


These materials are © 2015 John Wiley & Sons, Inc. Any dissemination, distribution, or unauthorized use is strictly prohibited.

http://www.qorvo.com


These materials are © 2015 John Wiley & Sons, Inc. Any dissemination, distribution, or unauthorized use is strictly prohibited.

by Andrew Moore  
and Jose Jimenez

GaN RF Technology

Qorvo Special Edition



These materials are © 2015 John Wiley & Sons, Inc. Any dissemination, distribution, or unauthorized use is strictly prohibited.

GaN RF Technology For Dummies,® Qorvo Special Edition
Published by 
John Wiley & Sons, Inc. 
111 River St. 
Hoboken, NJ 07030-5774 
www.wiley.com

Copyright © 2015 by John Wiley & Sons, Inc., Hoboken, New Jersey

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form 
or by any means, electronic, mechanical, photocopying, recording, scanning or otherwise, except as 
permitted under Sections 107 or 108 of the 1976 United States Copyright Act, without the prior written 
permission of the Publisher. Requests to the Publisher for permission should be addressed to the 
Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, 
fax (201) 748-6008, or online at http://www.wiley.com/go/permissions.

Trademarks: Wiley, For Dummies, the Dummies Man logo, The Dummies Way, Dummies.com, 
Making Everything Easier, and related trade dress are trademarks or registered trademarks of John 
Wiley & Sons, Inc. and/or its affiliates in the United States and other countries, and may not be used 
without written permission. John Wiley & Sons, Inc., is not associated with any product or vendor 
mentioned in this book. Qorvo and the Qorvo logo, and related trade dress, are trademarks or 
 registered trademarks of Qorvo, Inc. and/or its affiliates in the United States and other countries, 
and may not be used without written permission.

All other trademarks are the property of their respective owners.

LIMIT OF LIABILITY/DISCLAIMER OF WARRANTY: QORVO, INC., THE  PUBLISHER, AND THE 
AUTHOR MAKE NO REPRESENTATIONS OR WARRANTIES WITH RESPECT TO THE ACCURACY 
OR COMPLETENESS OF THE CONTENTS OF THIS WORK AND SPECIFICALLY DISCLAIM ALL 
WARRANTIES, INCLUDING WITHOUT LIMITATION WARRANTIES OF FITNESS FOR A PARTICU-
LAR PURPOSE. NO WARRANTY MAY BE CREATED OR EXTENDED BY SALES OR PROMOTIONAL 
MATERIALS. THE ADVICE AND STRATEGIES CONTAINED HEREIN MAY NOT BE SUITABLE FOR 
EVERY SITUATION. THIS WORK IS SOLD WITH THE UNDERSTANDING THAT NEITHER QORVO 
NOR THE PUBLISHER IS ENGAGED IN RENDERING LEGAL, ACCOUNTING, OR OTHER PROFES-
SIONAL SERVICES. IF PROFESSIONAL ASSISTANCE IS REQUIRED, THE  SERVICES OF A COMPE-
TENT PROFESSIONAL PERSON SHOULD BE SOUGHT. NEITHER QORVO NOR THE PUBLISHER 
NOR THE AUTHOR SHALL BE LIABLE FOR DAMAGES ARISING  HEREFROM. THE FACT THAT AN 
ORGANIZATION OR WEBSITE IS REFERRED TO IN THIS WORK AS A  CITATION AND/OR A 
POTENTIAL SOURCE OF FURTHER INFORMATION DOES NOT MEAN THAT THE AUTHOR OR 
THE PUBLISHER ENDORSES THE INFORMATION THE ORGANIZATION OR WEBSITE MAY PRO-
VIDE OR RECOMMENDATIONS IT MAY MAKE. FURTHER, READERS SHOULD BE AWARE THAT 
INTERNET WEBSITES LISTED IN THIS WORK MAY HAVE CHANGED OR  DISAPPEARED BETWEEN 
WHEN THIS WORK WAS WRITTEN AND WHEN IT IS READ.

ISBN 978-1-119-13553-1 (pbk); ISBN 978-1-119-13554-8 (ebk)

Manufactured in the United States of America

10   9   8   7   6   5   4   3   2   1

For general information on our other products and services, or how to create a custom For Dummies 
book for your business or organization, please contact our Business Development Department in the 
U.S. at 877-409-4177, contact info@dummies.biz, or visit www.wiley.com/go/custompub. For 
information about licensing the For Dummies brand for products or services, contact 
BrandedRights&Licenses@Wiley.com.

Publisher’s Acknowledgments
Some of the people who helped bring this book to market include the following:

Development Editor: Elizabeth Kuball

Project Editor: Elizabeth Kuball

Acquisitions Editor: Katie Mohr

Editorial Manager: Rev Mengle

Business Development  
Representative: Karen Hattan

Custom Publishing Project Specialist: 
Michael Sullivan

Project Coordinator: Melissa Cossell

Special Help: Jennifer Bingham,  
Douglas Reep, Candice Christensen

mailto:BrandedRights&Licenses@Wiley.com


These materials are © 2015 John Wiley & Sons, Inc. Any dissemination, distribution, or unauthorized use is strictly prohibited.

Introduction

G 
allium nitride (GaN) transistors were first demonstrated 
in the 1990s and are now widely available for commer-

cial and defense applications. GaN’s popularity is rooted in its 
high-current, high-voltage capabilities, which makes it highly 
valuable for microwave applications and power switching.

Qorvo is a leader in the development of GaN transistors for 
radio frequency (RF) applications and their underlying process 
technology. Its latest devices support low-noise applications, 
as well as those at higher frequencies and power levels beyond 
200 watts.

Qorvo’s discrete GaN transistors, monolithic microwave inte-
grated circuits (MMICs), and packaged solutions support a 
wide range of applications, including next-generation radar, 
electronic warfare (EW), base transceiver stations (BTS), 
instrumentation, and cable TV (CATV) infrastructures.

GaN technology outperforms other RF technologies because 
it can simultaneously offer the highest power, gain, and 
efficiency combination at a given frequency, and because it 
operates at a higher operating voltage for a reduced system 
current. In this book, we fill you in on GaN semiconductors, 
the GaN field-effect transistor (GaN FET), and some practical 
considerations for deployment of GaN semiconductors.

Foolish Assumptions
This book is written for both technical and non-technical 
readers.  If you’re an executive, salesperson, or design engineer,  
this book is for you. Unless of course, you’re looking for a 
book on indoor gardening!
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Icons Used in This Book
Throughout this book, we occasionally use icons to call atten-
tion to important information. You won’t see the typical cute 
grinning faces or other flashing emoticons, but you’ll definitely 
want to stop and pay attention! Here’s what you can expect.

 This icon points out information that you’ll want to put in 
storage, your memory, or whatever you use to keep track of 
important information like birthdays and phone numbers for 
later use.

 Anything marked with this icon is targeted toward your inner 
geek. Who knows? You may come away with some useful 
knowledge to increase your nerd status.

 No, this isn’t the thing you do to take care of your waitresses 
and bartenders. You should stop and take notice because 
there are nuggets of knowledge that could save you some 
aggravation later on.

Beyond the Book
Although this book is full of good information, we could only 
cover so much in 24 pages! So, if you find yourself wanting 
more after reading this book, just go to www.qorvo.com/gan, 
where you can get to more information about Qorvo’s GaN 
 technologies and products.

Where to Go from Here
Whether you’re new to electrical design and GaN technology 
or a seasoned design engineer looking to use GaN technology 
in your designs, you’ll find this book useful.

Each chapter in this book stands on its own, so you can skip 
around if you like. If you’re familiar with the topics in a chapter, 
you can skip it. We provide cross-references to information in 
other chapters of the book, so you can always find what you’re 
looking for.

http://www.triquint.com
http://www.qorvo.com/gan
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Chapter 1

All about GaN
In This Chapter
▶ Getting acquainted with GaN

▶ Seeing what makes GaN unique

▶ Understanding piezoelectricity

▶ Recognizing the benefit of GaN’s high power density

G 
allium nitride (GaN) is a binary III/V direct bandgap 
semiconductor crystal that is most commonly used in 

general illumination (LED lights) and Blu-ray players. GaN 
is also used in radio frequency (RF  ) amplifiers and in power 
electronics. GaN is a very hard material; its atoms are bonded 
by a very ionic gallium-nitrogen chemical bond that produces 
a bandgap of 3.4 electron volts (eV).

 In semiconductor physics, the bandgap refers to the energy 
required to free the electron from its orbit around the nucleus 
and allow it to move freely through the solid. The bandgap is 
an important material parameter that ultimately determines 
the mass of the freely moving electrons and the electric 
field that the solid is able to withstand. GaN has a bandgap 
of 3.4 eV, which is a big number. That’s why GaN is called a 
wide bandgap semiconductor. In comparison, gallium arsenide 
(GaAs) has a bandgap of 1.4 eV and silicon (Si) has a bandgap 
of only 1.1 eV.

In this chapter, we fill you in on the basics of GaN and explain 
the unique characteristics that make GaN ideal for RF power 
amplifiers and other applications that operate at higher voltages 
and frequencies.
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The Basics of GaN
Gallium (Ga) is a chemical element with atomic number 31. 
Gallium doesn’t exist freely in nature. Instead, it’s a byproduct 
in the production of zinc and aluminum.

The GaN compound is formed by gallium and nitrogen atoms 
arranged, most commonly, in a wurtzite crystal structure. The 
wurtzite crystal structure (shown in Figure 1-1) is hexagonal 
and is characterized by two lattice constants (marked a and c 
in the figure).

Figure 1-1:  The GaN crystal structure.

In the semiconductor world, GaN is usually grown at a high 
temperature (approximately 1,100°C) by metal organic chemi-
cal vapor deposition (MOCVD) or molecular beam epitaxy 
(MBE) techniques on a foreign substrate (silicon carbide [SiC] 
for RF applications, or Si for power electronics applications).

 The GaN-on-SiC approach combines the high power density 
capabilities of GaN with the superior thermal  conductivity 
and low RF losses of SiC. That’s why GaN-on-SiC is the 
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combination of choice for high power density RF performance. 
Today, you can get GaN-on-SiC substrates up to 6 inches in 
diameter.

 The GaN-on-Si combination has a much poorer thermal perfor-
mance and higher RF losses but is much cheaper. That’s why 
GaN-on-Si is the combination of choice for price-sensitive power 
electronics applications. Today you can get GaN-on-Si substrates 
up to 8 inches in diameter.

Why GaN Outperforms Other 
Semiconductors in RF 
Applications

GaN is a relatively new technology compared to other 
semiconductors, such as Si and GaAs, but it has become 
the technology of choice for high-RF, power-hungry appli-
cations like those required to transmit signals over long 
distances or at high-end power levels (such as radar, base 
transceiver stations [BTS], satellite communications, 
 electronic warfare [EW], and so on).

 GaN-on-SiC stands out in RF applications for several reasons:

 ✓ High breakdown field: Because of GaN’s large bandgap, 
the GaN material has a high breakdown field, which allows 
the GaN device to operate at much higher voltages than 
other semiconductor devices. When subjected to high 
enough electric fields, the electrons in the semiconductor 
can acquire enough kinetic energy to break the  chemical 
bond (a process called impact ionization or voltage 
breakdown). If impact ionization is not controlled, it can 
degrade the device. Because GaN devices can  operate 
at higher voltages, they can be used in higher-power 
applications.

 ✓ High saturation velocity: Electrons on GaN have a high 
saturation velocity (the velocity of electrons at very high 
electric fields). When combined with the large charge 
capability, this means that GaN devices can deliver much 
higher current density.
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  The RF power output is the product of the voltage and 
the current swings, so a higher voltage and current 
 density can produce higher RF power in a practically 
sized transistor. Simply put, GaN devices can produce 
much higher power density.

 ✓ Outstanding thermal properties: GaN-on-SiC devices 
exhibit outstanding thermal properties, due largely to 
the high thermal conductivity of SiC. In practical terms, 
this means that GaN-on-SiC devices don’t get as hot as 
GaAs or Si devices when dissipating the same power. 
A “colder” device means a more reliable device.

What Piezoelectricity Is and 
Why It’s Important

GaN is piezoelectric. Piezoelectricity (pronounced pee-ay-  zo-
electricity) is a fancy word that means electricity resulting 
from stress.

 The word piezoelectricity comes from the Greek piezein, which 
means to squeeze or press, and electric or electron, which 
means amber, an ancient source of electrical charge.

GaN is piezoelectric because the gallium-nitrogen bond is 
ionic and because the successive planes of gallium and nitro-
gen atoms are not at equal distance (see Figure 1-2). When 
we squeeze the atoms in a plane, the planes of atoms above 
and below move different distances, creating a net charge, an 
 electric field, and a voltage.

Now that you know why GaN is piezoelectric, you may be 
 wondering why the piezoelectric property of GaN is so impor-
tant. Piezoelectricity in GaN is responsible for part of the 
charge in GaN transistor electron channels. Piezoelectricity 
is also responsible for some of the degradation modes of the 
transistors, which we discuss more in Chapter 3.

 Piezoelectric properties are used daily in some of our more 
common consumer devices, such as smartphones. The 
piezoelectric substrate used in bulk acoustic wave (BAW) 
and surface acoustic wave (SAW) filters — filters that Qorvo 
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produces by the millions — is the key enabler of the multi-
band capabilities of smartphones.

Figure 1-2:  A plane view of a GaN lattice.

The Benefits of GaN’s 
High Power Density

As we mention earlier, GaN-on-SiC is a high-RF power density 
semiconductor. In field-effect transistors, power density is 
typically expressed as watts per millimeter (W/mm), because 
power scales with gate periphery and not gate area. Obviously, 
a higher power density means that more power can be pro-
duced using a smaller amount of device periphery, so a smaller 
device can meet a given power requirement.

Now, smaller devices don’t just mean lower cost of material. 
They also mean

 ✓ Lower capacitances: A circuit designer can design an 
amplifier with wider bandwidth.

 ✓ Lower combining losses: You get higher efficiency, gain, 
and, ultimately, power.
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Today’s mobile communications infrastructure, as well as 
advanced military systems such as phased array radars, com-
munications, and EW, require high-frequency, high-bandwidth, 
high-power, high-efficiency devices. These applications are 
where GaN differentiates itself from other materials.
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Chapter 2

Introducing the GaN 
 Field-Effect Transistor

In This Chapter
▶ Understanding field-effect transistors

▶ Getting acquainted with the GaN FET geometry

▶ Making sense of the GaN FET fabrication process

▶ Comparing the GaN FET with other FET technologies

▶ Looking at advanced GaN FET geometries

F 
ield-effect transistors (FETs) are a mainstay of solid-state 
electronics and have been around for decades. In this 

chapter, we show you how the advantages of gallium nitride 
(GaN) discussed in Chapter 1 (such as high current, high break-
down voltage, and its outstanding thermal properties) can be 
applied to a FET to make the GaN FET a powerful device.

How Field-Effect Transistors Work
The field-effect transistor is a type of transistor commonly 
used for amplifying weak signals (such as wireless signals).

In a FET, current flows along a semiconductor path, known as 
the channel. At one end of the channel is an electrode called 
the source, and at the other end of the channel is an electrode 
called the drain. Electrical current can be modified by apply-
ing a voltage to a control electrode called the gate. Small 
changes in gate voltage can cause a large variation in the cur-
rent from the source to the drain. Because the power required 
to control the channel is much smaller than the power the 
transistor can deliver to a load, the FET can amplify a radio 
frequency (RF) signal.
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There are two types of FETs, which are defined based on the 
state of the channel when no voltage is applied to the gate 
electrode. Enhancement-mode FETs do not conduct  current 
between the drain and source electrodes when the gate elec-
trode is at zero volts. Depletion-mode FETs, on the other hand, 
have the channel fully formed when the gate electrode is at 
zero voltage; current can circulate between the drain and 
source as long as there is a potential difference between them. 
Almost all the GaN FETs for RF applications are  depletion-mode 
FETs. In power electronics, there is a considerable effort to 
create true enhancement-mode FETs.

FETs can be constructed from a number of semiconductors, 
with silicon (Si) the most common by far. Other semiconduc-
tors using the FET’s geometry are gallium arsenide (GaAs), 
indium gallium arsenide (InGaAs), indium phosphide (InP), 
and, of course, gallium nitride (GaN).

a2 + b2 = c2: The GaN  
FET Geometry

GaN FET technology is relatively new compared with other FET 
technologies such as the GaAs FET and Si-based FETs. As in 
any FET device, the GaN FET has two structures: the vertical 
semiconductor structure and the horizontal device structure, 
which we describe in the next sections. Figure 2-1 shows the 
basic geometry of a GaN FET.

Gate Field
Plate

S - Source
G - Gate
D - Drain
SFP - Source Field Plate

SFP

Semiconductor

S G D

Source Field
Plate

Semiconductor

Barrier

Channel

Buffer

Substrate

Surface
Passivation

Figure 2-1:  The basic GaN FET geometry.
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GaN’s vertical semiconductor 
structure
The vertical semiconductor structure of a FET consists of:

 ✓ Gate: This is the metal layer whose voltage controls the 
electrical characteristic of the electron channel.

 ✓ Barrier: This semiconductor layer isolates the gate and 
the channel so that very low current flows between the 
channel and the gate. In GaN FETs, the barrier is typi-
cally made of aluminum gallium nitride (AlGaN), with 
the  aluminum concentration ranging from 15 percent 
to 28 percent. The higher the aluminum concentration, 
the higher the barrier and, thus, the higher the charge 
 capacity of the channel (the charge beyond which elec-
trons start to flow to the gate). High charge channel 
capacity is good because it increases the current that 
the FET can flow between the drain and source.

  Increasing aluminum composition also increases the 
intrinsic strain in the device, reducing its reliability. 
We discuss this strain more in Chapter 3.

 ✓ Channel: The channel is the region where electrons flow 
from the source to the drain. The channel is typically 
made of high-quality GaN with a large mobility and a high 
saturation velocity. Mobility and saturation velocity are 
two parameters that describe how fast the electrons 
move in the solid. The higher the mobility and saturation 
velocity, the larger the current that can circulate between 
drain and source.

 ✓ Buffer: The role of the buffer is to restrict the movement 
of the electrons within the channel. In other words, the 
buffer acts as a barrier that prevents the electrons from 
wandering into the substrate. In a GaN FET, the buffer is 
typically made of GaN doped with carbon (C) or iron (Fe).

 ✓ Substrate: The substrate is the last and thickest layer of 
the vertical structure. The substrate provides mechanical 
support, heat spreading, and electromagnetic confine-
ment. GaN FETs use a foreign substrate (that is, Si or sili-
con carbide [SiC], but not GaN). Because the substrate is 
not GaN, it has a different crystal lattice than the buffer. 
This creates dislocations in the material and ultimately 
reduces the electrical isolation between gate and channel.
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GaN’s vertical FET structure delivers higher current densities 
than Si or GaAs, which is why GaN is great for RF power ampli-
fiers. GaN-on-SiC FET structures also have a high thermal 
conductivity (about 330 W/mC, compared to approximately 
145 W/mC for Si and 52 W/mC for GaAs), which allows GaN 
FETs to dissipate more power without increasing the device 
temperature.

On the downside, GaN’s gate isolation is lower (approximately 
µA/mm, compared to pA/mm for Si and nA/mm for GaAs), 
because of the large number of dislocations in the material.

GaN’s horizontal device structure
As in any other FET, GaN’s horizontal structure consists of the 
following sections:

 ✓ Source electrode

 ✓ Source access region

 ✓ Gate-controlled channel region

 ✓ Drain access region

 ✓ Drain electrode

The most important part of the horizontal structure is the gate. 
Its size determines the speed of the device. The smaller the 
gate, the faster the electrons flow through the gate- controlled 
channel and, thus, the faster the device is. The gates of GaN 
FETs are often 0.1 to 0.5 µm in length.

The drain-gate access region also is an important section. 
A long drain-gate region can sustain higher voltages and, 
thus, deliver higher RF power, but it does so at the expense 
of dissipated power. As a result, a device technologist should 
always choose the minimum drain-to-gate spacing to  sustain 
a particular voltage application. Drain-to-source spacing is 
commonly 3 to 8 µm in length; the drain-to-gate spacing should 
be longer for increased breakdown and shorter for higher 
speed and RF efficiency.

The electric field in the horizontal direction of the FET device 
is highly non-uniform, peaking close to the drain edge of the 
gate. A very high field is not good, for two reasons:
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 ✓ High fields at the semiconductor surface reduce the max-
imum current that a device can deliver in a very short 
time (a phenomenon called current collapse).

 ✓ High fields in the channel can produce impact ionization, 
a process in which electrons gather so much speed that 
they can break the covalent bonds between atoms, a pro-
cess that can damage the device if not controlled.

The GaN FET horizontal geometry uses field plates to engineer 
those high fields. There are two types of field plates depend-
ing on where they’re connected and how they’re used:

 ✓ Gate field plate (GFP): Gate field plates are connected 
to the gate. They’re particularly effective in reducing the 
fields at the surface of the semiconductor very close to 
the gate. Thus, gate field plates reduce the current col-
lapse at low drain-gate voltages.

 ✓ Source field plate (SFP): Source field plates are connected 
to the source, shielding the gate from the drain (a prop-
erty called the Faraday effect). Shielding the gate from the 
drain reduces the feedback between the drain and the 
gate, increasing the RF gain. Source field plates are also 
used to reduce the fields at the surface at high drain-gate 
voltages and reduce the current collapse further.

The GaN FET Fabrication Process
Figure 2-2 shows a typical GaN FET fabrication process. It starts 
with a SiC substrate where the main vertical semiconductor 
layer (buffer, channel, and barrier) is grown. As we mention in 
Chapter 1, this growth is done by metal organic chemical vapor 
deposition (MOCVD) or molecular beam epitaxy (MBE).

The horizontal geometry is created using five basic steps:

 1. Device isolation: Device isolation is performed by ion 
implantation or mesa formation (removal of the chan-
nel layer). Isolation between FET devices is essential 
for creating RF circuits.

 2. Ohmic metallization: Ohmic metallization creates the 
source and drain electrodes. In GaN, ohmic metalliza-
tion has to be done at a very high temperature, much 
higher than in other semiconductors.
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 3. Nitride passivation: After the drain and source are 
formed, the semiconductor is then passivated, most 
commonly using silicon nitride.

 4. Nitride openings and gate metal deposition: Openings 
are created in the silicon nitride, and metals are depos-
ited on them, which creates the gates. The basic FET 
transistor has been created!

 5. Additional nitride and metal layers: After several 
additional layers of nitrides and metals are deposited, 
these layers create source field plates, interconnects, 
and capacitors. These layers also protect the device 
from external factors.

Finally, the substrate is thinned (typically to 100 µm), the bottom 
of the substrate is metallized, and vias (short paths between the 
top and bottom of the substrate) are created. Vias reduce the 
inductance between the device and the ground (the bottom met-
allization layer).

Epi

Growth

Gate Metal+Passivations Backside Thinning Vias

Isolation Ohmic Passivation

Epi Epi Epi Epi

Epi Epi Epi

Figure 2-2:  A typical GaN process flow.

Comparing GaN with Other 
FET Technologies

Figure 2-3 shows the current-voltage (I-V) characteristic of 
a FET with a resistive load line. The I-V characteristic of the 
device is described mainly by three parameters:
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 ✓ IDMax: Maximum saturated current

 ✓ VBR: Breakdown voltage

 ✓ ROn: On resistance between drain and source

These three parameters by themselves control the RF power 
performance of the device. RF power is proportional to the 
current and voltage swings at the load and, thus, proportional 
to the IDMax and the breakdown voltage of the device.

Drain-Source Voltage

RF Load Line

Dr
ai

n 
Cu

rr
en

t D
en

si
ty

VBR

IDMax

R On

Figure 2-3:  Current-voltage characteristics of a FET.

In Chapter 1, we explain that GaN can deliver higher current 
than other semiconductors because it has a high charge capac-
ity in the channel and a high saturation velocity. In Chapter 1, 
we also explain that GaN can sustain higher breakdown fields 
among common semiconductors due to its large bandgap. 
That’s why GaN can deliver the highest RF power density 
among semiconductors.

 GaN-on-SiC has a power performance of approximately 5 watts 
per millimeter (W/mm), compared to approximately 1 W/mm 
for GaAs and 0.3 W/mm for Si.

A low ROn is also important because resistance is where losses 
are generated, reducing the RF efficiency of the device. GaN 
doesn’t have the lowest ROn among semiconductors (InP and 
GaAs are much better), but given the large voltages it sustains, 
its effect on overall efficiency is smaller.

 Use GaN only when you need the highest RF power handling 
(current and voltage).
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Advanced GaN FET Geometries
Improved GaN FET performance can employ several advanced 
geometry techniques:

 ✓ Semiconductor barriers: AlGaN semiconductor barriers 
normally include a cap and spacer layer at each side of the 
barrier. The cap layer made of GaN reduces intrinsic strain 
at the surface, improving device reliability. Aluminum 
nitride (AlN) spacers improve electron mobility in the 
channel. Other advanced techniques for semiconductor 
barriers include the following:

 • Indium aluminum nitride (InAlN): Used to get 
higher electron density and higher speed. InAlN can 
be lattice-matched to GaN, eliminating the intrinsic 
strain of more common barriers such as AlGaN.

 • Gate metal-insulators: Used to reduce gate current 
and power dissipation. Typically, insulators include 
nitrides or atomic layer deposition (ALD) layers, 
such as aluminum oxide.

  ALD is a process that relies on surface chemistry to 
deposit thin films of materials onto substrates. ALD 
reactions use two chemicals, called precursors. The 
reaction of the precursors creates a thin film on the 
substrate.

 ✓ Channels: The typical electron channel is made of 
GaN. Indium may be added to create an indium gallium 
nitride (InGaN) electron channel. The presence of indium 
improves the electron mobility and confinement.

 ✓ Buffers: In most FET implementations, the buffer is made 
of GaN. More advanced buffers incorporate the use of 
low-aluminum AlGaN material for increased electron 
 confinement and reduced short-channel effects.
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Chapter 3

Practical Considerations 
for Deployment

In This Chapter
▶ Identifying reliability and failure modes

▶ Managing the thermal challenge

I 
n previous chapters, we cover gallium nitride (GaN) technol-
ogy and GaN field-effect transistors (FETs). In this chapter, 

we fill you in on some practical considerations for deploying 
GaN technology in systems. Here, we identify the reliability and 
failure modes of deploying GaN technology and provide some 
tips for managing the thermal challenges of GaN.

Reliability and Failure 
Modes of GaN

One of the primary advantages of GaN transistors is their abil-
ity to operate at higher voltages and currents, several times 
higher than transistors fabricated in other semiconductor 
technologies. But these advantages also bring unique reliabil-
ity challenges.

One such challenge arises because of the aluminum gallium 
nitride (AlGaN) typically used in the barrier between the gate 
and the electron channel, which we discuss in Chapter 2. 
Alumi num nitride (AlN) and GaN have different crystal lattice 
constants. When AlN is grown on GaN, its crystal lattice is 
forced to look like that of GaN, creating strain. The higher the 
concentration of aluminum in the AlGaN barrier, the higher 
the mismatch between lattice constants and, thus, the higher 
the strain.
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The piezoelectricity of GaN then creates even more strain 
in the system, through the inverse piezoelectric effect. If the 
piezoelectric properties of GaN produce an electric field, 
then the inverse piezoelectric effect means an electric field 
always produces mechanical strain. The piezoelectric strain 
adds to the lattice mismatch strain of the AlGaN barrier.

In regular operation, GaN FETs have to sustain high electric 
fields at the edge of the gate closest to the drain. If the FET 
is not designed properly, the additional stress on the barrier 
from the inverse piezoelectric effect can crack and degrade 
the device. Figure 3-1 shows a GaN FET with a source and 
drain, and a voltage applied at the gate. Figure 3-2 shows the 
mechanical degradation of the material due to the inverse 
piezoelectric effect.

SFP

GFPSOURCE

SEMICONDUCTOR
High Field Region

SFP - Source Field Plate
GFP - Gate Field Plate

Figure 3-1:  A high electric field region of the FET.

Fresh Device

GATE GATE

Degraded Device

Figure 3-2:  Mechanical degradation at the drain edge of the gate.
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To reduce and eliminate this intrinsic failure mode of GaN 
transistors, the technologist needs to properly design the 
composition and thickness of the semiconductor barrier and 
improve the strength of the semiconductor surface. When 
properly designed, this failure mode can be eliminated.

Today, GaN transistor reliability is very good with extrapolated 
median time to failure (MTTF) in excess of 10 million hours at 
temperatures as high as 200°C, comparable to or higher than in 
other semiconductors. More important, companies like Qorvo 
have shown that devices can operate for 1 million hours at 
200°C with fallout rates below 0.002 percent. Figure 3-3 shows 
an Arrhenius plot of Qorvo’s typical reliability performance for 
its second-generation 0.25 µm GaN FET technology.
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Figure 3-3:  Typical reliability performance using Qorvo’s GaN FET 
technology.

Managing the Thermal Challenge 
with Qorvo’s Technology

Device technology for power amplifiers has always been about 
increasing the radio frequency (RF) power density and gain 
that a transistor can generate at equal or higher speed. Higher 
power density and gain reduce the number of gain stages and 
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the combining losses that eventually limit the raw power, gain, 
and efficiency a chip can deliver at a given frequency.

The push for higher power density led the migration from sili-
con (Si) to standard gallium arsenide (GaAs) to high-voltage 
GaAs, and eventually to GaN.

The migration to higher power density FET technologies has 
also increased the challenge of managing the temperature in the 
device. Keeping the device “cool” is important because higher 
temperature degrades its raw performance and  reliability. On 
paper, GaN can deliver a power density in excess of 20 watts per 
millimeter (W/mm) at relatively high frequencies. In  practice, 
however, its use has been limited to 5 W/mm or less because of 
the high temperature resulting from dissipating large amounts 
of heat in a very compact volume.

Thermal management is ultimately the reason why silicon car-
bide (SiC) is the substrate of choice for high-performance RF 
applications. SiC’s good thermal conductivity is as important 
as the GaN semiconductor for delivering high RF power. It’s 
also the reason why companies such as Qorvo are working 
with substrates with even better thermal properties, such as 
diamond.

To manage the thermal challenge today, circuit designers spread 
the heat sources at the semiconductor surface, increasing the 
distance between device fingers or making those fingers smaller. 
But the thermal challenge doesn’t end at the chip level. The 
packaging engineer also has to help because the heat flux is 
higher at the chip-package interface. A good thermal interface 
between the chip and the package is essential to delivering all 
the RF power density the GaN device can provide.

 In GaN technology, the thermal design is as important as the 
electrical design.
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Chapter 4

Ten Important Facts about 
GaN Technology

In This Chapter
▶ Seeing what sets GaN apart

▶ Recognizing the advantages of GaN

I 
n this chapter, we offer ten important facts to remember 
about gallium nitride (GaN) technology.

 ✓ GaN devices can deliver ten times more power density 
than gallium arsenide (GaAs) devices. The higher power 
density of GaN devices allows them to deliver wider band-
width, higher amplifier gain, and higher efficiency as a 
result of the smaller device periphery.

 ✓ GaN field-effect transistor ( FET ) devices can operate at 
five times higher voltage than comparable GaAs devices. 
Because GaN FET devices can operate at a higher voltage, 
designers can more easily implement impedance matching 
on narrow-band amplifier designs.

  Impedance matching is the practice of designing the input 
impedance of an electrical load in such a way that it max-
imizes the power transfer from the device into the load.

 ✓ GaN FET devices deliver twice as much current as GaAs 
FET devices. Because GaN FET devices can deliver a cur-
rent that is twice as high as GaAs FET devices, GaN FET 
devices have intrinsically higher bandwidth capability.

 ✓ GaN heat flux at the device level is as high as five times 
the heat flux on the surface of the sun! The heat flux 
is the rate of heat transfer per unit area. Because GaN 
is a higher power density device, it dissipates heat in 
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a very small volume, producing a high heat flux. This 
is also why thermal management of GaN devices is so 
important.

 ✓ The thermal conductivity of silicon carbide (SiC) is six 
times higher than that of GaAs and three times higher 
than that of silicon (Si). The high thermal conductivity of 
SiC makes it the substrate of choice for high power density 
RF applications.

 ✓ The GaN chemical bond is three times stronger than 
the GaAs chemical bond. Because of this, GaN has a 
larger bandgap and is capable of sustaining a higher elec-
tric field and, thus, a higher operating voltage.

 ✓ GaN–aluminum gallium nitride (AlGaN) structures are 
five times more piezoelectric than GaAs–aluminum 
gallium arsenide (AlGaAs) structures. In Chapter 1, 
we explain piezoelectricity and why it’s important in 
GaN. Because of the higher piezoelectricity of the GaN-
AlGaN structures, electrical and mechanical properties 
are coupled.

 ✓ GaN-on-SiC material has approximately 10,000 times 
higher dislocations density than GaAs does. For this 
reason, the gate current tends to be higher than in similar 
GaAs devices and requires extra attention from the circuit 
designer.

 ✓ GaN–aluminum nitride (AlN) is 20 times more strained 
than GaAs–aluminum arsenide (AlAs). Stress analysis 
at all levels is important because GaN-AlN is much more 
strained than comparable GaAs-AlAs systems.

 ✓ Qorvo’s GaN devices have a fallout rate of less than 
0.002 percent after 1 million hours operating at 200°C. 
Bottom line: This technology is ready for deployment.
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http://qorvo.com/GaN
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