ABSTRACT
SCHIMIZZI, RYAN DONALD. Performance and Reliability Modeling of AlIGaN/GaN
Hetero-junction Field Effect Transistors. (Under the direction of Dr. Robert J. Trew and Dr.
Griff L. Bilbro).

Two independent problem areas in AlGaN/GaN HFETs that affect device
performance and reliability are investigated. The first is an investigation into the nonlinear
resistance phenomenon present in these devices under high current RF operation. High-
voltage microwave AlGaN/GaN HFETs operating under high-power conditions suffer from
degraded RF performance and linearity due to a nonlinear resistance effect in the gate-source
region. During RF operation, the nonlinear resistance is due to the onset a of space-charge-
limited current (SCLC) transport mechanism within the device channel. Under high current
injection conditions, SCLC transport can set in and, consequently, the source resistance
becomes a function of the injected charge resulting in a rapid increase and limiting device
performance. The threshold for SCL current is dependent on the donor-like states on the
AlGaN surface which are responsible for supplying electrons to the channel. To understand
the effect of nonlinear source resistance we show on an un-gated HFET channel model that
the critical current density of space-charge effects and thus the onset of nonlinear source
resistance can be reduced or can be shifted above the normal operating current density of the
device by modification of the charge on the AlGaN surface.

Secondly, nonlinearities stemming from avalanche breakdown due to high electric
field magnitudes in the device channel while operating under high voltage conditions is

investigated. A temperature dependent, impact ionization initiated RF breakdown model in



the 2DEG channel of AlGaN/GaN HFETs is reported. When operating these devices in RF
power amplifier circuits, impact ionization in the channel has a significant effect upon gain
saturation, power-added efficiency and output power. An analytical physics-based model of
channel breakdown is formulated based on TCAD investigations of the internal device
behavior. This model is integrated with an existing physics-based HFET compact model and
accurately predicts large-signal device performance. Values of thermal resistance and the
breakdown temperature coefficient were extracted from simulations of an industrial HFET
and are in agreement with the published measurements as well as an independent model of
thermal resistance in AIGaN/GaN HFETs thus validating that the model accurately captures

the dominant breakdown mechanism.
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Chapter 1 Introduction

1.1 AlGaN/GaN HFET Device Overview

AlGaN/GaN hetero-junction field effect transistors devices have great potential for
RF power applications. The material properties of GaN have enabled the manufacture of
high power devices capable of withstanding voltage and currents levels and higher
frequencies well beyond that of silicon and gallium-arsenide devices [1]. The large band-gap
of GaN enables a large breakdown voltage since the material is able to sustain large electric
field magnitudes. High power operation is enabled by the capacity of GaN devices to carry a
large channel current in conjunction with the large bias voltages. The AIGaN/GaN material
system forms a hetero-junction which results in the establishment of a two-dimensional
electron gas (2DEG) channel at the material interface with charge densities near ng=1x10"
cm™. The mobility in the channel can range up to p,<2000 cm?/Vs and the electron velocity
can reach vg2.5x10" cm/s leading to a high channel current and the ability to operate at

higher frequencies [2].

1.2 Performance and Reliability Issues

While the technology has matured in the last decade and the quality of the materials
and devices have improved, there are still areas in which performance and reliability issues
remain. The surface of the device in the gate-drain region is of concern due to reliability
concerns such as time-dependent degradation of the drain current due to a gate-surface

leakage mechanism [3], current collapse due to trapping at the gate edge on the surface and



in the AlGaN layer [4], and a non-reversible sudden increase in gate leakage current resulting
from physical damage to the AlGaN layer due to the high fields sustained at the gate edge

[5]. High voltage and current effects under RF drive such as breakdown in the conducting
channel under high-voltage conditions due to impact ionization [6], and a nonlinear source
resistance effect under high-current operation due to space-charge-limited current transport in
the source access region [7] are areas of performance degradation as well. These issues,
illustrated in figure 1, have kept GaN HFETs from being widely adopted for use in RF and
microwave systems early on but improvements in device quality and manufacturing

techniques in recent years is leading to a greatly expanded market for GaN devices [8].

///////////

Gate Tunnel Leakage
& Surface Traps

SCL Current
& Nonlinear R, Substrate (SIC, Sapphire) Channel Breakdown

N

Interface Effects

Figure 1.1 Problem areas in AlIGaN/GaN HFETs.



1.2.1 High Injection Nonlinearities

Under normal operation of AlIGaN/GaN HFETs in RF power amplifier
configurations, high magnitude current densities on the order of J ¢~10°-107 A/em? can flow
in the channel during the low voltage, high current portion of the RF cycle. Trew first
established that the high magnitude currents initiated a space-charge-limited conduction
current in the source and drain access regions of the HFET leading to a rapidly increasing
resistance and premature gain saturation [9]. Later, Palacios ef al. measured the nonlinear
behavior or the source resistance versus drain current and showed the degradation effects on
gmand f; [10]. Trew et al. developed a large-signal model of the nonlinear resistance based
on SCL current theory that accurately reproduces RF performance measurements including
the sudden change in slope of the gain due to the onset of nonlinear resistance [7]. Recently,
Liu showed that the nonlinear resistance effect in the source access region of the HFET can
have a significant effect on a devices linearity characteristics which can be mitigated by

raising the threshold for SCL current transport [11].

1.2.2 High Field Nonlinearities

At the other extreme, are effects due to large electric field magnitudes developed
during the low current, high voltage portion of the RF cycle. Figure 2 illustrates the high
fields present at the drain-side gate edge of a device biased at Vy=-6 and V4=50 volts. The
high electric field at the AlGaN surface is known to cause electron tunneling from the gate
electrode to the surface causing reliability and performance problems. Electrons tunnel from

the gate to available surface states and tend to accumulate creating a virtual gate phenomenon



[12]. The accumulated electrons effectively extend the gate electrode and deplete the
channel causing a reduction in the drain current. There have been successful solutions to the
leakage problem through surface passivation techniques as well as recessed gate design [13].
As shown in figure 2, the field magnitudes at the drain-side gate edge in the HFET
conducting channel are also very large. Under modest drain bias the fields can reach and

exceed the critical breakdown field of Ecz2x106 V/cm.
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Figure 1.2 TCAD simulation results of the lateral (red) and total (green) electric field
profiles along horizontal cutlines through an AIGaN/GaN HFET device for the
conducting channel and the AlGaN surface from ref. [3]. Gate location labeled by
horizontal black lines.



The high field initiates charge generation by impact ionization in the conducting channel
during the high-voltage portion of the RF cycle leading to a non-destructive breakdown.
This mechanism contributes to voltage saturation and clipping which limits the maximum
voltage that can develop at the drain contact and has a significant effect on RF performance
[6, 11].

With the advent of field plate technology problems due to the high field at the gate
edge have been reduced and increased performance has been achieved. In field-plated
devices, an extra piece of metal is deposited above the gate and overhanging into the gate-
drain region and is typically connected to the source contact. The electrostatic effect of
having this metal above the channel reduces and spreads the field out into the gate-drain
region as seen in figure 3. Under this situation, the fields are greatly reduced to allow an
even higher drain bias resulting power densities as high as 40 W/mm in S-band operation

using a double field plate structure [14].
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Figure 1.3 Electric field profile along a horizontal cutline through the conducting
channel of an AIGaN/GaN HFET. Device without a field plate shown in blue and a
device with a field plate shown in red from ref. [15].

However, field plates can add parasitic capacitances that may affect device
performance at higher frequencies. Additionally, the difference between the threshold for dc
and RF breakdown is not well understood. Farahmand ef al. show that the RF breakdown is

likely higher considering the time it takes the particles to gain energy from the field [16].

Though this effect may be minor for frequencies below around 100 GHz.



1.3 Outline of Thesis

This thesis reports on two distinct problem areas of AlGaN/GaN HFETs. The thesis
is divided into two main chapters; each dealing with a different aspect of performance and
reliability in these devices.

Chapter 2

The purpose of this work is to gain a better understanding of the mechanisms
affecting the threshold of the nonlinear source resistance problem. Through detailed TCAD
simulations, an understanding of how the threshold for space-charge-limited current (SCLC)
flow varies is established. Background information on the physics of SCL current in
semiconductors is presented first. Then the results of TCAD simulations showing the
behavior of injected charge and the threshold dependence on background doping density for
bulk GaN as well as an AlGaN/GaN hetero-structure. It was found through simulations of a
realistic AlGaN/GaN hetero-structure that the threshold for SCLC is quite sensitive to the
condition of the AlGaN surface treatment.

Chapter 3

This chapter describes the derivation of a simplified RF breakdown model for
AlGaN/GaN HFETs. Guided by TCAD simulations of device behavior, an impact ionization
model which is dependent on device temperature was derived that successfully predicts RF
performance measurements of an industrial AlGaN/GaN HFET. First an introduction
describing experimental evidence of channel breakdown in AlGaN/GaN HFETs is presented.
Next a description of the physics behind the impaction ionization process and a report on

impact ionization coefficients in GaN is presented. Following that, TCAD simulations are



used to narrow down the physical regions and the operating regions in which impact
ionization is important. Using this knowledge, a model for channel breakdown is derived
that easily integrates into an existing compact physics-based Al1GaN/GaN HFET model.
Finally, verification of the model against large signal performance measurements is presented

as well as a derivation of a temperature dependent ionization coefficient.



Chapter 2 Space Charge Limited Current Transport in
AlGaN/GaN HFETs

2.1 Introduction

Microwave HFETs constructed with AIGaN/GaN material system are very promising
for high-power applications. High breakdown voltage allows the devices to sustain a large
bias and high sheet-charge density, mobility, saturation velocity and good thermal
conductivity allows operation at high current levels [2]. However, AlIGaN/GaN HFETs
suffer from several reliability and performance issues due to these extreme operating
conditions.

In this chapter we focus on the problem of nonlinear source resistance. High current
injection conditions during RF operation set up conditions for space-charge-limited current
(SCLCQ) transport within the device. Once this threshold is passed, the channel resistivity in
the source and drain neutral regions becomes a function of the injected charge which leads to
the nonlinear behavior of the source resistance shown in figure 1. The rapid increase in
resistance causes premature gain saturation (figure 2), reduces power-added efficiency, and

degrades linearity [7].
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Figure 2.1 Non-linear R, and R4q measurements from an experimental AIGaN/GaN
HFET (Lines). Model from ref. [7] (Symbols) [11].
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Figure 2.2 Measured and simulated performance of an AIGaN/GaN HFET biased at
V4=48 V, class A-B, 2.14 GHz. Premature gain saturation is visible in the distinct
change in slope resulting from a rapid increase in R due to the onset of SCLC [11].

Traps and dangling bonds from material defects and processing damage leave the AlGaN
surface charged. These donor-like states [17, 18] on the AlGaN surface are of particular
interest to the on-set of SCL current and nonlinear source resistance. The electric field due to
spontaneous and piezoelectric polarization charges in the AlIGaN layer transfers electrons

from the surface states to the two-dimensional electron gas (2DEQG) at the heterostructure

interface [18]. This phenomenon is important to the nonlinear source resistance problem
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since the threshold for SCLC transport depends on the 2DEG density. The threshold current
is given by
lysar = WQ(Nsurftpass)vsat (2.1)
where w is the device width, ¢ is the electron charge, Ny, is the three dimensional
surface charge density, 7, is the thickness of the surface charge layer, and vy, is the
saturation velocity. The product of Ny, *t,. represents the number of electrons in the
2DEG.

In this chapter, an introduction to space-charge-limited current transport in
semiconductors is described in the first section. Next, experiments on the space-charge-
limited current threshold in AlIGaN/GaN HFETs are included in which TCAD is used to
model the nonlinear source resistance effect in the HFET channel using the 2-D numerical
device simulator Silvaco™ Atlas. First, a simple model of the channel as a block of GaN is
simulated with a carrier concentration equivalent to the 2DEG density as was done in
reference [7]. Second, to investigate the threshold for space- charge-limited current inside a
realistic device 2DEG, the entire AIGaN/GaN heterostructure structure is modelled using
typical HFET dimensions and an accurate device charge profile where by including a surface
doping density to mimic the donor-like surface states, the polarization field ionizes these
states and transfers the electrons to populate the channel.

Results of the numerical simulations verify that modification of the AlGaN surface charge
layer can alter the threshold for nonlinear resistance. The quality of the AlGaN surface or
type of surface passivation can have a significant effect on the threshold. Specifically, an

increase in positive surface charge can shift the nonlinear resistance threshold beyond typical
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operating conditions and alleviate the degradation in performance and linearity. Additionally,
modelling large-signal performance measurements in devices where the nonlinear source
resistance effect is significant will allow us to study and understand the AlGaN surface in

these devices.

2.2 General SCLC Transport

Space charge limited (SCL) current transport is an important aspect of modern
microwave devices. In MESFETs it is a SCL current that flows once the channel is fully
depleted. In AlGaN/GaN HFETs the high current density present under large-signal RF
operation can exceed the threshold for SCL current and even in MOSFETs space charge
effects can be seen with shrinking channel dimensions. The onset of space charge effects can
cause changes in the I-V characteristics of a material and have a significant impact on device
performance.

In this section the underlying principles leading to SCL current in semiconductors
will be discussed. A simple block of semiconductor with ohmic contacts is analyzed to show
the criteria used to establish the SCL current mode of operation. Next, an analysis of a
semiconductor with shallow traps and then finally a brief look at the deep trap case and the I-

V characteristics of each.
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2.2.1 Current Injection into a Semiconductor Slab

Although the conditions for SCL current can be established in different devices and
materials in different ways, the simplest way to understand the criteria for SCL conditions is

to study current flow in a simple slab of semiconductor material.

First we need to consider the basic structure for analysis as well as several
approximations that will allow analytical solutions to the problem. Figure 3 below shows a
slab of n-type doped semiconductor of length L, sandwiched between two ohmic contacts.
The cathode, at x=0, is the injecting contact and the anode, at x=L, is the blocking contact.
Considering only single-carrier (electron) current transport, all electrons are injected at the
cathode and exit through the anode. Diffusion currents are neglected near the contacts as

well as throughout the slab.

Vo ot n nt |

X=0 X=L
Figure 2.3 Semiconductor slab with ohmic contact.

The simplified current density equation in the slab for single-carrier, electron
transport and neglecting diffusion is

J =qnv (2.2)
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For the present discussion, a linear velocity-field dependence is assumed and equation 2.2
can be written as

J =gqnuE (2.3)
Poisson’s Equation relates the electric field to the charge distribution

d
d—f =N, ~ny~n,,) (2.4)

Where ny is the thermal equilibrium electron density and N is the density of ionized donors.
Assuming 100% ionization of the donors, ny = N, and negligible injected charge, n;,~0,

electric field across the slab is a constant, and the current density can be simplified to

v
J=qgnu— 2.5
i (2.5)

Equation 4 is the familiar ohm’s law. Ohm’s law holds for ‘low-level’ injection where a
small amount of injected charge is distributed close to the cathode and thus perturbs the
electric field very little.

Space-charge effects set in when the injected charge is no longer negligible in
Poisson’s equation, thus the field distribution becomes a function of the injected charge and
is no longer constant and therefore ohm’s law is no longer valid. The point at which the
injected charge becomes important is related to the dielectric relaxation time of the material.
If the dielectric relaxation time, tr=¢/0, is greater than the transit time of electrons in the slab,
11, injected charge will exit the anode before it can be relaxed by the background thermal
carriers. This process occurs under ‘high-level’ injection when the injected charge is on the
order of the thermal equilibrium density or when n;,~n,. In other words, since the transit

time in the slab is dependent on the length (t;=L/v), the crossover from ohmic current to SCL
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current can occur just by making the slab short enough. This criteria of Tr > 1; is also met by
materials with a slow relaxation time so device dimensions do not have to be exceedingly

small for SCL currents to occur [19, 20].

2.2.2 SCL Current with Traps

In this section the equations and conditions describing ohmic and SCL current flow in
semiconductor material are discussed for three different cases. The first is the simplest trap-
free case in which all of the injected charge contributes to the current. Next, the cases of
shallow traps and deep traps where the current is reduced due to a portion of the injected
charges being immobilized in trap states are discussed.

Trap-Free Case

For the trap-free case it is assumed that all charge is injected directly into the
conduction band of the semiconductor and that all of this charge contributes to current. It is
also assumed that the injecting contact can supply whatever current is necessary for the
solution.

The SCL current regime begins when the injected charge is equal to the thermal

equilibrium charge density, n;,/~ng. Now, the current density from 2.2 can be written as
J = qn,, (x)v(x) (2.6)

And Poisson’s equation is no longer equal to zero but instead

2.7)
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Combining these two equations and assuming a linear v-E dependence, v=uFE, and the

condition that the electric field must go to zero at x=0 in the slab has the solution

9) V?

Equation 2.8 is known as the Mott-Gurney Law, Trap-Free Square Law, or Child’s Law for

Solids which closely predicts the I-V characteristics of the semiconductor slab [20].
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Figure 2.4 I-V Characteristics for the Trap-Free Case [21].

As seen in Figure 4, Ohm’s law is valid up to a certain voltage V, called the cross-
over voltage, at which point the current is space charge limited. ¥, can be found from the
condition that Q;,;=qnyL and the physical relation Q;,/=¢V/L which is an approximation since

V/L describes the average electric field.
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The piecewise solution in Figure 4 of Ohm’s law and the Mott-Gurney Law regimes

is a good approximation to the exact solution that was evaluated numerically.

Shallow Traps

The SCL current seen in the semiconductor slab can be significantly reduced in the
presence of traps [22, 23]. This reduced current can be attributed to the fact that a portion of
the injected electrons will fill empty traps, become immobile, and therefore not contribute to
current flow in the slab. So the total injected charge can be separated into free and trapped
charge.

n,,; (x)= Ny (x)+ Ry o (x) (2.10)

Since, to solve for the current, the frree charge density in necessary and to solve for the
potential the total injected charge is needed, it is useful to find the ratio of free to trapped
injected charge. Consider a semiconductor slab doped with N4 donors partially compensated
with N, acceptors such that the Fermi level is below and doesn’t rise above Eq4 under bias.

This situation is shown in Figure 5.
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Figure 2.5 Band diagram of the shallow donor case.

The total free charge available for current flow is the sum of the free injected charge, ny;,(x),
and the thermal equilibrium mobile charge concentration ny. The total trapped charge is
equal to the sum of the trapped injected charge, n;,(x), and the equilibrium density of
electrons in the donor states ny. The Fermi statistics describing these two quantities are

given in Equations 10-11.
n(x) = N e FeEn @i 2.11)
n,(x)= Ndef(E“EF"(x))/kT (2.12)
The ratio of free to trapped charge can be defined as =n(x)/n,(x) and thus the quasi-Fermi
level, which depends on position, vanishes and the ratio @ is constant throughout the slab
such that O=ng;;j(x)/n; imi(x).
Now, just as for the trap-free case, current in the slab will follow Ohm’s law up to the
point where the injected free charge is equal to the thermal equilibrium charge and is then
space-charge-limited. The current equation in this case is similar to Equation 5 except that

the injected charge is replaced by the free injected charge.
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J=qn;,; (X)v(x) (2.13)
The effect of the trapped charge shows up in Poisson’s equation since it accounts for all

charge, mobile or not, within the slab.

dE q q 1
e = _;(nf,inj (x)+n,,, (x)) = _;nf,inj (x){l + 5} (2.14)

Finally, the solution to these equations is similar to that of the trap-free case

J:(ij(ﬁjg v 2.15)
+1 )\ 8 L

When traps are few, theta is much greater than one and the current approaches the trap-free
case. However, if there are many shallow traps, theta becomes much smaller than one and
the current is reduced by theta times the trap-free current. The end result is that the current
follows Ohm’s law beyond then V form the trap-free case until it intersects with the new Vy
determined by theta, and then follows the approximation in Equation 14.
Deep Traps

Deep traps in the semiconductor slab have a distinct effect on the [-V characteristics

as seen in Figure 6.
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Figure 2.6 I-V Characteristics for the Deep Donor Case [21].

Due to the deep level of the donors in the band-gap and the presence of a partially

compensating acceptor concentration, the equilibrium Fermi level will lie just above the

donor level leaving less than half ionized. The current follows the Ohm’s Law line in Figure

4 until the injected charge equals the thermal equilibrium charge which causes the Fermi

level to rise and all donor states to become filled. This is the “Trap-Filled Limit” and once it

is reached, the current will begin to rise very fast since all subsequent injected charge in now

mobile charge that can contribute to the current [21]: The trap-free limit.

2.2.3 Non-Linear Velocity-Field Dependence

This discussion was focused entirely on a linear v-E dependence to simplify the

solutions to Poisson’s and the current continuity equations. In cases of practical interest

fields are high enough that the velocity can saturate and a non-linear v-E model must be used
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in place of v(x) in Equation 2.13. The effect of the high field case on the current can be
approximated by a piecewise function in which

v=uk=>E<E_,
v=uEE=FE <E<E, (2.16)

V= vsat = E > Esat

The trap-free case, for example, would have a low-field current density as in the Mott-
Gurney Law. For intermediate fields where velocity exceeds some E. with a square root

dependence the current density is give by equation 2.16a

hooph
2)5 4

and a high-field current density corresponding to when the velocity is saturated like that of
Equation 2.16b

Jzev,, LKZ (2.18)

As shown, the SCL current for the saturated velocity case varies linearly with applied bias
and inversely to the square of the length. It should be noted that in order to see Ohm’s law
cross over to the Mott-Gurney Law, the sample length must be short enough that space
charge effects occur prior to velocity saturation [19].

In conclusion it was shown how current in a semiconductor slab can vary greatly
from that predicted by Ohm’s law. The onset of SCL current was shown to be when n;,~n,
which happens to be the point at which the injected charge cannot be relaxed by the

background charge before leaving the anode i.e. the dielectric relaxation time is long relative
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to the transit time of the carriers. It is the bias at this point where the dielectric relaxation
time equals the transit time through the sample that is defined as the crossover voltage from
the Ohm’s Law regime to the SCL current regime. With these methods it is possible to

analyze space charge effects in any device to a good approximation.
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2.3 TCAD Investigations of SCLC Threshold in AIGaN/GaN HFETs

2.3.1 Bulk GaN Channel Model

We first model the HFET channel as a one-dimensional slab of GaN. Silvaco™ Atlas
numerical device simulator was used to solve Poisson’s equation and the current density
equation on a slab of GaN where Lsp=1.5 um long, ¢G,n=1um thick and wg;,;=1 um wide.
Contact was made to the source and drain ends of the slab through n" doped regions and
metal contacts. Transport parameters in the GaN slab mimic those of a typical HFET 2DEG
with 1,=1500 cm?/Vs, vs=1.2x10" cm/s and a first-order velocity-field relationship given by

equation 2.19 [24].

(2.19)

sat

To first investigate the threshold for space-charge effects in the slab, we model the sheet
charge density with an effective doping Np. The typical width of an AIGaN/GaN
heterojunction 2DEG is approximately #,pg=2.5 nm [17]. We obtain a sheet-charge density
in the range of 10'* to 10" of 5.2 x 10" cm™ resulting from an Np=2.1 x10" cm™. The
critical current for the onset of SCLC can be estimated from the channel saturation current

density (eqn. 20).

(2.20)

24



Np=1e17-1e20

A
v

1.5um

Figure 2.7 TCAD simulation model structure for modeling the AlGaN/GaN HFET
conducting channel under high current injection.

Space-charge limited current will become the dominate conduction mechanism when
in Poisson’s equation, the injected charge becomes comparable to the background thermal
equilibrium charge density, Np [19]. This approximately uniform layer of space charge
across the slab is no longer negligible in Poisson’s equation and the electric field is driven
lower to maintain current continuity in the slab. The electric field and resistivity become a
function of the injected charge causing the nonlinear resistance effect [7]. Expected results
are confirmed in figure 8 for several simulations of the injected excess charge versus distance
along the channel around the saturation current density. For this simulation /;,,~0.403 A.
As seen in figure 8, when the injected current is well below the saturation current, the
injected charge is mostly negligible and quickly relaxed so that it is confined to a narrow

region next to the source contact. When the current approaches 7,4, the space charge region
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grows and extends further horizontally into the channel yet still relaxes to the background
concentration and can be considered the crossover point form ohmic to SCL current
conduction. When /;,, is met and exceeded, a uniform layer of space charge accumulates

along the entire channel and the current is fully space-charge-limited.
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Figure 2.8 Injected charge vs. distance along a horizontal cut-line through the center of
the bulk GaN slab. Np=2.1x10"" cm™.

More insight into the nonlinear source resistance can be obtained by looking at the

voltage-current characteristics of the slab. Figure 9 shows several simulations of the slab

with doping ranging from Np=1 x 10"7- 1 x 10*° cm™ representing a wide range of sheet-

charge densities.
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Figure 2.9 Voltage vs. current for the bulk GaN slab. Isst increases with increasing
doping density (sheet-charge density) according to the approximation, 1, ~=whqNpv.
For any particular doping density the threshold for SCLC is clearly visible. Prior to Iqat,
the voltage varies linearly with the current (the relationship is somewhat suppressed due to
the linear scale) and is essentially ohmic. When the injected current approaches I4 .t space-
charge limited current begins to dominate and the voltage-current relationship becomes
increasingly nonlinear and consequently so does the resistivity. Figure 9 shows the

dependence of SCLC, and thus nonlinear resistance, on the channel sheet-charge density.
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2.3.2 AlIGaN/GaN Heterostructure Model

The next step was a simulation of a realistic model of the HFET channel to verify the
dependence of the threshold for SCLC. The structure is identical to an un-gated AlGaN/GaN
HFET of length L,~0.85 um and an AlGaN barrier layer of thickness tajgan=30 nm. The
Aluminium content in the AlGaN is 20%. Doping in the AlGaN and GaN is Ny=1x10"® and
Np=1x10" ecm™ respectively. Transport parameters in the GaN are the same as the slab
simulation with ,=1500 cm?/V S, vear=1.2x10" c¢m/s and a first-order velocity-field

relationship given by equation 2.19.

Surface-charge layer

Polarization
charges

(Spontaneous &
Piezoelectric)

2DEG

A

A

0.85um

Figure 2.10 AIGaN/GaN heterostructure model used in TCAD simulations to model
high injection effects in the gate-source region of and AlIGaN/GaN HFET.
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A realistic charge profile was used to model the interactions as in an actual HFET. A
positive and negative sheet-charge (0'p01:1X1013 cm™) was added at the hetero-junction and at
the surface of the AlGaN to model the polarization charges due to both piezoelectric and
spontaneous effects. An additional volume charge density was added in the top 1 nm of
AlGaN to model surface charges due to defects and processing damage. This surface charge
is implemented by a doping, Np, which models donor-like surface states [18]. These
electrons are responsible for filling the 2DEG. The saturated current density in the channel

can be written in terms of the surface charge due to passivation (eqn. 21).
Id,sat = Wg(ND tpass )vsat (22 1)

Simulation of the model agrees with the results of the GaN slab channel model. Figure 11
shows multiple simulation results for the injected excess charge in the channel around

L15a=1.9 mA for Np q,7=1x10* cm™.
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Figure 2.11 Injected charge vs. distance along a horizontal cut-line through the center
of the 2DEG for Np=1x10?" cm™. Net space-charge is accumulating as the current
approaches and exceeds I at.

A significant uniform layer of space charge is not achieved until the injected current
exceeds /4, the onset for space-charge-limited current.

Figure 12 shows the voltage-current characteristics for several simulations of the HFET
channel in which the doping in the surface layer was increased from 1x10™ to 1x10%° cm™.
As shown in the figure, when the doping density in the surface layer is increased,

representing an increase in positive charge due to ionized donors, the threshold for SCL

current is shifted to higher current levels.
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Figure 2.12 Voltage vs. current for an AIGaN/GaN heterostructure. Isat increases with
increasing positive surface charge concentration corresponding to increasing sheet-
charge density and is calculated according to I s.=wq(Nptpass)Vsat-

2.4 Conclusion

High power AlGaN/GaN HFETs normally operate under SCL conditions. SCLC
conduction in the channel causes a nonlinear resistance effect that degrades device
performance and linearity. A simple model of the HFET channel has shown the critical
current density for the nonlinear resistance effect is dependent on the channel sheet-charge
density. A more exact model of an un-gated HFET has shown that since the 2DEG electrons

originate from surface defects, the onset of SCLC is dependent upon the surface charge
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density. We have shown that an increase in positive charge on the surface can push the SCL
threshold beyond normal operating conditions and thus, alleviate the degradation due to

nonlinear source resistance.
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Chapter 3 RF Channel Breakdown

3.1 Introduction and Experimental Evidence

AlGaN/GaN HFETs are promising devices for RF and microwave power amplifier
applications. While there is still work to be done, performance and reliability of AlGaN/GaN
HFETs has progressed significantly in recent years to the point where the devices are
commercially available and are being inserted into practical systems applications.

AlGaN/GaN HFETs achieve high power densities by means of a large critical
breakdown field (E. >2MV/cm), and the ability to sustain a large channel current. Under
normal operation high magnitude electric fields are present within the device at the
semiconductor surface near the gate edge and in the conducting channel at the drain-side
edge of the gate electrode. The high fields present at the drain-side gate edge in the
conducting channel are sufficient for charge generation by impact ionization and subsequent
avalanche breakdown. Although the fields on the surface at the gate edge are sufficient to
cause an electron tunneling current, gate to drain breakdown usually only occurs for large
voltages. While the gate leakage tends to have an effect on reliability [25], breakdown in the
channel is the dominant mechanism in performance degradation.

Early experiments investigating impact ionization in the channel of AlGaN/GaN
HFETs were done using a method by Hui ef al. in which the ionization coefficients could be
estimated by measuring the increased gate current due to impact generated holes in

MESFETs [26]. Dyakonova et al. measured DC-HFETSs on SiC substrates using Hui's
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technique across a temperature range of 17-43 °C. The resulting characteristic electric field
of about 2.6 MV/cm agreed well with current Monte Carlo simulations for bulk GaN [27] but
may be unreliable since the gate leakage current for these devices was large. However, the
measurements did indicate a positive temperature coefficient of the breakdown voltage which
confirms that that the impact ionization mechanism is the source of the excess hole current.
Kunihiro et al. used the same technique to measure the ionization coefficients in AlGaN/GaN
HFETSs grown on sapphire substrates [28]. The leakage current on these devices was much
smaller than the current due to impact ionization generated holes and they were also able to
closely approximate the simulation results of Kolnik ez al. [27]. A few years later,
measurements of AlGaN/GaN on sapphire HFETs by Tan et al. showed conflicting evidence
that the on-state breakdown voltage reduced with increasing temperature indicating a
mechanism other than impact ionization [29]. He showed that breakdown likely occurs
between the gate and drain due to a thermal runaway mechanism. Brar et al. at the same time
showed good evidence of impact ionization in AlIGaN/GaN HFETs on SiC by showing a
large increase in the 'kink effect' of the drain current with lower temperatures [30]. Although
later experiments point to the kink effect can also be explained by the presence of traps [31,
32], Brar's measurements of the gate current of their low leakage devices show an increase in
hole current, from impact ionization in the channel, with a positive temperature coefficient.
Measurements by Ohno et al. on AlGaN/GaN HFETs show evidence of impact ionization
through electroluminescence measurements [33]. The region of EL intensity was shown to
occur at the drain-side gate edge for devices with Si3N4 surface passivation. More recent

measurements by Wang and Chen [34], confirm impact ionization is present in the channel of
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GaN HFETs measuring breakdown voltage using the drain injection technique [35] for GaN

HFETs. And finally, Killat et al. provide compelling evidence of impact ionization in GaN

HFETs with an InGaN back-barrier shown in figure 1 below. Holes generated by impact

ionization are collected at the InGaN layer where they recombine and the large increase in

EL intensity at -140 °C is consistent with the increased mean free path that results in more

impact ionization events [36].
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Figure 3.1 Electroluminescence emission from InGaN layer at different temperatures

[36].

Measurements of the industrial devices used in this thesis show that impact ionization

occurs within the HFET channel and is the dominant breakdown mechanism [6]. Figure 2

shows the results of measurements of multiple devices on the wafer. The devices are biased
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at pinchoff while the drain to source voltage is swept beyond 70 volts. The gate leakage
current (negative-black lines) is small and increases with increasing drain voltage but it never
breaks down. However, the drain current does begin to break down starting as low as 30
volts with most device breaking down around 40-50 volts. This experiment shows
definitively that channel breakdown has a lower threshold than gate breakdown which can

impact device performance even at low drain bias.
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Figure 3.2 Measurements of I and I vs. V4, for multiple AIGaN/GaN HFET devices
from the same wafer.
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RF breakdown within the channel results in clipping of the RF voltage [5], as well as
impact ionization generated current in the channel. These phenomena limit the RF voltage
that can be developed at the drain contact during the peak of the RF cycle, causing the device
to saturate and reducing output power, gain, and PAE. Performance of AlIGaN/GaN HFETs
has been greatly enhanced by the adoption of field plates [37, 38], in which the high field
present at the gate edge can be reduced and spread out so that the device can sustain higher
voltages without breaking down. However, these plates introduce parasitic capacitances that
can effect performance and may not be as useful at higher frequencies [2].

Accurate models of GaN HFETs are necessary for RF circuit design for these devices
to be widely used in RF systems. Predictive physical models are also a valuable resource for
device research and development. A physical model of the channel breakdown mechanism
under large-signal RF operation that is suitable for integration into device simulators has not
previously been reported.

Following previously established physical modeling techniques for the large-signal
operation of GaAs MESFETs [39], a compact, physics-based, large-signal model of
AlGaN/GaN HFETs was developed and has been shown to accurately predict RF
performance [40]. In these models, RF breakdown effects are shown to be important and are
incorporated within the drain-source circuit using a current generator in the form of a diode
with an adjustable reverse breakdown voltage to mimic the effect of avalanche breakdown in
the channel. The diode’s Vyq is used as a fitting parameter to match large-signal
measurements. This method, while permitting the models to accurately predict device large-

signal operation and provide insight into breakdown behavior, are not predictive and the RF
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breakdown voltage needs to be extracted from measurement data before the model can be
completely defined. Figures 3 and 4 below show the large-signal model employed in these

simulations and resulting effect on RF performance.

&

Gate 0—4 '_ [C ] o Drain

/%' Rs (Pin)

O
Source

Figure 3.3 Large-signal model including a channel breakdown current generator in the
drain-source circuit [6].
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Figure 3.4 Results of varying the breakdown voltage on RF performance
measurements.

In this chapter, a physics-based model of channel breakdown is developed and
integrated into the previously reported compact model [40]. The model was derived with the
help of Silvaco™ TCAD simulations to investigate the internal physics of the HFET. The
new model is used to simulate the RF performance of an industrial HFET and excellent
agreement is obtained between the simulated and measured RF performance data. In
agreement with the measured data the new breakdown model indicates a dependence of RF
breakdown voltage on dc drain bias. The breakdown model is further refined to incorporate a
temperature dependence of the GaN ionization coefficient. Extracted values for the thermal
resistance and temperature coefficient of breakdown verify that the temperature dependence

of impact ionization is the dominant mechanism in the breakdown phenomenon.

39



3.2 Impact Ionization

In modern devices with shrinking dimensions large magnitude electric fields can be
established. Under high enough fields electrons (or holes) can become energetic enough
where, upon collision with atoms in the semiconductor lattice, an electron-hole pair can be
created as the energetic electron caused an ejection of a valence electron from the atom. The
original particle and the two newly generated particles can be accelerated again by the field
can create more electron-hole pairs through impact ionization. Avalanche breakdown is
defined to occur when, on average, every particle that is created from an impact ionization
event initiates another separate impact until the current in the circuit reaches some maximum
allowable value. In this section an overview of the physical basis for the ionization
coefficients will be given followed by a derivation of the ionization integral for calculating
avalanche breakdown. Next some background and results for the ionization coefficients in
GaN, and finally some approximations that will be used in deriving the breakdown model for

AlGaN/GaN HFETs will be explained.

3.2.1 Physical Ionization Coefficients

Speaking in terms of electron initiated impact ionization, for and electron to create an
electron-hole pair upon collision with the lattice it must have at least an energy equal to the
bandgap, E,, to promote an electron to the conduction band. This minimum energy is called
the threshold energy, E;. However, due to the complicated band structure in semiconductors

Ey 1s typically a little larger than E,.
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It is illustrative to derive a simple approximation of the minimum threshold energy to
understand the dependencies on the band structure. To determine the minimum energy for an
electron to impact ionize we assume parabolic, isotropic, and non-degenerate energy bands.
Considering an electron that undergoes a collision with the lattice and creates an electron and
a hole we can write the sum of the energies as

1 -2 1 =2 1 =2
E, :Emer +Emeve “l‘Ethh +E, (3.1)

where E, is the initial electron energy and is equal to the sum of the final electron energy,
the newly created electron and hole energies, and the bandgap energy.

And the momentum as

— — —

Fe’zmevf+meve+mhvh 3.2)
If we consider only low energy collisions, which is appropriate since we are looking for the
minimum energy, we can assume that the momentum vectors are collinear and thus can be
treated as a scalar. Following Wolfe, Holonyak, and Stillman’s approach in [41] to find the
minimum of E,, the resulting threshold energy for electron initiated impact ionization is
given by

2m, +
E, = Egu (3.3)

m, +mh

which is dependent on the effective masses of electrons and holes and thus the band structure

and for holes by
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(2%

2m, +m, —

E,=E |1+ ——"— (3.4)
where the threshold depends on the light, heavy, split-off bands. In this simple model the
electron threshold energy can range from £, to 2 E, depending on the ratio of the effective
masses. More complicated and realistic band structures need to by analyzed, usually done by
Monte Carlo simulations, in order to determine a good number for the threshold energy.

For simple models of devices such as diodes, just knowing the threshold energy can
be enough to model the effects of impact ionization. These models would initiate avalanche
breakdown as soon as carriers gain the threshold energy from the electric field, the
breakdown field [42]. A more accurate way to predict impact ionization is to describe the
ionization rate as a function of electric field. This is modeled by an ionization coefficient
function a(F) cm™ and B(F) cm™ for electrons and holes respectively. These rates, which
are calculated using Monte Carlo methods incorporating detailed descriptions of a
semiconductors band structure and scattering mechanisms and rates, represent the
probability that an electron or hole will undergo an impact ionization event under the
influence of an electric field. The reciprocal of this coefficient is equivalent to the minimum
average distance the particle must travel to impact ionize. A general form of the ionization
coefficient shown by finding the probability that a carrier will gain sufficient energy from

the field to reach the threshold energy is given by
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a(F)=¢t. P(E,) (3.5)

where e is the electronic charge, F'is the field seen by the electron, P(E,;) is the probability
that a carrier gains the threshold energy, and Ey; is the average ionization threshold energy
[43]. The probability can be found from the energy distribution function, f(E;), which is
obtained by solving the Boltzmann transport equation for f(k). Lucky carriers traveling in an
electric field where the energy gained between phonon collisions is less than the energy lost
in each collision, eFA<E,, then the probability that an electron gains the ionization energy

without losing its energy in a phonon collision can be written as
-E
P(E,)= e( " eF/Ij (3.6)

so that the ionization rate becomes

a(F)= e%m e(_ E%m) (3.7)

where A represents the mean free path of the semiconductor. The coefficients are usually
extracted and fit from simulations as well as experimental data. At high electric field
magnitudes the above expressions are not as accurate and more detailed picture of the
scattering mechanisms must be employed [43]. Ionization coefficients determined from

simulation or measurements are typically reported in the literature in the form

Fe,V me
F

a.B=A. ,ﬂe{ (3-8)

to best approximate the data [28, 44] where A, has units of cm'l, Fin V/cm.
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3.2.2 Avalanche Multiplication

The electron and hole ionization coefficients are important for precisely modeling
impact ionization effects in solid-state devices. For predicting breakdown in diodes and FETs
a way to accurately model the increase in current due to impact ionization on a macroscopic
scale is necessary. Avalanche multiplication in a semiconductor device can be analyzed by
relating the ionization coefficients for that material to the multiplication of current flowing
due to impact ionization using the basic semiconductor equations. Figure 5 shows a widely
accepted model for the derivation of avalanche multiplication across a depletion region [45,

46].
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Figure 3.5 One dimensional diagram for a high field region of length w showing
boundary conditions, electric field, and electron and hole drift velocities.
In this diagram, electrons injected at x=0 travel in the positive x direction and the
electron current density increases due to impact ionization multiplication. Likewise holes
travel in the negative x direction also increasing in current density due to impact ionization as

they approach x=0. The net current is in the direction of the electric field. The differential
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equation describing this behavior is the Continuity Equation. If it is assumed steady state and
the generation term is written in terms of the ionization coefficients

G=a,J,(x)+p,J,(x) (3.9)

Where a, and B, are the ionization coefficients for electrons and holes respectively. Then, for
electron initiated avalanche ionization where J is the total constant current, the continuity

equation can be written as

de" =a,J,(x)+B,J,(x)+ B, (x)] (3.10)
X

There is an assumption at this point worth noting that o and B, the measured ionization rates,
are the same as those calculated through the distribution function. If we assume that the
applied electric field varies slowly in comparison to the average ionization distance so that
the carriers can be assumed to be in a spatial steady-state, the assumption that o and 3 only
depends on distance through E(x) is a good approximation [43]. Since the total current is
constant through the high field region, a multiplication factor, M, can be defined as the ratio

of two currents; one with avalanche multiplication and one without given by

M, = (3.11)

for electrons. Using this factor and the boundary conditions from figure 5 the differential
equation can be solved [45]. In terms of the multiplication factor, the solution for electron

initiated avalanche ionization is

(3.12)
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The breakdown voltage can be interpreted as the voltage at which the multiplication factor
approaches infinity. Breakdown would occur when the integral of the second term in the
above equation approaches one. A common assumption used to simplify the second term of
the multiplication factor is to consider a=p. This works in semiconductors where there isn't a
large difference between the electron and hole coefficients by defining an effective ionization

coefficient, o, that best approximates both coefficients [47, 48] seen in figure 6.
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Figure 3.6 Impact ionization coefficients for 6H-SiC. Although the electron and hole
coefficients differ somewhat, approximating them with aeff allows a simplified solution
to the inoization integral (from [48§]).

The second term shown above in the multiplication factor is reduced to what is known as the

ionization integral and the condition for avalanche breakdown is

Tan(x)dle (3.13)
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for when the multiplication factor approaches infinity. However, this approximation has its
limitations in semiconductors where the electron and hole ionization coefficients are too

different. The analytical solution for current multiplication for electrons is given by

el
1_(ﬁ 0 jexp{a W{ [ﬂ . ﬂ} (3.14)

where the dependency on the coefficients is apparent. At one extreme where [3,=0 the

multiplication factor reduces to

M, = exp(a, )
(3.15)

where no asymptotic breakdown behavior in the current will occur but will instead increase

exponentially. In between 0,=p, and f,=0 the current multiplication will behave as

M o= exp(a, W)

n (ﬂ/ )exp(a /8] (3.16)

in which the predicted current will depend on the ratio of the electron and hole ionization

coefficients. For predicting breakdown in devices care must be taken when using the
simplifying assumption of a,=B, so that the valid regions of operation and limits of the

model are known.
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3.2.3 Ionization Coefficients for GaN

Impact ionization coefficients in gallium nitride have been calculated for both the
zinc-blende and wurtzite phases of bulk GaN for electron and hole initiated impact ionization
using Monte Carlo techniques [27, 49]. They have also been measured in AlGaN/GaN
HFET devices by measuring the impact ionization generated holes that add to the gate
current in [28]. More recently they have been measured in bulk GaN epitaxial layers grown
on GaN and Sapphire substrates by Ozbek using an Electron Beam Induced Current (EBIC)
technique [50]. Additionally Bertazzi et al. have recently calculated more accurate ionization
coefficients in wurtzite GaN using a Monte Carlo model that includes band-to-band tunneling
effects that become important at high electric fields [44]. His results show an increase in the
ionization coefficient which predicts well the breakdown voltage of GaN avalanche photo-
detectors [51]. Some measurements and simulation results for wurtzite phase bulk GaN
electron initiated ionization coefficients are shown in figure 7 where the increase in the

ionization found by Bertazzi et al. is evident.
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Figure 3.7 Comparison of electron impact ionization coefficients (1/cm) (electron
initiated) for wurtzite GaN vs. electric field (V/cm). Data points taken from [27, 44, 50].

For the purposes of modeling breakdown in AIGaN/GaN HFETs electron initiated
ionization rates were chosen opposed to hole initiated rates considering that the main
transport mechanism is majority charge transport in a 2DEG. The results from reference [44]
were used taking into account the improved accuracy of the simulations, the fitting to
experimental measurements, as well as inclusion of high-field effects considering the high
magnitude electric fields that are typically present in AIGaN/GaN HFETs. The
approximation of a,=f, in GaN is suitable for modeling the impact ionization in
AlGaN/GaN HFETs since the electron and hole coefficients are close and increasingly so at

higher electric field magnitudes shown in figure 8.
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Figure 3.8 Electron initiated ionization coefficients for electrons (blue diamonds) and
holes (red squares) in wurtzite GaN from reference [44]. The effective ionization
coefficient (green triangles) is fit as a power function.

In order to provide analytically tractable solutions to the ionization integral when the
expression for the electric field is a function of position within the device a simplification of
the effective ionization coefficient is needed. Fulup first approximated the effective
ionization coefficient while deriving simple and accurate analytical expressions for avalanche

breakdown in silicon p-n junctions [47]. He found that by approximating o.¢r as

a,, =cEScm™ (3.17)
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where ¢ and g are constants used to fit the curve, he could derive simple expressions with
minimal error. This has become known as the Fulop Approximation and is a widely used

method for calculating impact ionization and breakdown in power devices [48, 52, 53].
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3.3 TCAD Investigations of Impact Ionization in AIGaN/GaN HFETs

A compact model for avalanche breakdown in the channels of AlGaN/GaN HFETs is
derived based on information gleaned from the results of TCAD simulations using Silvaco
TCAD software. Performance of the HFET device in specific regions of operation important
in breakdown were investigated. The TCAD simulations allow the use of an accurate
description of the internal device physics to derive a simplified physical model of impact
ionization in the channel.

In this chapter, the physical behavior of conduction in the HFET channel is discussed
with respect to the operation of the compact model of [40]. Then, results from TCAD
simulations will be presented that show the high-field depletion region in the conducting

channel at the drain-side gate edge of the device is where impact ionization initiates.

3.3.1 Brief Overview of Compact Model

In the previous section it was determined that the necessary conditions for avalanche
ionization are a sufficiently high electric field magnitude as well as current flow along the
same direction as the field. This theory can be applied to the high field region in an
AlGaN/GaN HFET channel to calculate impact ionization current and determine the
avalanche breakdown voltage. First it is important to define the physical location of the high
field regions within the device channel where impact ionization is likely to occur.

We know from experiments that high magnitude electric fields can occur in the

conducting channel of AlIGaN/GaN HFETs. The lateral electric field magnitude can vary
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from less than 1 MV/cm to more than 4 MV/cm under different regions of operation with the
highest occurring for large negative gate voltages (near pinch-off) and large drain voltages.
Under this condition, with the channel above pinch-off yet not fully open, it is instructive to
follow the path of 2DEG electrons from source to drain to understand where and why a high
field depletion region arises.

A physics-based compact model of AIGaN/GaN HFETs has recently been developed
[40]. This model separates the device into five regions or zones in which the dominant
operational physics are modeled in a one-dimensional channel. Current continuity is
imposed at the boundary of each zone to integrate the various zones into one complete
model. An important requirement of the impact ionization model is efficient integration
within the existing full HFET compact model. Using the five zone model overlaid on a
snapshot of the electron concentration contour from TCAD simulation in Figure 9, we can
trace electron conduction through the structure and understand the basic operation of the

model.
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Figure 3.9 Diagram of an AlIGaN/GaN HFET structure showing the boundaries of the
five zone compact model overlaid on a two-dimensional contour plot of electron
concentration from TCAD simulations [54].
Electrons injected from the source into the channel move across the Source Neutral
Zone or Zone 1. The 2DEG is completely filled and any vertical slice through the device is
charge neutral with the ionized surface donors and the 2DEG electrons balancing the
combination of piezo-electric and spontaneous polarization charges in the AlGaN layer. The
intrinsic FET zone or zone 2 begins as electrons enter the channel region under the gate.
Upon entering zone 2, there is now metal where positive donor-like states once were, the
polarization field is thus reduced and the channel is depleted. Travelling further under the
gate electrons encounter a narrow region named the Space-Charge Limited Zone or Zone 3
where the drain voltage drop near the gate edge is forcing the junction to a flat band

condition. The channel is fully depleted and electrons are being injected into the bulk GaN
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and driven towards the bottom of the device. In the Charge Deficit Zone or Zone 4, the
electrons that were forced into the bulk underneath the gate now rapidly return towards the
AlGaN/GaN interface. The channel is reestablished and the 2DEG electrons are partially
recovered creating a net space charge where the majority of the drain potential is dropped.
The lateral electric field in this region reaches a peak at the gate edge and decreases linearly
until the 2DEG fully recovers. In this region, impact ionization is the highest due to the large
magnitude lateral electric field and a substantial lateral current flow in the channel. The
Drain Neutral Zone or Zone 5 which marks the end of Zone 4 where the lateral electric field

becomes constant is similar to Zone 1.

3.3.2 TCAD Simulations Focused on Impact Ionization

Simulations were performed using TCAD software to investigate regions and
conditions within an industrial HFET design in which impact ionization may occur. The
device structure used in the simulations is shown below in Figure 10. Drift-diffusions
transport equations were solved using a field dependent mobility and Shockley-Read-Hall
recombination models [24]. Horizontal cut-lines across the entire 4 um width are made at
four positions in the device starting at the center of the channel, 10 nm below, 70 nm below,
and finally 150 nm below the channel near the bottom of the device. The device under
consideration is biased at V,=-4 volts, and V4=50 volts. The following parameters are
reported to outline where within the device impact ionization is likely to occur; Lateral
Electric Field (Ex), Vertical Electric Field (Ey), Lateral Current Density (J), Vertical Current

Density (Jy). Impact ionization simulations were performed on the same device using the
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Selberherr model [24]with ionization parameters taken from the experimental results of
Kunihiro et al.[28] in which a,=2.9x10* cm™ and p,=3.4x10” V/cm. The results of the

simulation is a two-dimensional contour plot of the Impact lonization Generation Rate (Igen).

0. 2um

Figure 3.10 Industrial AIGaN/GaN HFET device design used for Silvaco'™ TCAD
simulations. Dimensions are marked as well as essential parameters used in the
simulation.

Impact ionization in AlIGaN/GaN HFETs can easily occur due to their ability to
sustain high bias voltages. The resulting high magnitude electric field magnitudes developed
in the device channel, particularly in the charge-deficit zone, coupled with a large two-
dimensional current density in the lateral direction can lead to significant charge generation.

The lateral electric field in the gate-drain region is show in Figure 11 below. The peak

magnitude of the lateral electric field is found to occur at the drain-side gate-edge of the
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device. Here the field maximum reaches approximately 3 MV/cm in the channel at the
AlGaN/GaN interface and drops off quickly, falling below the critical field for impact
ionization of E.=2 MV/cm approximately 20 nm below the channel. The lateral electric

field will always be highest in the channel and can exceed E; well into the CDZ.
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Figure 3.11 Lateral electric field profile (V/cm) along several horizontal cut-lines
through the device staring at the center of the 2DEG channel and ending near the
GaN/Substrate interface.

Another aspect in determining where impact ionization occurs in the device is to find

where current flow is in the same direction as the electric field since we are interested in
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electrons that are being accelerated by the field as discussed in section 3. Shown in Figure

12, horizontal cut-lines from the same locations as Figure 11 are plotted for the lateral current
density. Evident in this plot is that the lateral current density is most significant in the
channel region and is increasing rapidly from the gate edge and on into the charge deficit
zone towards the drain. The conclusion from the results shown in figures 11 and 12 is that the
depletion region starting at the gate edge and ending at the recovery point of the 2DEG is
where impact ionization is first initiated and likely dominant. In the drain and source neutral
zones where the current density is very large, J,=-2.4x10° A/cm? , the magnitude of the
lateral electric field is well below 1 MV/cm and is too small to cause significant impact
ionization [55]. Starting at the gate edge (x=2 um) and moving toward the source, the lateral
electric field decreases rapidly to well below 2 MV/cm within the first 20 nm with the
conditions for impact ionization never quite being met. The current is spread out in the bulk.
The current density at 150 nm below the channel, which is near the bottom of the GaN
buffer, is approximately J,=-1x10° A/cm’ due to electrons being forced deep into the bulk
under the influence of the gate and drain voltages. This region may contribute a small amount
to the total charge generated by impact ionization under conditions that allow the field to

become sufficiently high.
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Figure 3.12 Lateral current density (A/cm?) profile along several horizontal cut-lines
through the device staring at the center of the 2DEG channel and ending near the
GaN/Substrate interface.

The simulation results for the vertical electric field and vertical current density
illustrate a similar structure but with substantially lower magnitudes as shown in figures 13
and 6. In the source and drain access regions, the vertical electric field due to the polarization
field across the AlGaN layer is large and nearly constant at approximately Ey=1xlO6 V/cm
which is typical for these devices[18]. In these regions the vertical current density is zero
with no impact ionization occurring. In the channel under the gate, the net field is reduced

and driven negative towards the gate edge as the channel is depleted. The vertical field
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magnitude is largest in the channel and gets smaller for every point further away in the GaN.

The vertical current density behaves opposite with the peak value occurring near the bottom

of the GaN layer so that even if the vertical field could meet Ej;, significant impact

ionization is not likely in the channel.
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Figure 3.13 Vertical electric field (V/cm) profile along several horizontal cut-lines
through the device staring at the center of the 2DEG channel and ending near the
GaN/Substrate interface.
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Figure 3.14 Vertical current density (A/cm?) profile along several horizontal cut-lines
through the device staring at the center of the 2DEG channel and ending near the
GaN/Substrate interface.

An important result of these simulations is that the impact ionization mechanism
prevails in the region immediately adjacent to the drain-side gate edge. The large lateral
electric filed and lateral current density that dominate charge generation by impact ionization
is most significant in the channel area. This information allows for a simple one-dimensional
model of impact ionization in the channel to be developed.

Figure 15 below shows a two-dimensional contour plot of the impact generation rate

within the device. The Selberherr impact ionization model was used with ionization
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coefficients to match those determined experimentally by Kunihiro et al. in [28]. As expected

charge generation in the channel at the drain-side gate edge is the most intense reaching

values near 10%/cm’s.
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Figure 3.15 Contour plot of the impact generation rate (cm'ls'l) using impact ionization

coefficients of ()z,1=2.9)(108 cem! and [5,.=3.4x107 V/cm from reference [28].
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3.4 Breakdown Model

AlGaN/GaN HFETs can operate under some considerably large voltages and
currents which can lead to conditions ideal for impact ionization and breakdown in the device
channel. In the previous section we discussed these conditions as well as the relevant regions
within the device. We also looked at the basics of impact ionization and ionization
coefficients from a carrier transport perspective and then went on to relate these coefficients
to the multiplication of current flowing through the device. Using this information, a model
for avalanche breakdown for AlGaN/GaN HFETs can be derived.

Previous analysis of TCAD simulations has shown that the high field depletion region
that begins at the gate edge and ends at some bias dependent point in the drain access region
is the location where impact ionization initiates and is the most intense. Using this
information and avalanche ionization theory, a model can be proposed of this region on

which the generated current can be calculated.
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Figure 3.16 Outline of what a one dimensional model of the channel region that could
be used to calculate impact ionization.
As shown in figure 16 the depletion region extends from x=0, which is the drain-side gate
edge where the maximum of the lateral electric field occurs, Epax, to x=W where the 2DEG
is fully recovered where the start of the Drain Neutral Zone is defined. Assuming electron
initiated impact ionization, it is necessary to find the analytical form of the electric field in
the depletion region (shown as some arbitrary function in the diagram) to be able to solve the

ionization integral

_bn

jane7dx=1 (3.18)
0

and determine the multiplication factor for the drain current. So, the expression for E(x) can
be obtained by solving Poisson’s equation in the high field region which may be modeled

based on TCAD simulations. More simulations and analysis of the device behavior will be
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needed to come up with an accurate electric field profile in the region especially close to the
drain-side gate edge. Then some simplifying assumptions about the ionization coefficients
will need to be made to get an analytical solution to the integral.

In this section, the preliminary models of impact ionization and avalanche breakdown
for AIGaN/GaN HFETs that were instrumental in developing the final breakdown model, are
reported. Guided by 2-D finite-element simulations of the HFET structure using Silvaco™
TCAD software, several approaches to the model were investigated. A simple model was
first studied based on analogous behavior of the depletion region width versus voltage
behavior and electric field profile to an abrupt P*-N junction diode. Next, when the abrupt
model did not appear to capture the W(V) behavior accurately for the proper charge density in
the channel, a slightly more complicated model was introduced which modeled the behavior
of charge at the drain-side gate edge in the channel as having a hyper-abrupt diode doping
profile. The hyper-abrupt model fit the behavior quite well but the simple expression left the
model with fitting parameters that would need to be extracted. The final preliminary model
presented takes into account a narrow "high-field region" immediately next to the gate edge.
This two dimensional model attempts to predict the width of the high-field region by using a
simple two-line charge model from electromagnetics. This model can determine where the
vertical electric field becomes constant as electrons travel from the bulk GaN back into the
device channel. The results of the investigations of these modeling approaches are important
for possibly adding increased functionality to the breakdown model or for enhancing the

model for different technologies.
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3.4.1 Preliminary Modeling Approach and Results

In order to find the excess current due to impact ionization and the avalanche
breakdown voltage, an expression for the electric field in the Charge Deficit Zone is
necessary. Referring to Figures 11 and 12 in section 4, looking at a horizontal cutline
through the center of the channel, current flow is interrupted underneath the gate in the SCL
zone and becomes almost completely vertical as electron are pulled down into the bulk and
towards the drain under the influence of the gate and drain voltages. Lateral current flow
quickly resumes once electrons emerge on the drain side of the gate and the 2DEG is
reestablished. This characteristic creates a one dimensional electric field profile through the
channel that resembles an abrupt P'- n junction. Here the drain-side gate edge represents the
junction and the depletion region on the lightly doped side is represented by the CDZ with a
net positive space charge due to the only partially recovered 2DEG. The CDZ behaves like a
reverse biased abrupt junction diode as the depletion region grows with increasing drain
voltage and a linear electric field profile. This effect is apparent in figure 17 below which
shows the lateral electric field profile in the channel for a constant gate voltage, V,=-4, and
drain voltage ranging from V=10 to 80 volts. Compared with the P"-N abrupt junction
diode electric field profile shown in figure 18, where the junction occurs at the gate edge, the
behavior is nearly identical. This behavior in the HFET is not due to any type of junction
formed within the device channel but rather from an abrupt change in charge densities near to

the gate edge that can be likened to a hi-lo structure.
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Figure 3.17 Lateral electric field (V/cm) along a cutline through the center of the

conducting channel. The gate is biased at pinchoff, Vg=-4 V with drain bias ranging

from Vd=10to 80 V.
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Figure 3.18 Analogous description of the depletion region width of an abrupt junction
diode to the Charge Deficit Zone in an AlIGaN/GaN HFET.

If the diode analogy is an accurate approximation to the operation of the HFET then
the electric field in the CDZ is simply the classic result from Poisson’s equation for a one-
side abrupt junction diode where the voltage accross the junction is equal to the voltage
across the CDZ. Substitution of E(x) into the ionization integral will give the width
dependent breakdown voltage and the impact ionization generated current.

First the depletion layer width versus applied voltage must be verified to see if the
behavior of the HFET CDZ is really analogous to a diode model. To do so, an industrial
AlGaN/GaN HFET device was simulated in Silvaco™ ATLAS for various drain biases from

10-100 V. The device was pinched-off such that the peak electric field magnitude was the
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largest. The width of the CDZ in the HFET was extracted from the results and plotted versus

the applied drain bias.

Atlas smuiatnon of HFET CDZ w:dth
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Figure 3.19 Abrupt diode model depletion layer width (red) and simulated HFET CDZ
width (blue) versus applied voltage.

In addition to the ATLAS HFET simulation, a P"- n GaN diode (linearly graded) was
simulated and the depletion width versus bias was extracted to confirm model. Figure 19
shows the results of the experiments. The measurements for the HFET and the diode are
plotted alongside the W(V) model for an abrupt junction. The doping in the N-side of the
diode as well as the N in the abrupt model is 2.51 x 10'® cm™ which was chosen to match the
net positive charge in the HFET CDZ. The abrupt model doesn't quite predict the correct

behavior. The CDZ width versus applied voltage for the HFET is incorrect and the
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functional dependence is not the same indicating that the physical behavior of the HFET
cannot be fully captured by the simple abrupt diode model.

In the compact model described in [40, 54, 56], an approximation is made that the
CDZ is composed of a constant net space charge that begins at the drain-side gate edge and
expands toward the drain with increasing drain bias to accommodate the larger potential.
This model has been shown to accurately predict the I-V and performance characteristics of
AlGaN/GaN HFET devices [40, 54] as well as to accurately model the lateral electric field in
the CDZ [57]. However, the constant net space charge region doesn’t exactly begin at the
gate edge since there is a finite distance through which the electrons that were originally
forced into the bulk GaN need to travel back and partially refill the channel. This transition
region is neglected in the compact model for its negligible effect on the predicted drain
current but proves to be important for impact ionization calculations which require an
accurate description of the peak electric field magnitude at the drain-side gate edge. In figure
20 this effect can clearly be seen in a plot of the electron concentration contours for a cutline
though the center of the 2DEG plotted for several drain biases from V4=10-100 volts with
V,=-4 volts and zoomed in to only show the gate-drain region of the HFET. Clearly, in the
diode model of the 1-D channel, the space charge region is less like an abrupt junction and

more like a Hyper-abrupt junction.
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Figure 3.20 ATLAS simulation of a HFET at pinch-off and varying Vp ranging from
10-100 V. The displayed data are the electron concentrations on a cutline through the
center of the channel where it is zoomed-in on just the gate-drain region.

Hyper-Abrupt Model

Consider the CDZ starting at the drain-side gate edge to be similar to a one-sided
hyper-abrupt junction diode with a doping profile given by

N(x) = Bx" (3.19)

71



similar that in figure 21 where B and m can be used to approximate n(x). Then, the w(V)
relationship can be found by solving Poisson’s equation with the boundary condition that the

electric field is zero at W, the following expression for the electric field can be obtained.

10

Figure 3.21 Plot of a hyper-abrupt charge profile (blue), abrupt (magenta), and linear
(red).
The resulting expression for the electric field is

_ﬁ (xm+1 _WmH)

B0 ==

(3.20)

where the potential can be solved for using the boundary condition that V(0)=0 such that

Vix)y=——38 (’CM W'"”xj. (3.21)

em+D\m+2

And finally, if the voltage at W is Vaypiied an expression for the depletion layer width versus

the applied voltage is obtained.
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W{M} (3.22)
qB

Next in figure 22, a plot of the hyper-abrupt model depletion width versus voltage
was compared to the HFET CDZ width plot just as in Figure 19. One note on the HFET
width is that the measurement from Figure 19 to Figure 22 is different. The measurement in
Figure 19 was taken from a simulation of the same device but with much coarser grid spacing
that that in Figure 22. The coarse spacing made it difficult to judge where the CDZ actually
ended so the simulation with the finer mesh allowed more accurate measurements and the

error in the width reading is negligible (on the order of one nanometer).
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Figure 3.22 W(V) using abrupt junction model (m=0)(blue). W(V) from an atlas
simulation of a linearly graded junction diode (m=1) (black). Wcpz (V) from an
ATLAS simulation of a GaN HFET (cyan +’s). W(V) using a hyper-abrupt junction
model with m=-2/3 (red)

The cyan pluses are the measured data and the solid red line is the model of a hyper-
abrupt junction. The value of m was adjusted until the slope of the model width matched the
measured data. A value of m=-2/3 was extracted for the charge profile. The value of B was
adjusted until the graphs were aligned. A way to make a comparison between the model and
the HFET is to extract a B and m from the simulation results for a particular voltage or

voltage range and see how close the model is to the HFET. However, this is using B and m

as fitting parameters. To capture the device behavior for any drain bias a physical derivation
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of N(x) in the high-field transition region would be necessary and a one-dimensional model
may not be sufficient. This leads to the need to find a better description of the physics in this

region.

Two Dimensional Field Model

The two-dimensional field model is the last preliminary approach to modeling impact
ionization that will be discussed. This model is also based on observations from TCAD
simulations. Previous models assume that the vertical electric field is constant from the gate
edge to drain contact. This assumption ignored the region immediately next to the drain-side
gate edge but is fine since, as was determined earlier, the vertical is unlikely to contribute
much to impact ionization in the channel. What we found is that there must be a transition
region where electrons are attracted back to the channel and beyond the fringing effects from
the gate the vertical field is allowed to switch polarity and return to the equilibrium value of
the polarization field £,,. A simplified drawing of the situation is depicted in figure 23
below. Simulations show that the high-field transition region in which the slope of the lateral
field is sharply increased lasts until the vertical field returns to E,,;, This adds some
complexity to the lateral field model since the new high-field zone boundary likely depends

on V,, the algan layer width (Zu4a), as well as the polarization field (£,.).
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Figure 3.23 Simplified drawing of the vertical (red) and horizontal (blue) electric field
profiles in the channel of an AlIGaN/GaN HFET. The dashed portion under the gate is
an approximation.

So a model that would incorporate the effects of the vertical field due to the gate and
drain bias conditions was created as shown in figure 24. Here a two-wire line from

electromagnetics is implemented to solve for the line charge. For any given bias, we have a

Vg and a V34 which is the potential in the channel at the gate edged that is calculated in the
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compact model [40]. The charge present as a net line charge at the very corner of the gate is

given by
eV, V.
= % (3.23)
21n( A )
which can then be used to calculate its radial field from according to the expression
Porl, (3.24)
P 2mer

When the y-component becomes negligible such that, the negative vertical field due to the
interaction with the gate becomes small so that the vertical polarization filed is once again

dominant, this will be the boundary of the high-field zone.

W>>x
a=radius of line charge

Y
AlGaN / d/2
i A 4 _______>X

Figure 3.24 Two-line charge model of the 2-D electric field in the high-field region of the
HFET.
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Preliminary results showed that this was a good estimation of the width of the high-field zone
but the model failed to agree with TCAD simulation results of devices of different AlGaN

layer thicknesses.

3.4.2 Simplified lateral electric field model

The simple two-piece lateral electric field model was derived based on observations
from TCAD simulations of an AlGaN/GaN HFET in addition to results from preliminary
modeling attempts. As discussed in the previous section, the high-field zone that fills a
narrow region near the drain-side gate edge displays a steeper slope in the lateral electric
field profile. Due to an initially higher space charge in this extremely depleted region of the
channel, there is a peaking of the lateral electric field when compared to that of the normal
charge-deficit zone. A look at figure 25 below in which the lateral and vertical electric fields
are plotted along a horizontal cutline through the channel shows the behavior previously
described. The vertical field vector rotates from a maximum negative at the drain-side gate
edge through zero towards its maximum value beyond the gate, and the lateral electric field

is perturbed due to the rapidly increasing charge distribution in the channel.
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Figure 3.25 Overlay of the lateral (red) and vertical (green) electric field (V/cm) along a
horizontal cutline through the conducting channel. Device is 4 um long, but graph is
enlarged to show detail. A distinct change of slope of E, occurs once Ey reaches Ep,.

The two sharply defined regions that result in the lateral electric field profile are the

In this section the development of the model will be detailed. The parameters of the

basis of the simplified breakdown model. Using TCAD simulations to study the behavior of
these regions of the device, some simplifying assumptions can be made about the width of

the high-field zone and the magnitude of the maximum lateral electric field at the gate edge.

piecewise model that are extracted from TCAD simulations will be discussed. The regions
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of operation and conditions on which the approximations are valid will be presented through
the simulation results of various device geometries and device bias conditions.

The channel breakdown model is formulated in order to integrate smoothly within
the compact HFET model of [40] in which the HFET channel current is calculated by
separating the device into five zones according to the dominant operational physics. Current
continuity is imposed to integrate the various zones into a complete model. Of interest for the
calculation of impact ionization current is the high electric field charge deficit zone or CDZ
(Zone-4 or Z4), which extends from the drain-side gate edge to a bias dependent point in the
drain access region where the 2DEG is fully filled and the magnitude of the lateral electric
field is reduced to a low value, near zero. This zone contains a high magnitude electric field
and the majority of the drain voltage is dropped over this depletion region next to the gate.
Electrons are forced from the 2DEG channel by the high magnitude vertical electric field and
then return to the 2DEG from the bulk at the edge of the CDZ zone. Simulations show the
peak electric field in the channel at the gate edge can exceed a magnitude on the order of 1-3
MV/cm. Under large-signal RF operation and during the high voltage portion of the RF
cycle, this peak field can easily exceed the critical electric field for impact ionization,
assumed to be approximately 2MV/cm [28]. Note that gate leakage and trapping effects due
to the high electric fields at the surface and in the channel, which can be a factor in current
collapse, are not considered in the current version of the compact model. However, since the
compact model is physics-based, these effects can be included and will be reported in another

work.
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Although the model of [40] accurately predicts the dc characteristics of the
AlGaN/GaN HFET, it neglects the narrow transition region near the gate edge where the
lateral electric field peaks to its largest value. The exclusion of the transition region in the
compact model has a negligible effect on the device terminal characteristics. The impact
ionization mechanism is, however, sensitive to the peak electric field and the original model
can underestimate the peak field significantly leading to inaccuracies in circuit simulations

where impact ionization is important.

3.4.3 TCAD Simulations Focused on E, Behavior

The region in the conducting channel under the gate at the drain side edge is almost
completely depleted and the lateral electric field magnitude drops off rapidly with distance
moving toward the source allowing for only minimal impact ionization and is thus neglected.
This effects were seen in detailed simulations in section 4. However, inside the high-field
transition region a horizontal current flow is re-established in the channel under a significant
lateral electric field so that the directions of the current and the electric field are aligned.
Thus this region is where impact ionization initiates. Multiple TCAD simulations were
performed to determine the width of the high-field region as well as the behavior of the
lateral electric field. Table 1 lists the structure and parameters of the TCAD model. The
physics models used in the TCAD simulations were drift-diffusion, field dependent mobility
and Shockley-Read-Hall recombination [24]. The TCAD parameters were adjusted to fit the
dc IV measurements (those in Tablel) of an industrial AlGaN/GaN HFET device. Excellent

agreement was obtained as shown in figure 26.
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Table 1 TCAD Parameters for HFET Simulation

TCAD Parameter

Value

Electron mobility
Saturation velocity
Almole fraction
Gate length
Gate-Source spacing
Gate-Drain spacing
Gate width
AlGaN laver thickness
GaN laver thickness
Unintentional doping-AlGaN
Unintentional doping-GaN
Polarizationsheet-charge density

Piezoelectric charge density

1500 em*'V-s
1.2x10" cm's
0.2
0.8 um
1.2um
2um
400 um
30 nm
0.2um
1x10¥em
1x10¥em?
7.04x102 cnr?

1.04x10% cnp?
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Figure 3.26 Measurements of an industrial AlGaN/GaN HFET device (red symbols)
were fit to TCAD simulations (blue lines) for Vg=1 to -4 volts in 1 volts increments.
The width is determined from where the lateral electric field exhibits a distinct

change in slope near the gate edge as shown in figure 25. Initial investigations revealed that
the width of the high-field zone didn't change across different device dimensions with the
exception of the AIGaN layer thickness. Simulations of the device with the parameters in
table 1 with the exception of a variable AlGaN thickness showed a dependence of the high-
field zone width versus ¢46,y. This was not an accurate picture of a real device since it is
know that the polarization field in the AlGaN layer, 2DEG charge density, and 2DEG
mobility are all dependent on the AlGaN thickness [18, 58]. The structure was simulated
again but this time using a modified and accurate charge profile for AlGaN thickness ranging

from 17 to 30 nm.
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Figure 3.27 High-field zone width versus 7.~ for device simulations in which the
polarization charge was kept constant (blue) and in which the polarization charge was
corrected to be physically accurate (red).

Figure 27 shows the results where simulations for AlGaN thicknesses of 20, 24, 28,
and 30 nm exhibit a constant width of the high-field region of Lyr~60 nm. Further
investigation revealed that the width of the high-field zone is independent of other changes in
device geometry. Simulations were performed for gate lengths of L,=0.5, L,=0.8, and
L,=1.2 um as well as gate to drain spacing ranging from Lg=1.6 to 2 um. Show below in
figure 28 are the results for two different gate lengths L,=0.5 and L,=1.6 um in which
measurements of Lyr were made. These results are indicative of those with different gate to

drain spacing in that there is no observed change in the high-field zone width. Measurements

of the high-field zone width were performed on simulations of a separate industrial
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AlGaN/GaN HFET device with Ly=0.2 um, Ls;=0.7 um, Ly¢=1.1 um, taigax=20 nm, and

tgan=0.5 um also resulting in Lyp=60 nm.
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Figure 3.28 Lateral electric field profile along a horizontal cutline through the center of
the channel for a device with Ly=0.5 um (red) and Ls=1.2 um (green).

So, changes in the physical structure of the device have shown little to no effect on
the width of the high-field region as well as the slope of the field or E,,,. All of the previous
measurements were taken at or near the pinchoff voltage as it is the low current, high voltage
region of operation in which the field magnitudes are the largest and breakdown is important

[6]. Multiple TCAD simulations were then performed across the full range of the IV plane
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for the experimental device. The dependence of the high-field region width and the slope of
the lateral electric field on both drain and gate voltage was investigated. First, to show the
behavior under the highest field magnitudes, figure 29 below includes several lateral electric
field cutlines through the channel with the device pinched-off at V,=-4 volts and the drain
voltage ramped from V=30 to 100 volts in 10 volt increments. The width of the high-field

still remains approximately constant.
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Figure 3.29 Lateral electric field distribution in the center of the conducting channel for
V=-4 volts and V=30 to 100 volts in 10V steps. Inset table lists the slope of Ey in zone 4,
in the high-field region, and the ratio of the two. Results obtained from TCAD
simulations using Table 1 parameters and Drift-Diffusion, Lateral field dependent
mobility, and SRH recombination models.

As the drain voltage is increased at a constant gate bias, the area inside the lateral

electric field profile must increase accordingly. But, since a constant gate bias is applied and
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the channel current is (relatively) constant, the charge concentration in the charge deficit
zone must remain the same leaving the slope, dEx/dx, approximately the same for varying
drain voltages. This same behavior is seen in the high-field region as the peak lateral electric
field magnitude at the gate edge increases with drain bias. Inset in figure 29 are the
measurements taken from the simulations. The slope of the lateral electric field (V/cm-um)
was measured in the high-field zone and the charge deficit zone. The slope of the lateral
electric field in the high-field region is approximately two times that of the CDZ ranging
from 1.3 times the slope of the CDZ for low voltages to approximately 2 times for drain
biases of 40 volts and above.

A similar situation can be observed in simulations of the HFET for a constant drain
bias of V4=50 volts and varying gate bias of V,=+1 to -4 volts shown in figure 30 below. For
a constant drain bias, the slope of the lateral electric field in the charge deficit zone must
change to accommodate the change in channel current and hence the 2DEG charge density.
The measurements of dE,/dx (inset in figure 30) for both regions reflect this condition.
While the slope in the high-field region varies only a small amount, especially for negative
gate biases, the slope in the CDZ can become very flat at high drain currents resulting in
significant differences in slope between the zones. However, for increasingly negative
values of gate bias, an estimate of the slope in the high-field zone as twice the CDZ becomes
a good approximation. This approximation works well for modeling breakdown in these
devices since the operating regions with the largest electric field magnitudes are those that

are important for impact ionization. Additionally, in this situation of varying gate bias and
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constant drain bias, the width of the high-field region remains to be approximately

unchanged at Lyr=60 nm.
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Figure 3.30 Lateral electric field distribution in the center of the conducting channel for
V4=50 volts and V=1 to -4 volts in -1V steps. Inset table lists the slope of E, in zone 4, in
the high-field region, and the ratio of the two. Results obtained from TCAD simulations
using Table 1 parameters and Drift-Diffusion, Lateral field dependent mobility, and
SRH recombination models.

3.4.4 Approximations and integration with compact model

Of interest to the calculation of breakdown of a 2DEG channel current is the charge
generation in the direction of current flow. Consequently, the vertical electric field, which is

varying and non-zero in the high-field region, is neglected in the calculation of impact
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ionization. Net electron flow in the vertical direction is negligible, and little current is
generated even though the electric field has high magnitude. However, the electric field is at
its peak in the high-field region of the high electron density 2DEG channel and a high
magnitude current flows in the lateral direction. The high magnitude lateral directed electric
field, along with the high electron density in the 2DEG channel, results in charge generation
by impact ionization which adds to the existing channel current.

Using the information from the TCAD simulations and a description of the CDZ from
[40], an expression for the lateral electric field in the high-field region can be derived. As
shown in figure 31, equation 3.25 describes the electric field from the compact model for the
charge deficit zone or Z4 of the HFET. Es4 is the lateral electric field magnitude at the gate
edge predicted by the compact model, L and L, are the source-gate distance and gate length
respectively, q is the electron charge, ng is the sheet charge density, € is permittivity of GaN
and t is the GaN thickness, I is the drain current, and I,.x is the maximum current defined as
[max=W(qngsvsas where W is the device width and v, is the saturated electron velocity. The

lateral electric field expression is

(3.25)

Since the value for the zone width, Lyp, is known and additionally the slope of the

lateral electric field is known to be twice that of the lateral field in the CDZ, the expression
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for lateral electric field is modified to the following expression where E,.x is the new

realistic peak lateral electric field magnitude at the drain-side gate edge,

E(x)=-E

m

[ —1
2 (=L~ L) L T Z 2 (3.26)
&t

The high-field region electric field expression is then inserted into the ionization
integral. The ionization coefficients and approximations discussed in section 3 are applied;
the electron an hole ionization coefficients are considered equal, impact ionization is electron
initiated, and the Fulop approximation of the effective ionization coefficient is used such that

a,(E)=a,-|E (3.27)

n

to allow for a nice analytic solution. Applying the boundary condition of the high-field

zone width, and the ionization integral is evaluated resulting in the following expression

VFN 16

Av— 24 BATS QA & K314 QA B2 B213 AL B3 L2 . BT (3.28)

where k=(qnss/et)((Imax-1d)/Imax). A final drain current including impact ionization generated

current in the channel can then be calculated through a multiplication factor [45]
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Figure 3.31 Lateral electric field distribution in the center of the conducting channel.

The line is E, from the TCAD simulation using the parameters in Table 1. TCAD

models used in the simulation are: Drift-Diffusion, Lateral field dependent mobility,
and SRH recombination. The squares show the approximation of E in Zone 4 (eqn. 3).
The triangles show E, in high field region (eqn. 4). Beyond the high field region eqn. 3 is

valid.

This method of calculating the impact ionization current accounts for the physical

behavior of the HFET. Since the model includes the sharp peaking of the field at the gate

edge that was previously absent in the compact model a more accurate prediction of impact

ionization can be obtained. However, the calculation must be restricted to the regions of

operation in which the approximations made in developing the model are valid.
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3.5 Verification against Measurements

The HFET compact model of [40] is updated to include the channel breakdown
model. The updated Verilog-A™ code was translated and compiled into a user-defined
model for use in Micorwave Office™ (MWO) harmonic balance circuit simulator. The
compact model first determines the normal drain current for the bias conditions using the
standard model in which the CDZ fills the entire depletion region between the gate edge and
the drain neutral zone. Once the current is calculated, the breakdown model determines the
new maximum field at the gate edge due to the high-field region and then calculates any
additional current generated due to impact ionization, depending upon the field description,
and the simulator outputs the final drain current. This process works like a current generator

from drain to source.

3.5.1 DC IV Measurements

Simulations using the compact model with impact ionization turned off were
calibrated to dc IV measurements from an industrial AlIGaN/GaN HFET device. The HFET
structure, including semiconductor layers thicknesses, impurity doping, and device geometry
dimensions were input to the compact model as they were in the TCAD model. Excellent
agreement between measurement and simulation data was obtained for the dc I-V
characteristics as shown in figure 32. The dc IV characteristics could just as easily be
calibrated with the impact ionization model turned on but as discussed in the following
paragraph, this will have a slight effect on accuracy. Additionally, it is known that without

the breakdown model included, the RF performance simulation has a poor fit to the
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measurements at large input drive levels [6]. Simulations are therefore performed with the
breakdown model turned on and the ionization coefficient is tuned to show excellent
agreement with the measurements for the entire range of input power.

The complete model with breakdown included generated the simulated I-V curve at

pinch-off which includes the excess current due to impact ionization,

0.4
Model Sim . =
Sim_ W/ breakdown
Measurements
-
0.3 DynamicLoad line =

mi}
i

i}

mi}

Drain Current (A)
o
o

an_'ne;;yej=‘46\i'l
0.1 '

0 10 20 30 40 50
Drain Voltage (V)

Figure 3.32 Simulations of DC I-V curves for an AlIGaN/GaN HFET (Structure same as
TCAD model). Red X’s are the measurements, Blue squares are the original compact
model simulation (impact ionization turned off), and triangles are the compact model

including impact ionization for pinch-off. The oval line is an overlay of the dynamic
load-line at maximum PAE.
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shown in figure 32. Deviations from the dc I-V measurements can occur for other points on
the I-V plane where there is a much smaller amount of excess current generated due to
impact ionization but where the fields are not sufficient to cause avalanche breakdown. The
compact model does not include thermal effects but the calculated increase in current for
moderate drain voltages is likely greater than what is actually experienced due to self-
heating. Experiments show that avalanche breakdown at the lower right side of the RF load-
line is the dominant factor in predicting RF performance measurements [6]. The rate of
ionization increases with applied V45 and becomes the most significant where the electric
field in the high-field region is at a maximum, i.e. large negative Vs and large Vgs. The
excess currents elsewhere in the I-V plane have a minor effect on RF performance and it is
assumed that self-heating effects will reduce or cancel the increased drain current for all but
the lower right corner of the I-V plane where the high voltage, low current portion of the
dynamic load-line exists. Under small-signal operation where nonlinearities due to
breakdown are not important, the excess current from the impact ionization model has only a
minor effect on simulation accuracy. Finally, when biased at pinch-off, the breakdown
voltage is defined at the V45 where avalanche breakdown occurs. DC breakdown was
measured and simulated at V,¢=46 and Vpg=45.9 volts respectively for when the current at
pinchoff exceeds 10 mA/mm. As indicated in figure 32, hard breakdown occurs for V4=50

volts.
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3.5.2 RF Measurements

RF performance data for an S-band communications amplifier fabricated with an
AlGaN/GaN HFET were measured at a frequency of 2.14 GHz HFET for class A-B
operation under three different bias voltages of V4—=28V, V4=38V, and V4=48V. Initially,
the model prediction for the breakdown voltage was inaccurate and underestimated the
magnitude of impact ionization current and the model was unable to match the large-signal
measurements. This problem could be fixed by fitting the model to the measurements by
adjusting the ionization coefficient. The ionization coefficient is the only adjustable
parameter in the breakdown model and can be used to fit the measurements though it is still
based on a physical mechanism. For each bias point the device model required that the
multiplying constant, a,, of the ionization coefficient be adjusted, thereby modifying the
breakdown voltage, until RF output power, gain, and PAE were in agreement with the
measured data. The modeled and measured RF performance data for the V4=28 v bias
voltage condition are shown in figure 33, for V4=38 volts in figure 34, and for V=48 volts

in figure 35.
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Figure 3.33 RF performance of a 2.14 GHz AlGaN/GaN amplifier operating in class

AB and Vds=28V, an=6.41x10'21cm3V'4. Impact ionization model is turned on and

predicts a breakdown voltage of Vp,4=51V.
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Figure 3.34 RF performance of a 2.14 GHz AlGaN/GaN amplifier operating in class
AB and Vds=38V, a,=4.71x10*'em’*V~, Impact ionization model is turned on and
predicts a breakdown voltage of Vp4=51V.
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Figure 3.35 RF performance of a 2.14 GHz AlGaN/GaN amplifier operating in class
AB and Vds=48V, an=3.61x10'21cm3V'4. Impact ionization model is turned on and
predicts a breakdown voltage of V,4=51V.

All three sets of measurements were modeled with good accuracy, in agreement with
the measured data using an ionization coefficient in the range of aeff:3.61X10_2 "E* em™ to
(Xeff:6.41X10_21E4 cm'l, as shown in figure 36. The extracted a, is about an order of
magnitude greater than that predicted by [44] for bulk GaN. However, avalanche ionization
for the HFET is occurring in the 2DEG conducting channel located at the AlGaN/GaN
heterointerface, rather than within the bulk GaN semiconductor. Ionization coefficients for an

AlGaN/GaN 2DEG have not been reported, but it is likely that the high electron density and

mobility in the 2DEG and the large vertical polarization field in the AlGaN layer contributes
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to an increase in the ionization rate. Thin increased ionization coefficient can be seen in

figure 36 below.

3.5.3 Variable Ionization Coefficient

The results of fitting the simulation to the large-signal measurements using the
ionization coefficients as an adjustable parameter allows the RF breakdown voltage to be
extracted. Results indicate that RF breakdown voltage increases for increasing drain bias.
This effect is not predicted by the impact ionization model as evidenced by the necessity to
change the ionization coefficient to match the measurements at each V4. There is no
functionality built into the model to account for a changing ionization coefficient. We know
that the dc, room temperature measured breakdown voltage for this device shows a Vpg=46
volts and that measurements predict an RF breakdown voltage of approximately Vi,¢=51
volts. A increase in Vg must occur for operating points at V4=38 and V4=48 volts. Since the
voltage at which channel breakdown occurs determines when the device’s output voltage
saturates, it is expected that the RF breakdown voltage, Vi4, will increase with increased
drain bias voltage of else the device would be inoperable. This effect is illustrated if you
imagine the load-line in figure 32 shifted over for V4=38 volts drain bias, but with the same
breakdown as V4=28.

Figure 36 shows the predicted ionization coefficients for each bias point as compared
to the ionization coefficients predicted for bulk GaN at 300K. As the drain bias increases a
smaller value of a, is necessary to predict V4. Less excess charge is generated as the class

A-B bias point is increased to higher voltages resulting in increased breakdown voltage.
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Figure 3.36 Impact ionization coefficients necessary to fit the simulator output to large-
signal measurements of a 2.14 GHz. AIGaN/GaN HFET at three separate bias
conditions.

3.6 Temperature Dependence of Breakdown

The RF breakdown voltage dependence on bias condition can be explained through
the temperature dependence of the impact ionization process. With increased bias voltage
there is a subsequent increase in quiescent dissipated power within the device. The resulting
increase in temperature reduces the electron mean free path and leads to a reduction in the
number of ionizing collisions. The temperature dependence of the electron mean free path is

approximately given by
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E
A=1, tanh( l/2ij

(3.30)

where Ao is the mean free path at absolute zero and E,, is the average energy lost in a

phonon collision [43]. The lower ionization rate means that less excess charge is generated

in the high-field region at a higher temperature and the onset of avalanche breakdown is

delayed. The positive temperature coefficient, indicated in the experimental data (figure 37),

is a signature of impact ionization that has been identified in the breakdown of GaN diodes

[59, 60] as well as AlGaN/GaN GaN HFETs [30, 33, 55].
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Figure 3.37 RF Breakdown voltage versus drain bias for a 2x200 um 2.14 GHz.

AlGaN/GaN PA operating in class AB for Vd=28, 38, 48 volts. Values of V4, a,, and Py
were extracted from fitting large-signal performance measurements at each bias point

with breakdown model ‘on’.
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3.6.1 Temperature Dependent Ionization Coefficients

In order for the breakdown model to accurately predict the RF breakdown voltage
under varying bias conditions it is necessary to introduce a temperature dependent ionization
coefficient that can account for the device heating and adjust the ionization rate accordingly.
A measurement based model is proposed. This simple model assumes that the field
dependence is constant, o~ E?, and the multiplying factor a, will change with temperature.
Impact ionization coefficients for bulk wurtzite GaN at temperatures of 300 K and 600 K

were used from [61] (figure 38).

N=10" em®
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[ scussanesam Holes

lonization coefficient (cm’™)
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Inverse electric field (cm/MV)

Figure 3.38 Electron and hole ionization coefficients for bulk wurtzite GaN for 300 and
600 K from reference [61].
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The temperature sensitivity was extracted from the two curves and then scaled to match
ionization coefficient data from [27] at 300 K. The dependency on temperature was extracted

using

a(E) = Q0| 1+ L aa(E)

300

(7-300)] . (3.31)

Assuming the power approximation for the effective ionization coefficient for different

temperatures,

4

E|", (3.32)

aeff(E)zan ’

the coefficient @, (T) can be described by a linear function using the results of equation

3.31 to get
a,(T)=-333x107 -T +3.85x107, (3.33)
At this point a simple thermal circuit as that shown in figure 39 can be employed
where AT=P R, where T3y 1s the ambient temperature, 7., is the channel temperature, Py 1s

the device dissipated power at a particular operating point, and Ry, is the device thermal

resistance.
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T300

Figure 3.39 Thermal circuit used to calculate temperature rise for a given dissipated
power.

The device temperature rise is now linked to the dissipated device power. Using this
thermal sub-circuit, the coefficient can be written as
a,(P,R,)=2.85x10" -3.33x10 - P,R,,. (3.34)
P, and a, are extracted from the experimental data by comparing the predictions obtained
from the model to the RF measured performance data at each bias point as was done in the
previous section (Fig. 1). P; was determined from the RF load line once agreement was
obtained. The result of the thermal model is the ability to extract the value for device thermal

resistance using equation 3.34.
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3.6.2 Temperature Model Verification

Unique to this model is the extraction of a physical parameter, the thermal resistance,
that can be compared to the actual value for this device. Extracted Ry, values range from R,,=
5.5 to 7.4 °C/(W/mm) for the HFET used in the simulation which has a 2 x 200 pm device
geometry. The extracted thermal resistance values were check against reports of thermal
resistance for similar devices and then checked against an analytical model for thermal
resistance in AlIGaN/GaN HFETs. Measurements by Kuball et al. of multi-finger
AlGaN/GaN HFETs on SiC substrates with similar device dimensions using micro-Raman
spectroscopy reveal a similar thermal resistance of R;=6.4 °C/(W/mm) for a 1 x 200 um
device and up to R;=12.9 °C/(W/mm) for a 4 x 500 um HFET [62]. Similar agreement was
obtained when comparing the extracted thermal resistance to the results of a separate analytic
model [63]. Darwish's compact physical model of the thermal resistance of AlGaN/GaN
HFET devices has been verified against measurements and numerical simulations of multiple

device designs and substrates. The thermal resistance is given by
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(3.35)

(3.36)

(3.37)

(3.38)

and ¢; is the GaN layer thickness, 7, is the substrate thickness, W, is the device width, s is

the spacing between the gates, L, is the gate length, and kg.v and kg, are the thermal

conductivities of GaN and substrate respectively and are considered constant. A calculation

of the thermal resistance by applying this model to our device's structure and parameters

gives a thermal resistance of R;=10 °C/(W/mm).
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Another parameter that the thermal model allowed us to extract is the temperature
coefficient of breakdown, dV/dT= 5. For this device #,=0.22 VK'I, which is in good
agreement with values obtained for AlGaN/GaN HFETs of 7,=0.33 VK from [55],
n»=0.12 and #,=.32 VK! for non-passivated and passivated surfaces of AlGaN/GaN HFETs

from [33].
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3.6.3 Flowchart of Extraction and Verification
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Chapter 4 Conclusions and Future Work

4.1 Conclusion

In this thesis two problem areas of AlGaN/GaN HFETs were addressed. First the
nonlinear source resistance phenomenon due to the onset of space-charge-limited current
flow in the HFET channel was investigated. Through TCAD simulations the threshold for
SCLC transport was studied in two situations. Starting with modeling the 2DEG as a piece
of GaN semiconductor, as was used for the derivation of the nonlinear source resistance
model, and secondly the source access region was model as a physically accurate
AlGaN/GaN hetero-structure. Results of the simulations showed that since the source of the
2DEQG electrons are ionized surface states and the threshold for SCLC depends on 2DEG
electron concentration, then the condition of the AlGaN surface is an important factor in the
threshold. Since the nonlinear source resistance can degrade device performance,

understanding how the surface treatment affects the onset of nonlinear resistance is useful.

The second part of this thesis dealt with developing a physical model for the channel
breakdown phenomenon that could be integrated with a previously developed physics-based
model of AlGaN/GaN HFETs. An existing physics-based compact model of AlIGaN/GaN
HFETs was modified to include a simplified physical model of impact ionization initiated
channel breakdown. The breakdown voltage is determined by calibrating the model to large-
signal performance measurements. It was shown that by accounting for breakdown effects,

large-signal performance measurements of an industrial AlIGaN/GaN HFET device, including
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power-added efficiency, gain, and output power, can be predicted by using the ionization rate
as a fitting parameter. Tuning the model to large-signal performance measurements of other
devices may be necessary using the ionization coefficient factor, a,, due to differences in
material quality, process technology as well as the uncertainty of ionization coefficients in
AlGaN/GaN channels. But once established for a particular device, the model is completely
predictive. The model includes the dependence of breakdown voltage on drain bias and was
shown to be an effect of a temperature dependent impact ionization process. This
temperature model was verified by the extraction of R, and #;, that agree well with published
values for similar devices and predictions of R, from an independent analytical thermal

resistance model.

4.2 Future Work

In this thesis we derived a simplified model of channel breakdown that is dependent
on the physical parameters of the device as well as the bias conditions. However, for this
simple model a dependence on frequency is not included. Analysis of the differences of the
dc and RF breakdown voltages in these devices is needed. The model is verified on an S-
band communications amplifier operated at 2.14 GHz. For this device the dc and RF
breakdown voltages are nearly identical. To be able to accurately model channel breakdown
at W-band and above some consideration of the frequency effects will likely be necessary.
The problem arises when the high magnitude electric field in the device channel changes so
fast that electrons cannot fully respond to changes in the field fast enough. Farahmand et al.

studied this effect in bulk GaN and GaN MESFETs using Monte Carlo analysis [16]. They
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found that the average electron energy decreases with increasing RF drive frequency. The
implication is that for the same drive voltage, the impact ionization coefficient will be
reduced and the breakdown voltage of the device will increase with increasing frequency. So
in order to accurately model high-frequency devices, this dependency should be introduced
to the breakdown model.

Secondly, the accuracy of the breakdown model depends largely on the ionization
coefficients used in the calculation. While the approximations applied to this problem are
valid, ionization coefficients for bulk GaN are still being used in the model and require some
calibration to the measurements. A study to determine the impact ionization coefficients in
an AlGaN/GaN two-dimensional electron gas would be useful not only for predicting
accurate breakdown voltages but also for deriving a physical model of the temperature

dependence of the coefficients as well.
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Appendix A TCAD Input Deck For HFET Simulation

go atlas
Title HFET

# MESH DEFINITION
mesh width=400

x.mesh loc=0.0 spac=0.05
x.mesh loc=0.8 spac=0.05
x.mesh loc=1.0 spac=0.02
x.mesh loc=1.2 spac=0.01
x.mesh loc=2.0 spac=0.001
x.mesh loc=2.2 spac=0.006
x.mesh loc=2.5 spac=0.05
x.mesh loc=4.0 spac=0.05

y.mesh loc=0.0  spac=0.01
y.mesh loc=0.02  spac=0.005
y.mesh 1oc=0.0297 spac=0.0001
y.mesh loc=0.04  spac=0.005
y.mesh loc=0.1  spac=0.05
y.mesh loc=0.2  spac=0.05

# REGIONS AND ELECTRODES

region num=1 material=GaN y.min=0.0297

region num=2 material=AlGaN y.max=0.0297 x.composition=0.2

elec  num=1 name=source x.min=0.0 x.max=0.0 y.min=0.0 y.max=0.05

elec ~ num=2 name=gate Xx.min=1.2 x.max=2.0 y.min=0.0 y.max=0.0

elec  num=3 name=drain x.min=4.0 x.max=4.0 y.min=0.0 y.max=0.05

# DEVICE DOPING

doping  uniform region=1 n.type conc=1.e15

doping  uniform region=2 n.type conc=1.e16

doping  uniform x.min=0.0 x.max=0.1 y.min=0.0 y.max=0.05 n.type conc=5.¢19
doping  uniform x.min=3.9 x.max=4.0 y.min=0.0 y.max=0.05 n.type conc=5.e19

material material=AlGaN affinity=3.8 mun=600 mup=10 vsatn=1E6 nc300=2.07¢e18
material material=GaN affinity=4.4 permitti=10.1 nc300=1.07¢18

mobility material=GaN mun=1050 mup=10 betan=1.5 vsatn=1.4e7

contact name=gate workfun=>5.39

#contact name=source con.resistance=.5e-7

#contact name=drain con.resistance=.5e-7
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interface x.min=0 x.max=4.0 y.min=0.0297 y.max=0.0297 charge=8.4e12 S.S
interface x.min=0 x.max=4.0 y.min=0 y.max=0 charge=-0.9¢12 S.X

model material=AlGaN fldmob evsatmod=0 srh print

model material=GaN fldmob evsatmod=0 srh print

#trap e.level=0.59 acceptor density=1.5E16 degen=1 sign=1E-14 sigp=1E-14
#impact region=1 selb E.DIR egran=.4e6 an1=2.9¢8 bn1=3.4e¢7 ap1=2.9¢8 bp1=3.4e7
an2=1.9e6 bn2=3.4e7 ap2=1.9¢6 bp2=3.4¢7

# SOLUTIONS

method newton trap itlim=35 maxtrap=10 carriers=2
solve vgate=0 outf=hfet vgate0.bin

solve vgate=0.001

solve vgate=0.002

solve vgate=1 outf=hfet vgatel.bin

solve vgate=-1 outf=hfet vgate-1.bin

solve vgate=-2 outf=hfet vgate-2.bin

solve vgate=-3 outf=hfet vgate-3.bin

solve vgate=-4 outf=hfet vgate-4.bin

load infile=hfet vgate0.bin

log outf=hfet vd sweep vgate0.log

solve name=drain vdrain=0

solve name=drain vdrain=0.001

solve name=drain vdrain=0.002

solve name=drain vdrain=0.5 vfinal=5 vstep=0.5
solve name=drain vdrain=6 vfinal=11 vstep=1
solve name=drain vdrain=12 vfinal=50 vstep=2
save outf=hfet Vg0OVd50.str

load infile=hfet vgatel.bin

log outf=hfet vd sweep vgatel.log

solve prev

solve name=drain vdrain=0.0001

solve name=drain vdrain=0.002

solve name=drain vdrain=0.5 vfinal=5 vstep=0.5
solve name=drain vdrain=6 vfinal=11 vstep=1
solve name=drain vdrain=12 vfinal=50 vstep=2
save outf=hfet VglVd50.str

load infile=hfet vgate-1.bin
log outf=hfet vd sweep vgate-1.log
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solve prev

solve name=drain vdrain=0.0001

solve name=drain vdrain=0.002

solve name=drain vdrain=0.5 vfinal=5 vstep=0.5
solve name=drain vdrain=6 vfinal=11 vstep=1
solve name=drain vdrain=12 vfinal=50 vstep=2
save outf=hfet Vg-1Vd50.str

load infile=hfet vgate-2.bin

log outf=hfet vd sweep vgate-2.log

solve prev

solve name=drain vdrain=0.0001

solve name=drain vdrain=0.002

solve name=drain vdrain=0.5 vfinal=5 vstep=0.5
solve name=drain vdrain=6 vfinal=11 vstep=1
solve name=drain vdrain=12 vfinal=50 vstep=2
save outf=hfet Vg-2Vd50.str

load infile=hfet vgate-3.bin

log outf=hfet vd sweep vgate-3.log

solve prev

solve name=drain vdrain=0.0001

solve name=drain vdrain=0.002

solve name=drain vdrain=0.5 vfinal=5 vstep=0.5
solve name=drain vdrain=6 vfinal=11 vstep=1
solve name=drain vdrain=12 vfinal=50 vstep=2
save outf=hfet Vg-3Vd50.str

load infile=hfet vgate-4.bin

log outf=hfet vd sweep vgate-4.log

solve prev

solve name=drain vdrain=0.0001

solve name=drain vdrain=0.002

solve name=drain vdrain=0.5 vfinal=5 vstep=0.5
solve name=drain vdrain=6 vfinal=11 vstep=1
solve name=drain vdrain=12 vfinal=50 vstep=1
#solve name=drain vdrain=53.1 vfinal=54 vstep=.1
save outf=hfet Vg-4Vd50.str

output  j.electron j.hole impact j.conduc j.total e.velocity ex.velocity ey.velocity ex.field
ey.field \

flowlines e.mobility h.mobility e.temp h.temp con.band val.band qfn j.disp photogen gss
charge
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tonyplot -overlay hfet vd sweep vgatel.log hfet vd sweep_ vgate(.log
hfetRFMD vd sweep vgate-1.log hfet vd sweep vgate-2.log \

hfet vd sweep vgate-3.log hfet vd sweep vgate-4.log meas vgatel.log
meas_vgate(.log meas_vgate-1.log meas vgate-2.log \

meas_vgate-3.log meas_vgate-4.log

quit
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Appendix B TCAD Input Deck for Ungated Heterostructure

go atlas

#

Title new_device

#

# SECTION 1: Mesh input

mesh

x.mesh loc=0.0 spac=0.003
x.mesh loc=0.09 spac=0.007
x.mesh loc=0.11 spac=0.01
x.mesh loc=0.6 spac=0.01
x.mesh loc=0.73 spac=0.007
x.mesh loc=0.85 spac=0.003

y.mesh loc=0.0  spac=0.001
y.mesh loc=0.02  spac=0.001
y.mesh 1oc=0.0297 spac=0.0005
y.mesh loc=0.04  spac=0.0009
y.mesh loc=0.045 spac=0.001
y.mesh loc=0.05 spac=0.001
#y.mesh loc=0.2  spac=0.02
#y.mesh loc=0.3 spac=0.05
#y.mesh loc=0.4 spac=0.08

# SECTION 2: Structure Specification

#

region num=I1 material=GaN y.min=0.0297 y.max=0.05

region num=2 material=AlGaN y.min=0 y.max=0.0297 x.composition=0.2
#

elec  num=1 name=source x.min=0.0 x.max=0.0 y.min=0 y.max=0.05
elec ~ num=2 name=drain x.min=0.85 x.max=0.85 y.min=0 y.max=0.05

# SECTION 3: Doping Definition

# n-bulk

doping  uniform region=1 n.type conc=1.el5

doping  uniform region=2 n.type conc=1.e16

doping  uniform x.min=0.0 x.max=0.02 y.min=0 y.max=0.05\
n.type conc=5.e¢19

doping  uniform x.min=0.83 x.max=0.85 y.min=0 y.max=0.05 \
n.type conc=5.¢19

123



doping  uniform x.min=0 x.max=0.85 y.min=0 y.max=0.001 n.type conc=6e¢19

interface x.min=0 x.max=5.0 y.min=0 y.max=0 charge=-1.02¢13 S.X
interface x.min=0 x.max=>5.0 y.min=.0297 y.max=0.0297 charge=1.02e13 S.S
# SECTION 4: Material & Models Definitions

mobility material=GaN vsatn=1.2E7 betan=1.0

mobility material=AlGaN vsatn=1E6

material material=AlGaN affinity=2.6 mun=300 mup=10 nc300=2.07e18
material material=GaN affinity=3.6 mun=1500.0 mup=10 nc300=1.07¢18
model fldmob srh print

model material=GaN fldmob srh print

#quantum

contact name=source
contact name=drain current

# SECTION 5: 1d-Vd calculation

log outf=Nd 5e19.log master
method newton trap itlim=35 maxtrap=10 carriers=1 elect
solve init

#solve qfactor=0.0

#solve gfactor=0.0000001
#solve qfactor=0.000001
#solve gfactor=0.00001
#solve qfactor=0.0001

#solve gfactor=0.001

#solve qfactor=0.01

#solve gfactor=0.1

#solve qfactor=1

solve 1drain=0.00001

solve idrain=0.0001

solve 1drain=0.0008

solve idrain=0.00085

solve 1drain=0.001

#solve idrain=0.0015

#solve idrain=0.0018

#solve idrain=0.004

#solve idrain=0.005

solve electrode=2 idrain=.001 nstep=25 ifinal=.00151

output impact j.electron j.hole j.conduc j.total e.velocity ex.velocity ey.velocity ex.field
ey.field \
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flowlines e.mobility h.mobility e.temp h.temp con.band qfn j.disp photogen gss val.band
charge
save outf=Nd 5el9.str

quit
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Appendix C TCAD Input Deck for Bulk GaN

go atlas

#

Title simple GaN Slab

#

# SECTION 1: Mesh Input
#

mesh

X.m 1=0.0 spac=0.02
X.m 1=0.05 spac=0.01
X.m 1=0.175 spac=0.01
X.m 1=0.45 spac=0.03
X.m 1=1.2 spac=0.03
X.m 1=1.4 spac=0.01
X.m 1=1.55 spac=0.01
X.m 1=1.6 spac=0.02
#

y.m 1=0.0 spac=0.01
y.m 1=1.0 spac=0.01

#

#

# SECTION 2: Regions & Electrodes
#

region num=1 material=GaN x.min=0.0 x.max=1.6
#

elec ~ num=I name=cathode y.min=0 y.max=1 x.min=0.0 x.max=0.0
elec =~ num=2 name=anode y.min=0y.max=1 x.min=1.6 x.max=1.6

contact name=cathode
contact name=anode current

# SECTION 3: Doping Definition
# n-bulk
doping region=1 uniform conc=5¢19 n.type

doping  uniform x.min=0.0 x.max=0.05 y.min=0.0 y.max=1.0 \
n.type conc=5.e20

doping  uniform x.min=1.55 x.max=1.6 y.min=0.0 y.max=1.0\
n.type conc=5.e20

#
# SECTION 4: Material & Models Definitions
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mobility material=GaN betan=1 vsatn=1.2¢7

material material=GaN mun=1500.0 affinity=3.3 mup=10 nc300=1.07¢18
models fldmob srh print

#

#

# SECTION 5: 1d-Vd calculation

method newton carriers=2 trap itlim=35 maxtrap=10

log outf=GaNSlab Nd 5e19 .962A.log master

solve init

solve ianode=0.00001

solve ianode=0.0001

solve ianode=0.001

solve ianode=0.002

solve ianode=0.003

solve ianode=0.004

solve ianode=0.005

solve ianode=0.006

solve ianode=0.01

solve electrode=2 ianode=.01 nstep=25 ifinal=.962

#solve electrode=2 vanode=0 nstep=>50 vfinal=5

#

output j.electron j.hole j.conduc j.total ex.velocity ey.velocity e.velocity ex.field ey.field \
flowlines e.mobility h.mobility e.temp h.temp con.band qfn gss charge j.disp \
photogen impact

save outf=GaNSlab Nd 5e19 .962A.str

quit
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Appendix D MWO Script

" Code Module
Option Explicit

Sub Main

Debug.Clear
Dim Rth As Double
Dim T1 As Double
Dim T2 As Double
Dim Pdc As Double
Dim Pd As Double
Dim An As Double
Dim i As Double
Dim j As Double
Dim Pin As Double
Dim p As Double
Dim delT As Double
Dim P_out() As Double
Dim PAE () As Double
Dim Gain_()As Double
Dim pstart As Double
Dim pstop As Double
Dim pstep As Double
Dim pskip() As Double
Dim Tcrit As Double
Dim g As Graph
Dim PAE As Measurement
Dim Pout As Measurement
Dim Gain As Measurement
Dim hfet As Element
Dim PinSwp As Element
Dim schem As Schematic
Dim d As DataFile
Dim errornumber As Long

Rth=getRthermal()

Debug.Print "Rth=";Rth
'Rth=16
createDataFiles("Sim_PAE 28")
createDataFiles("Sim_Pout 28")
createDataFiles("Sim_Gain_28")
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Set schem = Project.Schematics("HB_28")

Set hfet = schem.Elements("Lib HFETNCSUD.X1")
Set PinSwp = schem.Elements("SWPVAR.SWP1")
Set g = Project.Graphs("LSmatch 28v")

""initialize some varialbes"""

i=0

j=0

delT=10

T2 =26.85

An=-3.18e-29 * T2 + 10.17e-27
'An =-5.086e-29 * T2 + 1.0687¢-26

Begin Dialog UserDialog 400,203 ' %GRID:10,7,1,1
OKButton 90,168,90,28
CancelButton 250,168,90,28
Text 50,63,110,14,"Power Start:",. Textl,2
Text 50,98,110,14,"Power Step:",. Text2,2
Text 50,133,110,14,"Power Stop:",.Text3,2
TextBox 210,63,120,21,. TextBox1
TextBox 210,98,120,21,. TextBox2
TextBox 210,133,120,21,.TextBox3
Text 40,14,310,21,"Enter power sweep parameters (dBm)",. Text4,2
End Dialog
Dim dlg As UserDialog
dlg.TextBox1 ="-7"
dlg. TextBox2 ="1"
dlg. TextBox3 ="17"
'Dialog dlg

errornumber = Dialog(dlg)

If (errornumber = 0) Then
MsgBox ("Simulation Ended","End Simulation")
End

End If

pstart = CStr(dlg. TextBox1)

pstep = CStr(dlg. TextBox2)

pstop = CStr(dlg. TextBox3)

checkInputs(pstart,pstep,pstop)

Terit = .1 'delta T threshold

Debug.Print

" Pin ";vbTab;" Pout (mw)";vbTab;vbTab;vbTab;" PAE ";vbTab;vbTab;vbTab;" Gain "

For p = pstart To pstop Step pstep 'loop to sweep Pin
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i=i+1 'tracking power value for plotting

ReDim Preserve P_out(i) As Double 'grow arrays eh iteration to store outputs for
plotting

ReDim Preserve PAE (i) As Double '

ReDim Preserve Gain (i) As Double'

Do 'inner loop to reconcile temperature at each Pin
T1=T2
PinSwp.Parameters("Values").ValueAsDouble = p 'set the power
level
Project.Simulator.Analyze 'run the simulator
Set PAE =
g.Measurements("HB 28.AP HB:PAE(PORT 1,PORT 2)[1,X]") 'get the simulation results
Set Pout = g.Measurements("HB_28.AP_HB:PT(PORT 2)[1,X]")
Set Gain =
g Measurements("HB_28.AP_HB:PGain(PORT 1,PORT 2)[1,X]")
""calculations to determine T and An"""
Pin = Pout.Y Value(1,1)/Gain.Y Value(1,1)
Pdc = (Pout.Y Value(1,1)-Pin)/(PAE.Y Value(1,1)*.01)
Pd = Pdc + (Pout.YValue(1,1) - Pin)
If Pd > 10000 Then
j=jt+1
ReDim Preserve pskip(j) As Double
pskip(j) = p
GoTo nextP
End If
T2 =26.85 + Pd*Rth 'next temp and 'an' based on
results
An =-2.245e-29 * T2 + 8.886e-27
'An =-5.086e-29 * T2 + 1.0687¢-26
hfet.Parameters("an").ValueAsDouble = An "set new value for 'an’
delT = Abs(T2 - T1)
'Debug.Print "Pin=";Pin;" Pd=";Pd;" T1=";T1;" T2=";T2;" delT";delT
Loop Until delT < Tcrit 'loop until temps match
save output values in arrays for plotting
P _out(i) = 1000*Pout.Y Value(1,1)
PAE (i) = PAE.YValue(1,1)
Gain_(i) = Gain.Y Value(1,1)
Debug.Print p; vbTab; P_out(i);vbTab; PAE (i);vbTab; Gain (i)

m

nextP:
Next p
"""Saving the simulation data for plotting

e
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Set d = Project.DataFiles("Sim_PAE 28")
saveData(d, PAE (), pstart, pstop, pstep.j, pskip())
Set d = Project.DataFiles("Sim_Gain 28")
saveData(d, Gain_ (), pstart, pstop, pstep, j, pskip())
Set d = Project.DataFiles("Sim_Pout 28")
saveData(d, P_out(), pstart, pstop, pstep, j, pskip())
Project.Simulator.Analyze ""display simulation data
End Sub
Function checkInputs(pstart As Double, pstep As Double, pstop As Double)
If pstart>pstop Then
MsgBox ("'Power Stop' must be less than 'Power Start',"Error")
End
End If
If pstep <=0 Then
MsgBox ("'Power Step' must be greater than zero","Error")
End
End If

End Function

Function createDataFiles(filename As String)
If Project.DataFiles.Exists(filename) Then
Project.DataFiles.Remove(filename)
Project.DataFiles. AddNew(filename, mwDFT TXT)
Else
Project.DataFiles.AddNew(filename, mwDFT TXT)
End If
MWOffice. Windows.Item(filename).Close
End Function
Function saveData(d As DataFile, data() As Double, pstart As Double, pstop As Double,
pstep As Double,j As Double,pskip() As Double)
Dim i As Double
Dim ¢ As Double
Dim m As Double
i=0
For ¢ = pstart To pstop Step pstep
i=i+1
For m=1 To
If ¢ = pskip(m) Then
GoTo skipPoint
End If
Nextm
d.DataAsText= d.DataAsText & ¢ & vbTab & (data(i)) & vbNewLine
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skipPoint:
Next ¢
End Function
Function getRthermal()As Double
Dim schem As Schematic
Dim hfet As Element
Dim tgan, tsub,lg,Wg,kgan ksub,s,term1,term2,term3 As Double

Set schem = Project.Schematics("HB 28") 'access schematic 'DCIV'

Set hfet = schem.Elements("Lib HFETNCSUD.X1") 'access
element'Lib HFETNCSUx Xx'

tgan = hfet.Parameters("tgan"). ValueAsDouble

tsub = hfet.Parameters("tsub").ValueAsDouble

lg = hfet.Parameters("lg").ValueAsDouble

Wg = hfet.Parameters("Wg").ValueAsDouble

kgan = hfet.Parameters("kgan").ValueAsDouble

ksub = hfet.Parameters("ksub").ValueAsDouble

s = hfet.Parameters("s").ValueAsDouble

term1=.3183098865*Log(1.273239546*tgan/lg)/(Wg*kgan)

term2=.3183098865*Log((Sqr(Abs(1.233700548*Wg*ksub/(kgan*tgan)+1))+Sqr(A
bs(1.233700548*Wg*ksub/(kgan*tgan)-1)))*(Sqr(Sqr(Abs(1+(.5)*(Wg"2)/(s"2)-
0.8212785840e-1*(kgan"2)*(tgan”2)/((ksub"2)*(s"2))))+1)-
Sqr(Abs(Sqr(Abs(1+(.5)*(Wg"2)/(s"2)-0.8212785840e-
1*(kgan"2)*(tgan"2)/((ksub”"2)*(s"2))))-
1)))/((Sqr(Abs(1.233700548*W g*ksub/(kgan*tgan)+1))-
Sqr(Abs(1.233700548*Wg*ksub/(kgan*tgan)-1)))*(Sqr(Sqr(Abs(1+(.5)*(Wg*2)/(s"2)-
0.8212785840¢-
1*(kgan”2)*(tgan”2)/((ksub”"2)*(s"2))))+1)+Sqr(Abs(Sqr(Abs(1+(.5)*(Wg"2)/(s"2)-
0.8212785840e-1*(kgan"2)*(tgan"2)/((ksub”"2)*(s"2))))-1)))))/(Wg*ksub)

term3=(.3183098865/(s*ksub))*Log(Sqr(Abs((Sqr(Abs(.1013211838*Wg"2/tsub”2-

0.6657033469¢-
1*kgan”"2*tgan”2/(ksub”2*tsub”"2)+1))+1)/(Sqr(Abs(.1013211838*Wg"2/tsub”2-
0.6657033469¢-1*kgan"2*tgan"2/(ksub”2*tsub”2)+1))-
1)))/Sqr(Abs((Sqr(Abs((.5)*Wg"2/s"2-
.3285114336*kgan”2*tgan”2/(ksub”2*s"2)+1))+1)/(Sqr(Abs((.5)*Wg"2/s"2-
.3285114336*kgan”2*tgan"2/(ksub”"2*s"2)+1))-1))))'/(s*ksub)

getRthermal=term1-+term2-+term3
End Function

132



