEMTs

AlGaN/GaN HFET devices show reduced RF power output due to the compression of
the RF current swing as compared to the dc value [1, 2, 3]. In addition, they also show
a reduced dc current in the knee region of their I — V curves when a stress with a high
drain voltage is applied continuously for hours [4, 5|. This RF power dispersion at higher
frequencies, also know as current collapse, have put a great limitation on the application

of these devices for high power and high frequency applications [6].

Much effort has been put into understanding and explaining of the root causes of the
current reduction phenomena using detailed experimental work and theoretical models .
For instance, operating at a frequency comparable with the carrier capture and emission
frequency from deep centers [7] and charging of states due to charge transport delay [2] are
a few to mention out of many other suggestions forwarded. The variety of explanations
forwarded to explain the observed current collapse effects is useful to explore all the

possible causes of this abnormality of such devices and finally to identify one or more
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Chapter 3 Modeling Drain Current Collapse in AIGaN/GaN HEMTs

universally acceptable mechanisms that are responsible for it [8, 9, 10]. A considerable
research work is also being done to minimize the effects of current collapse [11, 12, 13].
In the mean time, the fundamental differences that exist in the understanding of the
causes of current collapse make the formulation of physics-based compact models that

incorporate the effect a challenging task.

The charging of surface traps in the gate-drain region is widely accepted as the main cause
of the current collapse phenomenon and is used as a base of the current collapse modeling
presented here [14, 15, 16, 17]. Earlier analytical drain current models that incorporate
current collapse effects were developed with the assumption that the trapped region
increases the drain and source access resistances and the effect of the field-dependent
trapping is accounted as a modification of the access resistances [18, 19]. The trapped
charge calculated as a fraction of the equilibrium electron concentration, by multiplying
it with a field-dependent function, is used to calculate the value of the access region
resistance modifier. An empirical field-dependent function with a fitting parameter is
used that agrees with experimental data. However, here a somehow different perspective

of the trapped charge region is used.

The modeling of permanent or semi-permanent current collapse effect observed in devices
due to an applied stress is discussed. The modeling activity is consisted of combining
the drain current model developed earlier in Chapter 2 with a virtual gate modeling
technique that is going to be described shortly. A large signal equivalent circuit that is

suitable for circuit simulation and the details of model implementation are presented.
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3.1 The Virtual-gate Modeling Approach

3.1 The Virtual-gate Modeling Approach

Some of the acceptor-type surface states that are found in the gate-drain region, in the
vicinity of the gate, are shown to be capable of trapping charge carriers [14]. The trapped
carriers could originate from the hot electrons of the channel [20] or could be injected
from the gate [21]. This creates an accumulated charge in the area that tends to deplete
the 2DEG channel under it. This causes the reduction of carrier concentration which
in turn results in a reduced drain current. This is, therefore, equivalent to applying a
negative gate voltage via a secondary gate connected to the gate-drain region so as to
deplete the 2DEG right under it, the virtual gate concept. Fig. 3.1.1 shows a layout
of a device which had accumulated additional charge carriers in its gate-drain region.
Fig. 3.1.2 shows a layout used for compact modeling where the charge accumulated in
gate-drain region is represented by an equivalent virtual gate. The determination of the
parameters of the virtual gate is very important to formulate a compact model. The
potential of the virtual gate can be calculated by considering the electrostatics of the
depletion region after stress. On the other hand a more robust way to consider the effect
of the virtual gate would be to consider it as a fully functional very short channel virtual
transistor connected with the main gate channel that saturates gradually similarly to the
main gate. The techniques used to realize the virtual gate modeling will be described

shortly in the following sections.

3.1.1 2D electron concentration distribution simulation

In order to demonstrate the assumption of an additional virtual gate in the gate-drain
region, a 2D device simulation is presented here first. The simulation is carried out with
and without surface trapped charge carriers in the gate-drain region so that the effect of

the additional charge on the surface on the channel and the related key parameters can
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Chapter 3 Modeling Drain Current Collapse in AIGaN/GaN HEMTs

Figure 3.1.1: Entrapment of charge carriers by the surface states in the AlGaN barrier
layer which causes the depletion of the 2DEG channel under it.

Figure 3.1.2: Application of a negative virtual gate voltage that is equivalent to the charge
accumulated at the surface for the purpose of compact modeling.
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3.1 The Virtual-gate Modeling Approach

be analyzed [22]. The physical device simulation is carried out using the ATLAS 2-D

simulator of Silvaco.

The simulated sample device has a gate length of 0.25um. A 25nm AlGaN barrier layer
with 0.3 Al mole fraction and a 1.475um GaN are used to form the hetero-junction.
The total source-drain spacing is 4.5uum with a gate-source spacing of 1.375um and a
gate-drain spacing of 2.875um. Polarization charges and uniform interface charges are
defined at the hetero-junction and self-heating is also included. Finally, an additional
charge has been added on the upper surface of the AlGaN barrier layer to model the
charge carriers trapped by the surface states. The additional charge carriers defined are
made to have fixed amount of concentration and length, —2x 10'3 and 75nm respectively,

in this case.

The color contour plots from Fig. 3.1.3 to Fig. 3.1.6 show the electron concentration in
the channel region before and after defining the charge carriers in the gate-drain region.
The contour plots are shown for a 0V, linear region and saturation region drain biases.
In all cases, the additional charge carriers defined in the gate-drain region tend to deplete

the 2DEG region under it.

To be able to compare the extent of 2DEG reduction caused by the trapped charge
carriers, the electron concentration of the channel region before and after defining the
additional charge carriers are plotted together, Fig. 3.1.7 to Fig. 3.1.10. One can see
that defining additional charge carriers in the gate-drain region, indeed, resulted in a
reduced electron concentration in the region under it. However, the effect is found to
be more severe in the linear and knee regions as compared to those in the saturation
region. This is in agreement with the experimental measurements where a higher drain
current reduction is observed in the knee region as compared to the linear and saturation

regions.
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Figure 3.1.3: Electron concentration contour plot in the channel region at V;=0V without
(a) and with (b) additional charge carriers defined in the gate drain region.
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Figure 3.1.4: Electron concentration contour plot in the channel region at Vd=5V without
(a) and with (b) additional charge carriers defined in the gate drain region.
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Figure 3.1.5: Electron concentration contour plot in the channel region at V=13V with-
out (a) and with (b) additional charge carriers defined in the gate drain
region.
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Electron concentration contour plot in the channel region at V; = 25V
without (a) and with (b) additional charge carriers defined in the gate
drain region.
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Figure 3.1.8: Electron concentration in the channel region at 5V with (Red) and without
(Blue) trapped charge definition in the gate-drain region.
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Figure 3.1.9: Electron concentration in the channel region at 13V with (Red) and without
(Blue) trapped charge definition in the gate-drain region.
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Figure 3.1.10: Electron concentration in the channel region at 25V with (Red) and with-
out (Blue) trapped charge definition in the gate-drain region.
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Figure 3.1.11: Output characteristics of the 2D simulated device with (broken lines) and
without (solid lines) defining extra charge carriers in the gate-drain region
on the surface of the barrier layer.

The output characteristics of the device are shown in Fig. 3.1.11. The solid lines show the
output characteristics of the simulated device under normal working condition at different
gate voltage values and the broken lines show output characteristics under the same
biasing conditions after the fixed amount of charge is defined in the gate-drain region.
It is interesting to see that the current collapse behavior shown in the 2D simulation is
similar to that obtained from experimental measurements of real devices that have been
put under stress. Note the higher current reduction at the knee region of the output

characteristics.

3.1.2 Gradual Virtual and main gate saturation

In the gradual saturation of the virtual and main gate approach, it is assumed that a

saturation of electron velocity is assumed to start at the drain of the virtual gate. With
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application of further drain voltage, the saturation point moves towards the drain of the
main gate [23]. The current is assumed to be continuous under the main and the virtual

gates. This is expressed as

Ids,main(‘/s, Vga ‘/mt) = Ids,Vz‘r(‘/int, VVGa Vd) (311)

Equation (3.1.1) states that the current under the main gate that is a function of the
voltage at the source, the voltage at the main gate and the voltage at the end of the main
gate on the drain side should be the same as the current under the virtual gate which is a
function of the voltage at the end of the main gate, as its source, the virtual gate voltage
and the drain voltage applied to the device, as long as current continuity is assumed
under each gate. In (3.1.1), the new internal node voltage, Vj,¢, at the drain of the main
gate, and at the source of the virtual gate, and the virtual gate voltage value, Vy g, are
the two unknowns. In the simplest case, the virtual gate voltage is set in proportion
with the amount of charge carriers accumulated and in such cases it is used as a fitting
parameter that is adjusted to best fit measurement data. Thus, the only unknown, Vj,;,
can be calculated easily using the core drain current model given in (2.6.6) by sweeping
the drain voltage values. The current under each gate should be calculated in such a
manner until the saturation of the virtual gate is reached. This operating regime can be

characterized by calculating the saturation voltage.

After the start of saturation at the region under the virtual gate, the length of the virtual
gate length will not remain intact anymore since the saturation point continues to move
towards the source of the virtual gate (or towards the drain of the main gate). Therefore,
for (3.1.1) still to hold the appropriate modification of the length of the virtual gate region
used in the right hand side of the equation should be made. The modified length of the

channel under the virtual gate is calculated as
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l2,mod = l2 — Ala. (3.1.2)

The length of the depleted region, Aly, can be calculated using the expression shown
later in (3.1.5). Once again, the current across each gate should be calculated as long
as the depletion region under the virtual gate, Als, does not exceed the length of the
virtual gate length, lo». When the drain voltage is increased continuously, finally the
whole length of the virtual gate will be depleted and the saturation point reaches the
drain end of the main gate. After this point the virtual gate (virtual transistor) will be
treated as a simple voltage drop in the gate-drain region in series with the gate-drain
region access resistance. This indicates the commencement of saturation under the main
gate. The voltage at which this occurs is taken as the new saturation voltage of the main

gate. This new saturation voltage of the main transistor can be calculated as

Vsat = ‘/sat,\/ir + Vdep (313)

where Vjye, is the voltage drop across the full length of the virtual gate. Here, it is
calculated using the expressing derived to calculate a voltage drop at a point in a depleted

region [19]. Thus,

l
Viep = AoEssinh (A—2> . (3.1.4)
0

Equations (3.1.3) and (3.1.4) utilize the great potential of the virtual gate modeling
approach. They enable to reproduce the shift in saturation point, observed after a
DC stress, of the main gate, in comparison with the saturation point before stress.

Moreover, the saturation shift, Vg, is calculated using the appropriate physical factors
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3.2 A DC Equivalent Circuit Including the Virtual-gate

that determine the level of the saturation point shift. After the saturation of the region
under the main gate is reached a further increase in voltage will once again move the
depletion region into the main gate region towards the source. This depletion region
extension will reduce the length of the channel under the main gate. The modified
length of the channel under the main gate is calculated as L — AL. The length of the
depleted region can be calculated from the expression of voltage drop in a depleted region,

(3.1.4), as

AL = asinh <V";+SV“> Ao- (3.1.5)

Note that (3.1.5) is also used to calculate Aly using the appropriate drain and saturation
voltages. The gradual saturation, of first the virtual gate and then the main gate, is
illustrated in Fig. 3.1.12. Fig. 3.1.12(a) shows the status of the channels under each
gate and the values of the voltages at each terminal before the start of saturation. The
beginning of saturation just at the drain end of the virtual gate is shown in Fig. 3.1.12(b).
Fig. 3.1.12(c) shows the movement of the saturation point towards the source of the
virtual gate at an arbitrary point when the drain voltage is further increased. The
depletion region in the virtual gate region increases in such a manner and finally the

saturation point reaches at the drain of the main gate as shown in Fig. 3.1.12(d).

3.2 A DC Equivalent Circuit Including the Virtual-gate

In (3.1.1) it was assumed that the current under each gate is the same, the current
continuity assumption. In numerical solvers such as MATLAB, (3.1.1) can be solved
numerically using a certain iterative algorithm. This, however, is not an attractive alter-

native as far as compact modeling is concerned.
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Figure 3.1.12: Gradual saturation of the virtual gate (virtual transistor) and the channel
under the main gate.
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Figure 3.2.1: A large signal equivalent circuit for a HEMT device including a virtual gate.

To utilize the virtual gate modeling approach in circuit simulators, an equivalent circuit,
shown in Fig. 3.2.1, is used here. The virtual gate is incorporated in the gate drain region
via two diodes similarly to the main gate. It is now considered as the fourth port of the
normally three terminal device. This equivalent circuit lay out is implemented using the
standard compact modeling language, Verilog-A. This enables easy implementation of the
model in available commercial circuit simulators. Here, the circuit simulator Advanced

Design Systems (ADS) from Agilent is used.

The simple circuit layout in Fig. 3.2.2 shows the set up used to apply the model in the
circuit simulator. The four ports of the transistor symbol represent the four terminals
of the equivalent circuit given in Fig. 3.2.1. A dedicated fixed bias is applied to the
virtual gate. As mentioned earlier,the bias applied to the virtual gate is adjusted to fit
measurement data. However, if analytical equations that relate the virtual gate voltage
with the appropriate factors are formulated, the accuracy of the model can be greatly
improved. Some of the factors that should be considered while formulating analytical

expression of the virtual gate voltage may include the value of the maximum drain voltage
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Figure 3.2.2: A four port transistor scheme is used in the circuit simulator with the fourth
port being the virtual gate terminal where a negative bias proportional to
the surface trapped charge carriers is applied.
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applied and the duration of a stress. If one has to use analytically calculated value of
the virtual gate, it only suffice to connect the output of the equation solver to the virtual
gate port. In the mean time, the fixed virtual gate voltage value can be tuned within a

reasonable range of values.

3.3 Results

The virtual gate modeling approach presented in sections 3.2 and 3.3 has been used to
reproduce current collapse effects observed in typical HEMT devices. Two devices with
different sizes that has been put into different levels of stress are considered. The first
one has a gate length of 0.25um and a total width of 0.25mm [23]| and the second one
has a 1pum gate length and 0.15mm width [5]. First the standard output characteristics
of the devices before the application of any stress are simulated using the drain current
model given in (2.6.6). This is done in order to assure the validity of the drain current

model for these devices before applying the virtual gate model based on it. Fig. 3.3.1
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Figure 3.3.1: Output characteristics of a 0.25um gate length device, measured (symbols)
and modeled (solid lines) before stress, for V; values of —3.4V to —1.8V
with 0.4V step from bottom to top, data taken from [23].

and Fig. (3.3.2) show the good agreement between the current model and measured
output characteristics of the devices. In Fig. (3.3.2) self-heating effect is observed in the
output characteristics of the device. This is because the device is measured up to higher
maximum drain voltages, 30V in this case. Since the effect of self-heating is incorporated
in the core current model, as described in section 2.7, it was possible to reproduce the

self-heating effect exhibited by the device.

The current collapse model is applied to reproduce the I;—Vy characteristics of the device
with 0.25um gate length after stress. The I — V curves in Fig. (3.3.3) are measured at
the same biasing as those given in Fig. (3.3.1). It is shown that there is a considerable
reduction of the drain current, specially in the knee region. The virtual gate model has

reproduced the current collapse very well.

The other device considered here, the 1um gate length device, has been put into various
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Figure 3.3.2: Output characteristics of a 1um gate length device, measured (symbols)
and modeled (solid lines) before stress, for V; values of —4V" to 0V with 1V
step from bottom to top, data taken from [5].
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Figure 3.3.3: Measured (symbols) and modeled (solid lines) output characteristics after
stress, current collapse, of a 0.25um gate length device for V, values from
—3.4V to —1.8V with 0.4V step from bottom to top, data taken from [23].
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Figure 3.3.4: The significances of the virtual gate length and voltage parameters on the
performance of the model when one is varied while keeping the other fixed.

levels of stress. Basically, the maximum voltage and the duration of the stress applied on
the device have been varied to identify the impact of each factor on the current collapse
the device exhibits. The device was put under four, eight and sixteen hours of stress with
a maximum drain voltage of 30V. The output characteristics of the device are measured
after each stress where various levels of current collapse are observed. Here more focus

is given on how to give a similar behavior to the virtual gate model.

The two main parameters of the virtual gate model, the length and the voltage of the
virtual gate, are considered to enable the model to reproduce different levels of current
collapse due to different intensity levels of stresses applied to a device. Fig. (3.3.4) shows
the analysis carried out to determine the role of the virtual gate length and voltage

parameters in the overall performance of the model.

As shown in Fig. (3.3.4)(a), the length of the virtual gate determines the shift in the
saturation point of the main gate. This is exclusively indicated during the calculation of

the new saturation voltage, based on the voltage drop across the depleted region which is
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dependent on the length of the virtual gate. The different levels of current compression
and the corresponding saturation point shifts are obtained by varying the length of the
virtual gate for a fixed virtual gate voltage. As the length of the virtual gate is increased
the part of the knee region affected by the collapse extends more into the saturation

region, a larger saturation point shift.

Fig. (3.3.4)(b) shows that the virtual gate voltage value does not take part in determining
the saturation point shift as in the case of the virtual gate length. All the current
compression levels shown, obtained by varying the virtual gate voltage value while keeping
the virtual gate length fixed, have the same saturation point. However, the levels current
compressions are different. This shows that, in the model, the value of the virtual gate
voltage is used to determine the severity of the current collapse in the affected region. The
value of the virtual gate voltage represents the trapped charge carrier concentration in
the gate-drain region that corresponds to the electric field that the charge carriers, in the
2DEG under it, experience. Higher trapped charge carrier concentration results in higher
depletion of the 2DEG under which in turn results in a stronger current compression and

is represented by a larger negative virtual gate voltage in the model.

The two boundaries of the current collapse in the knee region are shown to be controlled
by the voltage and length of the virtual gate of the model as shown in Fig. (3.3.4) (a) and
(b). Therefore, the model can be used to reproduce various levels of current compression
exhibited by a device while being under different levels of stress if the appropriate values
of the virtual gate voltage and length are selected carefully. Fig. (3.3.5) shows the
output characteristics of the device with a 1um gate length measured after the three
different levels of stress are applied on it along with the model [5]. The model was able
to reproduce the various levels of current collapse with the appropriate selection of core
current and virtual gate model parameters. The set of parameters used to model the

devices are given in Table 3.1.
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3.3 Results

Table 3.1: List of parameters used to model the output characteristics of two devices
with gate length of 0.25um and 1um before and after stress.

Parameter Parameter description  0.25um Device 1um Device
L(um) Channel length 0.25 1
Vorr(V) Cut-off voltage —3.6 —4.2
W (mm) Gate width 0.25 0.15
d(nm) Thickness of barrier 175 95
layer
Vsat(m/s) Saturation velocity 1.19e5 1.19e5
po(m?/Vs) Low field mobility 0.1 0.9
w(m?/Vs) Saturation mobility 0.087 0.079
No(nm) Characteris-tics 1e1-1gth A5 43
of saturation region
41(Stressl)
la(nm) Virtual gate length 36 45(Stress2)
47(Stress3)
—4.2(Stress1)
Wa(V) Virtual gate voltage —3.42 —4.3(Stress2)

—4.5(Stress3)
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Figure 3.3.5: Measured (symbols) and modeled (solid lines) output characteristics of a
1um gate length device. The various levels of current compressions corre-
spond to the various hours of stress at a maximum drain voltage of 30V,
data taken from [5].
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3.4 Conclusion

The modeling of permanent or semi-permanent current collapse effect observed in Al-
GaN/GaN HEMT devices is targeted in this chapter. The effect is observed on devices
that have been put under stress by applying high drain voltage for a certain period of
time. Experimental and theoretical results that show that entrapment of charge carriers
in the gate-drain region to be the cause of current collapse are used as the basis of the
model. This assumption, virtual gate modeling approach, is further validated using 2D
device simulation with and without additional charge carriers in the gate-drain region
where the device showed output characteristics that are very similar to those shown by

a device that is said to have undergone current collapse.

An equivalent circuit that incorporate the virtual gate in the gate-drain region is im-
plemented in a circuit simulator. The drain current model developed earlier is used to
determine the continuous current under the main and the virtual gates. Moreover, the
gradual saturation of the channels under each gate is also considered. The overall model
formulation and implementation paves the way to a universally applicable integration of
a controlled virtual transistor with various drain current models in circuit simulators. In
the absence of current collapse, the virtual gate can be simply ’ turned off ’ to simulate

the ordinary I — V' characteristics of a device.

The model is made to capture the intensity and extent of the current collapse using
the two main parameters of the virtual gate model, the virtual gate voltage and length.
These two parameters are adjusted in accordance with the severity of current collapse
shown by a device. The model has reproduced different levels of current compressions

exhibited by various devices.
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Chapter 4

Nonlinearity Modeling of AlGaAs/GaAs
PHEMTs

In this chapter nonlinearity modeling of 4 x 50 AlGaAs/GaAs pHEMT devices with
a gate length of 0.25um from RFMD(UK) (FD25) is presented. Previously, harmonic
balance (HB) simulation of the devices had been done using the Angelov large signal

FET model. However, here the Volterra series analysis is used.

4.1 Introduction

Modeling of nonlinearities and intermodulation distortion (IMD) is critical in the design
and simulation of communication circuits 1, 2, 3, 4]. When a device is operated near
the cut-off region for reduced current applications, such as receiver front-end design
for wireless communication, analysis and modeling of intermodulation distortion is very
important [5]. Harmonic balance simulation and Volterra series analysis are widely used

in the analysis of frequency domain nonlinearity of multiple frequency driven circuits
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[6, 7, 8].

Volterra series analysis enables to perform accurate intermodulation distortion simula-
tions |9, 10, 11, 12, 13]. In Volterra series non-linearity analysis a FET is represented by
an equivalent circuit that contains nonlinear elements [14, 15]. The transconductance,
conductance and the gate-source capacitance are identified to be the main sources of
device nonlinearity and thus are considered as nonlinear components. Volterra series
analysis is known to be a common method when it comes to modeling the weak non-
linearities of a device. In this approach, a nonlinear element will be represented by a
truncated Taylor series of a certain order. A coefficient of a term of the Taylor series is
directly related to a corresponding higher order derivative of a nonlinear function that
expresses a nonlinear component. Therefore, it is a common practice to obtain the coef-
ficients of the Taylor series through successive derivation of the nonlinear function up to

the desired order.

The extraction of Taylor series coefficients is the most important part of Volterra series
analysis. The method of extracting coefficients of the polynomial function as the deriva-
tives of a nonlinear function loses accuracy as the order of the polynomial is increased.
Other relatively direct methods of extracting the coefficients are also available [16, 17, 18|.
The extraction technique considered here uses both linear small signal and non linear
harmonic measurements to obtain the coefficients of Volterra Series [14]. First, the basics
of Volterra series analysis are discussed in section 4.2. A quick review of the extraction
method is presented in section 4.3. Important issues related to the linear and harmonic
measurements and the corresponding cares that should be taken are then discussed in
section 4.4 followed by simulation results in section 4.5. Finally, a conclusion is given in

section 5.5.
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4.2 Voltera Series Analysis

In Volterra series analysis nonlinear circuit elements are expressed by a Taylor series
expansion of their current-voltage I — V' and charge-voltage () — V characteristics in the
vicinity of their dc bias voltages [19]. In the equivalent circuit of FET devices three
components have been identified to be the main sources of the nonlinearity in the device.

These are
1. the nonlinear current source (the transconductance),
2. the nonlinear drain-source resistance (the conductance) and
3. the gate-source capacitance.

The equivalent circuit of a FET that includes these nonlinear elements is shown in Fig.

4.2.1.

For a Volterra analysis, the Taylor series expansion at least up to third order will be

used. Thus, the nonlinear current is given as

ids = GmVg + 9aVd + Gm1Vp + Ga1Vg + Gm2vy + Gaovy + - - - (4.2.1)

Similarly, the ) — V' characteristics of the gate-to-source capacitance are given as

qg = C1Ug + 021)3 + 032};’ (4.2.2)

where

97



UNIVERSITAT ROVIRA I VIRGILIT

PHYSICS-BASED COMPACT MODEL OF HEMTs FOR CIRCUIT SIMULATION
Fetene Mulugeta Yigletu

Dipodsit Legal: T 820-2015

Chapter 4 Nonlinearity Modeling of AlGaAs/GaAs pHEMTs

G Ra G R« D
—W—— | W\—0
Cds
/_?:/+V * - +
Cgs(VQ) - <|>d(vg) gds -Vd

las(Va)
RS
S

Figure 4.2.1: FET equivalent circuit containing the nonlinear elements.

_ dQ
1= v,
1d°Q
2 =3 quéq (4.2.3)
1d3Qg
= %avg -

Qg4 is the gate charge and c; is equivalent to the linear gate-source capacitance, Cys, in
linearized equivalent circuit and the gate charge is expressed only using the first term of

(4.2.2).

After all the linear components of the nonlinear FET equivalent circuit are determined,
the next task is the modeling of these components. The main task in modeling the nonlin-
ear components is to determine the coefficients of the polynomials. As indicated earlier,
there are already a number of methodologies to extract the Taylor series coefficients, the

one used here is discussed in the next section.
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4.3 Coefficient Extraction Methodology Overveiw

The technique used to obtain the Volterra series coefficients involves the use of the
fundamental and higher order output current definitions and linear S-parameter and

nonlinear harmonic measurements and is briefly described here [14].

Nonlinear Current Source

The extraction of the Volterra series coefficients that is used to model the nonlinearity of
the transconductance is mainly based on the definition of nonlinear harmonic components

of a current. The fundamental, 2"¢ harmonic and 3"¢ harmonic currents are given by

I, = _ImVgs (4.3.1)
1+ g1R;s

. gml(l - ngS)Vg?g

Iy = 4.3.2
ST 2(1 4 gmR)? 432
2 2

1y = 9 = 20m )0 ?R”Vgs (4.3.3)

where Vj, is the magnitude of vg(t), the signal applied to the device,

vgs(t) = Vgscos(wt). The available power of the signal source is then
‘/2

P, =9 4.3.4
“ 8Rin (4.34)
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The ratio of the second harmonic output power to the fundamental output power can be

written as

P BRI}

IMy == =222
> P PR I2

(4.3.5)

Using the values of I; and I from (4.3.1) and (4.3.2) respectively and substituting for

Vys from (4.3.4), IM> can be written as

_ 2912711Rin(1 + ngs)2Pa
92,(1 + gm R)?

IM, (4.3.6)

Similarly, the ratio of the third harmonic output power to the fundamental output power

is obtained as

2

2 —2g> 1— ‘
(gm2 = 2051 Bs) (1 = gmBs) Rin ]~ . (4.3.7)

IMs =
’ 9m(1 + gm Ry )? @

Once the power ratios are obtained, the coefficients can be calculated in such a way

that
1. the first coefficient is determined using DC or RF measurements,

2. the ratio of second harmonics power to the fundamental harmonic power can be

read from a spectrum analyzer and g,,; will be solved from (4.3.5) and

3. the ratio of third harmonics power to the fundamental harmonic power can be read

from a spectrum analyzer and g,,2 will be solved from (4.3.7).
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After solving for g,,1 and g,,2 the analytical expressions of the coefficients are given as

_ ly21] ga1 (Rs + Raq + /ga1)
" 1 — |y21| Rs

(4.3.8)

gm1 = gm (1 + gmCrRS)*\/ IMaf2R;, Py, (4.3.9)

Gma = 2972n10RR5 4+ gm(l + ngRRS)2 V IMS
m 1+ gnCrR; 2R Py,

(4.3.10)

where

1
Cr=

= . 4.3.11
00 (B & Rat o 5 o) (4:3.11)

The parameters used in the expression given from (4.3.8) to (4.3.10) can be obtained from
linear and nonlinear measurements. The parameters yo1, Rs, Ry and g4 can be obtained
from S-parameter measurements and IMs and IMj3 can be obtained from harmonic

measurements carried out at low frequencies.

Nonlinear Gate-source Capacitance

The higher order derivatives of the capacitance can be calculated numerically by extract-
ing Cys at a number of gate voltages. Alternatively, this gate-source capacitance can also

be modeled as a classical Shottky-barrier depletion capacitance. Thus,
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o (jgsO
Cys(Vgs) = N (4.3.12)
Co = ngSO 1 (4313)
2Vpi (1 = Vos/v)™
¢ = — UM+ DCos0 (4.3.14)

OV (1= Vi)™
where Vp; is the built-in voltage of the junction and m = 0.5 for the case of Shottky
contact. The value of the small signal gate-source capacitance, can be extracted from
S-parameter measurements at the bias of interest. The zero voltage capacitance value,
is then calculated using (4.3.12). The first and second derivatives of the capacitance can
be calculated using the analytical expressions given in (4.3.13) and (4.3.14) respectively.
The gate-source capacitance contribution to the overall nonlinearity of the device is very

less as compared to the transconductance [20].

Nonlinear Conductance

The values of the drain source conductance at a specific gate voltage and a number of
drain voltages is extracted from the small signal measurements at low frequency. The
second and third order derivatives of these conductances are then obtained simply as

numerical derivatives.
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4.4 Harmonic Measurement Issues

Signal Filter
Source buT (Diplexer)

Lower
Frequency
Range Higher
Frequency
Range
Spectrum .
Amplifier
Analyzer plifie

Figure 4.4.1: Harmonic measurement set up for the fundamental and the higher order
output power levels.

4.4 Harmonic Measurement Issues

A harmonic measurement has been carried out using the measurement set-up outlined in
Fig. 4.4.1. A low level input power is applied from the signal generator. It is necessary
to keep this input drive as low as possible so that one can stay in the well-behaved, weak
nonlinearity, region of the device. In this region the fundamental, the second and the

third harmonic outputs have the ideal slopes, which are 1, 2 and 3 respectively.

While the input drive is made very low in attempt to stay in the well behaved region, the
main problem faced will be the difficulty of reading the very small third order harmonic
outputs. An amplifier, as shown in the measurement set up, can be used to increase
these low level third order output powers. However, the stronger fundamental signal can
distort the output from the amplifier. The diplexer can be used to separate this strong
fundamental from the weak harmonic power outputs and the amplified fundamental
and harmonic outputs can be recorded separately. The gain of the amplifier should be

constant throughout the whole frequency range, otherwise the gain variations should be
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Figure 4.4.2: Fundamental and third order output power levels measured with (dashed
lines) and without (solid lines) an amplifier at the same bias point without
using a diplexer

accounted for and the recorded data should be corrected.

Fig. 4.4.2 shows a comparison of two measurements carried out with and without an
amplifier. The first two doted pairs of lines which are the fundamental and the third
harmonic powers measured using the amplifier clearly show the effect of the fundamental
signal and what are being measured are not actually the pure harmonics of the device.
The two solid lines that show the actual fundamental and third order harmonics were
measured without the amplifier. However, it difficult to read the higher order harmonics
without amplifying when the input drive is very small (< —30dBm). For example, the
third order harmonic power in Fig. 2 starts to curl-off at the lower input levels where

the readings, very close to the noise floor of the spectrum analyzer, have to be taken.

A possible alternative approach that can be used to read the harmonic power levels at very
low input drives, when an amplifier and a diplexer are not being used in the measurement
set up, is indicated in Fig. 4.4.3. Fig. 4.4.3 shows the extrapolation of each measurement
point to a lower input drive of interest. The extrapolated values of each point can then

be plotted against the input drive. From this plot it is possible to differentiate the
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4.5 Simulation Results
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Figure 4.4.3: Extrapolation of each measurement point of the third order output power
to a lower input level. The extrapolation of the well-behaved region points
should be used to get more accurate power ratios.

extrapolations of the points from well-behaved regions. These extrapolation points are
identified as a set of lower straight lines that resulted from the constant value of the slope

of the well-behaved region.

A set of power ratios can be calculated using the harmonic power readings at different
input levels. The best set of harmonic power ratios that led to more accurate coefficients
are calculated using power outputs where the slops are well-behaved. In this regard, it
is important to notice the analogy with finding the set of input power drives that give

the highest third order intermodulation output power (OIP3).

4.5 Simulation Results

The nonlinear model can be implemented in circuit simulators such as Microwave office
from AWR or ADS where the extracted Volterra coefficients are used in a two tone

harmonic balance simulations. Microwave Office provides a dedicated set of Volterra
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Figure 4.5.1: Measured (symbols) and modeled (solid lines) fundamental and third order
IMD power output levels at V; = —0.1V and V; = 3V

Series components. It contains models for the nonlinear current source, the nonlinear
drain-source resistance and the nonlinear gate-source capacitance. These models are
available so that they can be used in any circuit setup independently. In addition,
it also provides one complete Volterra-FET model component which combines all of the
nonlinear components into one single FET model. The model can also be implemented in
ADS using a similar approach. Symbolically defined devices (SDD) can be used to define
each nonlinear component. More conveniently, it is also possible to use the nonlinear
voltage controlled current source and the nonlinear capacitance components provided
in the Equation-Based Nonlinear category of ADS. These nonlinear components can be
then connected with the normal lumped element components of the equivalent circuit to

form the full nonlinear equivalent circuit.

Here the nonlinear components are defined as SDDs in ADS and a two tone power sweep

is carried out at different bias points. The set of coefficients extracted for the nonlinear
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Figure 4.5.2: Measured (symbols) and modeled (solid lines) fundamental and third order
IMD power output levels at V, = —0.2V and V; = 3V.
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Figure 4.5.3: Measured (symbols) and modeled (solid lines) fundamental and third order
IMD power output levels at V; = —0.3V and V; = 3V.
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Figure 4.5.4: Measured (symbols) and modeled (solid lines) fundamental and third order
IMD power output levels at V, = —0.4V and V; = 3V.
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Figure 4.5.5: Measured (symbols) and modeled (solid lines) fundamental and third order
IMD power output levels at V; = —0.5V and V; = 3V.
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Figure 4.5.6: Measured (symbols) and modeled (solid lines) fundamental and third order
IMD power output levels at V; = —0.6V and V; = 3V.

Table 4.1: Volterra series coefficients extracted at a number of gate voltage biases with
the drain voltage set at 3V.

Vg Im dm1 dm2 9d gdi1 gd2
—0.1 0.1198 —0.0169 —0.02 0.0028 —be —4 —3e—4
—0.2 0.1088 0.0016  —0.0229 0.0029 —4.7¢e—4 —14e—-3
—0.3 0.1225 0.0282 —0.0366 0.00303 —5.9e—4 —82e¢—4
—-0.4 0.1019 0.0316 —0.0227 0.00301 —5.9e—4 —8.6e—14
—0.5 0.0958 0.0315 0.00271 0.00289 —2.62¢ —5 —1.3e—3
—0.6 0.0889 0.0451 —0.0209 0.00281 —9.7¢ -5 6.8e — 5
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transconductance and conductances, up to third order, are shown in Table 4.1. Since
truncated polynomial approximations such as Volterra series are best to model the weak
nonlinearity of a circuit, the simulation of the fundamental and the third order harmonic
power was carried out up to the limit of the weak nonlinearity region or before the device
is driven into a strong nonlinearity. Fig. 4.5.1 to Fig. 4.5.6 show the comparison between
measured and modeled first and third harmonic power outputs. The model is able to
reproduce the IMD power levels that are measured in the weak nonlinearity region of
the device. When the device is driven into stronger nonlinearity operation region, the

discrepancy between measured and modeled IMD power levels increases.
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4.6 Conclusion

In this chapter the application of Volterra series analysis to characterize the nonlinearity
of commercial pHEMT AlGaAS/GaAs devices from RFMD is presented. In particular,
the Taylor series coefficients extraction technique that is used as the base of the nonlinear
Volterra components in the circuit simulator Microwave Office from AWR is tested by
applying it on these devices. The extraction technique involves the use of both linear
S-parameter and non-linear harmonic measurements. The linear S-parameter measure-
ments are used to determine the transconductance in a more straight forward manner.
The harmonic measurements are used to calculate harmonic power ratios, the second and
third harmonics to that of the first, which are then used to determine the higher order

Taylor series coefficients.

Although the harmonic measurements required are simple and direct, the fact that they
have to be performed at very low input drives makes them tricky and vulnerable to
errors. Care should be taken while reading the third order harmonics. An amplifier can
be used to raise the third order harmonic power outputs well above the noise floor and
enable a more easier and accurate reading. However, it is important to make sure that
the fundamental output power is not affecting the output of the amplifier. A diplexer
with two outputs, one for the fundamental and the other for the harmonics, can be used
to avoid such erroneous harmonic power output readings. While doing the measurement
without a diplexer, the use of an amplifier can also be avoided and the third order
harmonic outputs of the very low input drives, which normally curl-off deep into the noise
floor, can be determined by extrapolating points from a well behaved region measured

at relatively higher input drives.

The nonlinear equivalent circuit is implemented in circuit simulators where the extracted

coefficients are used in the Taylor series expressions that are used to model the nonlinear
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components. The agreements between simulated and measured power sweeps show that
the coefficient extraction technique used is viable to model the nonlinearity of these
devices. The nonlinear model is able to determine intermodulation power output up to a
certain power level. This power level is different at different biases. However, generally,
it is the point where the device comes out of its weak nonlinearity and is driven into
strongly nonlinear region. This, indeed, is in agreement with the fact that Volterra series

nonlinearity modeling approach works best in the weakly nonlinear regions.
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Chapter 5

Conclusion

5.1 Summary

Compact modeling of AlGaN/GaN HEMT devices for circuit simulation entirely based
on device physics is discussed. Analytical expressions have been derived for the terminal
characteristics. Fundamental electrostatic analysis of the hetero-junction and the 2DEG
region are used as the basis of the core drain current and gate charge models. Careful
consideration of the 2DEG area is very essential if an accurate physics-based model

development is desired.

The expressions that relate the important parameters of the 2DEG region are mainly
transcendental due to the inherent interdependence that exist between the parameters.
This, indeed, puts a tough challenge in the formulation of analytical relations that can
be used to construct compact models. Usually, iterative numerical solving is used to
obtain solutions which could result in longer simulation time and convergence issues.
This has always been pointed out as the major drawback of physics-based compact mod-

els. Otherwise, their high level of accuracy and stability make them desirable. The
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Chapter 5 Conclusion

analytical expressions developed here demonstrate that the undesirable features of such
models can be avoided by formulating simple analytical relations using various modeling

techniques.

Reasonable assumptions and approximations based on established theoretical and exper-
imental results are one of the important tools that can be used in the formulation of
analytical models. However, it is important to make sure that the accuracy of the model
is not sacrificed to an unacceptable level while making assumptions and approximations
to simplify it. In the formulation of the gate charge and drain current models here,
simplifying assumptions and approximation based on justified results were used while

keeping the model accuracy as proved by the model validations.

Empirical or physics-based models of non-ideal effects can be incorporated as needed
with the core models. In this regard, the main non-ideal effects that arise due to device
structure, operating condition and environment are incorporated with the core models.
This has made the models to be applicable for the simulation of a wide range of device

sizes in different operating conditions.

The approach used here is based on widely accepted experimental results that showed
that the trapping of charge carriers by surface states is the main cause of current collapse.
This is further elaborated using 2D device simulation. In the 2D device simulation, it is
shown that defining extra charge carriers in the gate-drain produced I-V characteristics
that are very similar to those obtained from experimental measurements of real device
that is said to have exhibited current collapse. Some of the earlier modeling approaches
have included the effect of these trapped charges as an increment in the gate-drain access
region resistance. The modeling approach that conforms much better with the actual
physical occurrence observed in the region is the virtual gate approach where a secondary

virtual gate is assumed to exist in the gate-drain region right next to the main gate that
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5.1 Summary

represents the charge carriers trapped at the surface.

The concentration and distribution of the trapped charge carriers determines the extent
and intensity of the current compression. Using the main parameters of the virtual gate
modeling approach, the model is also made to assume such behavior. Since little is
known about the actual trapped charge distribution, pre-assumed virtual gate voltage

and length are used to to fir measurement data.

The Volterra series analysis was used in order to model the nonlinearity of AlGaAs/GaAS
pHEMT devices. The coefficient extraction method used, recommended as a standard
extraction method in the circuit simulator Microwave Office from AWR, requires linear
and nonlinear measurements to be performed in order to obtain more precise coeffi-
cients. The nonlinear measurements that need to be done at very low input drives make
the reading of third order intermodulation power levels difficult. An amplifier can be
used for an easier reading of the third order power levels. However, it is important to
use a diplexer so that the fundamental can be safely filtered while reading the higher
level harmonic power outputs. Two-tone intermodulation simulations carried out using
the extracted coefficients, after the nonlinear elements have been defined and the total
non-linear equivalent circuit that contains these elements with the linear components is
implemented in a circuit simulator. The comparison between Two-Tone intermodulation
simulations and measurements show that the model is able to reproduce weak nonlin-
earities of the device that are measured at lower input drives. The model deviates from
measurement as the device is driven into strong nonlinearity by applying higher input

power drives.
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Chapter 5 Conclusion

5.2 Future Work Prospects

As a device model is never complete, all the core and non-ideal effect modeling approaches
used should be put under constant revision and improvement in consistence with the
dynamic device fabrication. The possible future extensions of the research work fall into
two groups: consideration of some important features that are not considered here and

improvement of some of the modeling approaches used here.

A gate current model needs to be developed that can be used with the core current model.
Device noise modeling is also required in order to make a much more complete device
simulation. The model is shown to be continuous which makes it suitable for non-linear
simulations. Therefore, it should be combined with an appropriate nonlinear modeling

scheme to get the best out of it.

Regarding the virtual gate model the first and the most important should be formulation
of analytical relations between the main virtual gate parameters and device geometry
and biasing conditions. Such a model is also expected to have capability of considering
previous biasing history of the device, so as to take into account the memory effects. De-
velopment of such a model requires a closer study of the charge distribution and sufficient
number measurements with the device being under a range of stresses. Formulation of
such analytical relations will avoid the need to use pre-assumed parameters of the virtual

gate model.

The Volterra series analysis performed on the AlGaAs/GaAs pHEMTSs can also be applied
to the AlGaN/GaN HEMTs. In this case it would be interesting to use the higher order
derivatives of the GaN HEMT current model as the coefficients instead of those extracted
using the coefficient extraction method discussed in Chapter 4. This enables to test the

continuity and robustness of the current model and at the same time the significance of
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5.2 Future Work Prospects

the Volterra coefficient extraction technique presented and make comparisons between

the two.
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Appendix A

Calculating the Conduction Band

Bending

Assuming depletion approximation in the space charge region of the large band gap
material, the potential and the electric field in the region obey the Poisson’s equation,

Thus

d*Va (x
T;( ) _ —éNA (). (A1)

If the heterojunction interface is taken as origin, then the electric field is zero at the end
of the space charge region of the wide band gap semiconductor, ds, and it is —Fjo at the

interface. Thus,

(%) = I';9 and (%) =0. (AQ)
=0 r=—d2
Thus, after first integral we have
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Appendix A Calculating the Conduction Band Bending

di?(x) q v / ’
= —— N d Fio. A3
T = o A(z")daz' + F (A.3)

Integrating in the total width of the space charge region of the wide band gap semicon-
ductor, the potential at the end of the depletion region during the neutral state can be

written as

—do q T —do
Vo(—dy) = Voo = / <——/ NA(x')dx'> dr + Fiodz (A4)
0 €2 Jo 0

—da x
Vao = Fady — i/ dw/ Na(a')da'. (A.5)
€2 Jo 0

The boundary conditions of the donor density distribution are

Ny(z)=0 for—ds <z <0

(A.6)
NA(x) =Ny for—ds <z < —dg.
Using these
q —da2 T
V20 = Fz‘zdg — —/ d(L‘NA/ d(L‘I (A?)
€2 Jo —ds
gNy [~%
Voo = Fiody — E—/ (x + ds)dx (AS)
2 Jo
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Ny |1
Voo = Fiads — A

= |2 (d3 — d2) — ds (d2 — dy) | - (A.9)

From the Poisson’s equation written for the electric field in the region, one can easily

obtain

62&2 = qNA(d2 — dS) (AlO)

Thus, substituting for the electric field gives

Ny(dy —dg)d Ny |1
V%Zq Ald2 —ds)dy  qNa —(d%—di)—ds(dz—ds)] (A.11)
) g2 |2
N 1
Vao = _qe A (dy — dg)dy — 5 (d3 — d2) +d, (dy — ds):| : (A.12)
2
Thus,
aNa (o 2
Vao %5 ( 2 8) ( )
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Appendix B

Simple Charge Control Model Derivation

The simple charge control model in section 2.5 is derived from the fundamental equations
that relate the Fermi-level, the sub-band energy levels and the carrier concentration using

a systematic mathematical approach as follows.

Considering only the first energy level, as discussed in section 2.5, we have

Ef—EO)
ng=DVyInle Vin +1]. (B.1)
This can be simplified as
ns Er—Eo
ePVin =e Vin  +1 (B.2)
E;—Eg

v, Ep—Ey g —ng

1= # —e Vin DVin + eDPVin (B_S)
eDVen
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Appendix B Simple Charge Control Model Derivation

l=e DV (B.4)
ns (Ef_EO)
ePVih = e  Vin +1 (B 5)
E;—E g
e#:*“mﬁ (B.6)
Er—FE _ns
it el U <—1—|—6thh> (B.7)
Vin
By = VinIn (—1+ P ) + By, (B.8)
Substituting for Ey from Ey = ’yong/ 3 gives
Ey =Vy1n (—1 -+ e#sth) + *yong/?’. (B.9)
From ng = = (Vgo — Ef) one can simplify for Vo as
dd
Vao = “ns + By, (B.10)

Substituting for £y gives
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d s
Vyo = L, + Vi In <_1+6thh> +on2/. (B.11)
g

ns
The Taylor series expansion of the term e?"Vtx can be written as

e, (o)
o DV, DVip
ePVin =1+ 1 + 91 (B.12)
and taking only up to the first order gives
qd 2 n
Vyo = s + vond + VipIn <D‘2h> . (B.13)

For a more accurate result the higher order terms of the Taylor series can be used. How-
ever, taking only the first order has gave satisfactory results and using the higher orders

will make the expression very complex without improving the accuracy considerably.
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