
inside   News Review, News Analysis, Features, Research Review, and much more...
Free Weekly E News round up go to: www.compoundsemiconductor.net

Producing a powerful
gallium oxide portfolio

Splitting SiC addresses 
substrate shortages

Cranking up production 
of InP lasers 

Giving chips logic and 
wireless capability 

Refining SiC growth for 
high-volume production

iBeam Materials
Growing LEDs on metal foils

Volume 25 Issue 1  JANUARY/FEBRUARY 2019  @compoundsemi  www.compoundsemiconductor.net

Front Cover CS v5RS.indd   1 05/02/2019   11:24



Global mega trends require best 
performance III-V materials

AIX 2800G4-TM
 3D sensing 
 Augmented reality
 Autonomous driving
 Cloud computing
 Internet of things
 Next generation displays

Discover the MOCVD tool of 
record for AsP-based applications 

info@aixtron.com
www.aixtron.com

Aixtron AIX 2800G4 v6.indd   1 30/01/2019   09:30



Viewpoint
By Dr Richard Stevenson, Editor

COPYRIGHT COMPOUND SEMICONDUCTOR  l  JANUARY/FEBRUARY 2019  l  WWW.COMPOUNDSEMICONDUCTOR.NET  3

Compound Semiconductor is published eight times a year on a controlled circulation basis. Non-qualifying individuals can subscribe at: £105.00/e158 pa (UK & Europe), £138.00 pa (air mail), $198 pa (USA). 
Cover price £4.50. All information herein is believed to be correct at time of going to press. The publisher does not accept responsibility for any errors and omissions. The views expressed in this publication 
are not necessarily those of the publisher. Every effort has been made to obtain copyright permission for the material contained in this publication.  Angel Business Communications Ltd will be happy to 
acknowledge any copyright oversights in a subsequent issue of the publication. Angel Business Communications Ltd © Copyright 2019. All rights reserved. Contents may not be reproduced in whole or 
part without the written consent of the publishers. The paper used within this magazine is produced by chain of custody certifi ed manufacturers, guaranteeing sustainable sourcing.US mailing information: 
Compound Semiconductor, ISSN 1096-598X, is published 8 times a year, Jan/Feb, March, April/May, June, July, August/September, October, November/ December by Angel Business Communications Ltd, 
Unit 6, Bow Court, Fletchworth Gate, Burnsall Rd, Coventry CV5 6SP. UK. The 2019 US annual subscription price is  $198. Airfreight and mailing in the USA by agent named Air Business Ltd, c/o Worldnet 
Shipping Inc., 156-15, 146th Avenue, 2nd Floor, Jamaica, NY 11434, USA. Periodicals postage paid at Jamaica NY 11431. US Postmaster: Send address changes to Compound Semiconductor, 
Air Business Ltd, c/o Worldnet Shipping Inc., 156-15, 146th Avenue, 2nd Floor, Jamaica, NY 11434, USA. Printed by: The Manson Group. ISSN 1096-598X (Print) ISSN 2042-7328 (Online) © Copyright 2019.

The Professional 

Publishers Association

Member

Editor  Richard Stevenson richardstevenson@angelbc.com +44 (0)1291 629640
Contributing Editor  Rebecca Pool editorial@rebeccapool.com
News Editor  Christine Evans-Pughe chrise-p@dircon.co.uk 
Sales Executive  Jessica Harrison jessica.harrison@angelbc.com +44 (0)2476 718209
USA Representatives  Tom Brun Brun Media tbrun@brunmedia.com +001 724 539-2404 
               Janice Jenkins   jjenkins@brunmedia.com +001 724-929-3550
Publisher Jackie Cannon jackie.cannon@angelbc.com +44 (0)1923 690205
Director of Logistics  Sharon Cowley sharon.cowley@angelbc.com +44 (0)1923 690200

Design & Production Manager  Mitch Gaynor mitch.gaynor@angelbc.com +44 (0)1923 690214
Circulation Director  Jan Smoothy jan.smoothy@angelbc.com +44 (0)1923 690200
Chief Executive Offi cer  Stephen Whitehurst stephen.whitehurst@angelbc.com +44 (0)2476 718970
Directors  Bill Dunlop Uprichard – EC, Stephen Whitehurst – CEO, Jan Smoothy – CFO, 
Jackie Cannon, Scott Adams, Sharon Cowley, Sukhi Bhadal

Published by Angel Business Communications Ltd, Unit 6, Bow Court, Fletchworth Gate, Burnsall Road, 
Coventry CV5 6SP, UK. T: +44 (0)2476 718 970  E: info@angelbc.com

On the cover: A blue LED device with probes on the contact pads of the 300 micrometer mesa structure. The 
atomically smooth epi-GaN/InGaN device layers were grown directly on the rough metal foil (visible here through
the GaN layer) by the team from iBeam Materials and Sandia National Labs in New Mexico, USA.

Making LEDs on metal fi lms
THERE’S A LOT TO BE SAID for direct-
emitting LED displays.  Compared to the 
incumbents – LCDs and OLEDs – they 
defi nitely have the upper hand on two key 
fronts, effi ciency and brightness. Those 
attributes matter a great deal today, as 
consumers want their devices to last a long 
time between charges, and have screens 
that can be read in bright sunlight.

Today’s displays do impress, however, when 
it comes to delivering a high resolution. Take 
the Apple retina line of products. They have 
more than 200 pixels per inch, a density that gives the
iPad more than 3 million pixels.

It’s clear that maintaining this level of resolution with microLEDs 
will not be easy. The most popular approach involves parallel 
transfer of LEDs to ensure reasonable production times, but it’s 
going to have to be thousands of chips at a time.

That’s not the only headache. Placement must have micron-
scale precision, and yield must be exceptional – dud pixels are 
completely unacceptable, and replacing them with ones that 
work is costly and time-consuming. 

Fortunately, this is not the only approach to production. 
Offering an alternative is iBeam Materials, a spin-out of Los 
Alamos National Laboratory. It has developed a process for 
growing LEDs directly on a metal foil via an ion-beam assisted 

deposition process, which deposits a 
single-crystal intermediary layer (see p.18 for 
details). 

On this layer iBeam’s engineers add a blue-
emitting LED layer that can be processed 
into pixels, comprising three sub-pixels. 
Red and green sub-pixels are created  by 
adding quantum-dot, down-converting 
layers – depending on the size of the LEDs, 
these colour converters can be added as a 
photoresist matrix, or with an inkjet printer.

To turn the pixels off and on, additional material is deposited 
and patterned to create an array of transistors above the LEDs. 

There are many, many merits to this approach.  For starters, 
the metal foil leads to a display that can bend, fl ex, and wrap 
around a curved surface. 

What’s more, the cost of the technology is very promising. The 
use of metal foils enables roll-to-roll manufacturing. Use this in 
conjunction with a deposition process that supersedes MOCVD, 
and LED costs could fall so far that these displays would be 
cheaper than those based on OLEDs.

I know you know that there are many pitfalls in converting a 
promising technology into one that revolutionises an industry. 
But there is no doubt that iBeam’s approach has plenty of 
potential.
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EC Unlocks €1.75 billion for compound 
semiconductor project
Welsh Economy Minister, Ken Skates has 
welcomed the European Commission’s 
approval of an innovative plan, 
spearheaded by Wales that identifies 
compound semiconductors as an 
important sector.
 
The plan will unlock €1.75billion of 
funding for research activities, will bring 
in up to €6billion in private investment 
and will ultimately help bring new 
technology innovations to market.  

The overall objective of IPCEI is to deliver 
an integrated and collaborative approach 
to research and innovation to develop 
innovative components and technologies 
for use in applications including 5G 
communications, connected autonomous 
vehicles, and other next generation 
commercial and industrial devices.

It is expected to benefit both the 
Welsh and the wider UK economy 
by establishing South East Wales 
as the leading centre of compound 
semiconductor expertise.

The UK element of the pan-European 
joint microelectronics research and 
innovation project was driven by the 
Welsh Government and involves three 
Welsh companies: IQE, Newport 
Wafer Fab and SPTS Technologies 
(an Orbotech company), along with 
Manchester based ICS Ltd.

Economy Minister, Ken Skates said: 
“Wales’ semiconductor cluster and its 
contribution to many of the technologies 
that are so prevalent in our modern 
everyday lives is a real source of pride, 
and I am delighted Wales has taken the 
lead on behalf of the UK in co-ordinating 
this project that will drive vital research 
and accelerate innovation work across 
Europe.
 
“The EU’s decision to approve the 
plan is huge news for the sector and 
of course for Wales’ wider economy, 
paving the way for up to £6 billion of 
private investment throughout Europe 
and enabling our own semiconductor 
companies to work alongside 

international giants in their field.
 
“We look forward to working closely with 
our European partners and IQE, Newport 
Wafer Fab and SPTS on this exciting 
work and will do all we can to deliver the 
very best outcome for Wales.”

Commissioner Mariya Gabriel, in charge 
of Digital Economy and Society said: 
“Every connected device, every modern 
machine, all our digital services depend 
on microelectronic components that 
become smaller and faster with time. 

If we don’t want to depend on others for 
such essential technology, for example 
for security or performance reasons, we 
have to be able to design and produce 
them ourselves. The decision to approve 
the project is a result of enhanced 
cooperation and shared European 
vision.”

The UK is already home to a number of 
state-of-the-art businesses and research 
facilities in the compound semiconductor 
space with a particular concentration in 
Wales. The South Wales semiconductor 
cluster – branded as CSconnected – is 
rapidly being recognised as a leading 
centre for enabling technologies powered 
by compound semiconductors.

The Commission’s approval of the 
project means that member states can 
provide up to €1.75 billion of funding for 
first deployment and innovation. This is 
expected to open doors to an additional 
€6 billion in private investment.

The overall objective of IPCEI is to  
deliver an integrated and collaborative 
approach to research and innovation 
to develop innovative components and 
technologies for use in applications 
including 5G.
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Samsung shows micro LED products at CES 2019
SAMSUNG ELECTRONICS has 
introduced the latest innovations in 
modular MicroLED display technology 
during its annual CES event at the Aria 
Resort & Casino in Las Vegas.

The new MicroLED technology designs 
featured at the event included: a new 
75 inch display, a 219 inch The Wall as 
well as other various ground-breaking 
sizes, shapes and confi gurations for 
a next-generation modular MicroLED 
display - a 2019 CES Best of Innovation 
Award winner.

“For decades, Samsung has led the way 
in next-generation display innovation,” 
said Jonghee Han, president of 
Visual Display Business at Samsung 
Electronics. “Our MicroLED technology 
is at the forefront of the next screen 
revolution with intelligent, customisable 
displays that excel in every performance 
category. Samsung MicroLED has no 
boundaries, only endless possibilities.”

Featuring self-emissive technology 
and modular capabilities, Samsung’s 
MicroLED displays deliver high picture 
quality, versatility and design. These 
TV displays are made up of individual 
modules of self-emissive MicroLEDs, 
featuring millions of inorganic red, green 
and blue microscopic LED chips that emit 
their own light to produce brilliant colours 
on screen – delivering unmatched 
picture quality that surpasses any display 
technology currently available on the 
market. At last year’s CES, Samsung 

introduced MicroLED by unveiling The 
Wall, the critically acclaimed, award-
winning 146 inch MicroLED display. Due 
to the technical advancements in the 
ultra-fi ne pitch semiconductor packaging 
process that narrow the gap between 
the microscopic LED chips, Samsung 
has been able to create a stunning 4K 
MicroLED display in a smaller, more 
home-friendly 75 inch form factor.

Thanks to the modular nature of 
MicroLED, this technology offers fl exibility 
in screen size that allows users to 
customise it to fi t any room or space. 
By adding MicroLED modules, users 
can expand their display to any size 
they desire. The modular functionality of 
MicroLED will allow users in the future 
to create the ultimate display event 
irregular 9×3, 1×7 or 5×1 screen size 

that suits their spatial, aesthetic and 
functional needs. Samsung says its 
MicroLED technology also optimises the 
content no matter the size and shape 
of the screen. Even when adding more 
modules, Samsung MicroLED displays 
can scale to increase the resolution 
– all while keeping the pixel density 
constant. Additionally, MicroLED can 
support everything from the standard 
16:9 content, to 21:9 widescreen fi lms, 
to unconventional aspect ratios like 32:9, 
or even 1:1 – without having to make any 
compromises in its picture quality.

Finally, because MicroLED displays are 
bezel-free, there are no borders between 
modules - even when you add more. The 
result is a seamless, infi nity pool effect 
that allows the display to elegantly blend 
into any living environment.
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European InP PIC pilot project takes off
TWELVE partners from northwestern 
Europe are creating an open access PIC 
(photonic integrated circuit) pilot line that 
it is claimed will drastically reduce costs 
and time for the pilot production of new 
products. This new facility is projected 
to be the incubator of a thousand new 
companies and thousands of jobs. 
The €14 million project (OIP4NWE) is 
supported by the European Regional 
Development Fund.

One of the main hurdles for PIC 
production is the high cost involved in 
R&D. Not only does it require expensive 
high-tech equipment installed in 
cleanrooms, but currently the production 
processes still have a high defect rate 
and are too slow. This was workable for 
basic research but not for commercial 
R&D.

The new project, led by photonics 
stronghold Eindhoven University of 
Technology (in collaboration with its 
Photonic Integration Technology Centre), 
consists of the realisation of an efficient 

pilot production line for shared use by 
European SMEs. It should take the defect 
rate in pilot production down and the 
throughput time will be shorter. All in 
all, this should lead to a cost reduction 
which significantly lowers the threshold 
for developing new photonic products. 
This should help establish a thousand 
integrated photonics firms within ten 
years after the project.

The front-end process (production of 
PICs on InP wafers) will be realised 
in the existing NanoLab at Eindhoven 
University. The PICs of different 
companies will be combined on one 
wafer to keep costs low. The back-end 
process is done at the Vrije Universiteit 
Brussel (Optics for beam shaping and 
light coupling) and at the Irish Tyndall 
National Institute (Assembly of fibre-
optic connections and electronics in the 
package). All steps require nanoscale 
precision to avoid product defects.

The first stage of the project is equipment 
installation. The second stage focusses 

on automation of the equipment while a 
third stage will involve intensive industrial 
research together with equipment 
manufacturers to optimise and develop 
new processes. 

The line should be fully in operation in 
2022. To incentivise the initial uptake by 
SMEs, a voucher scheme for external 
SMEs will be set up.
The other parties involved are the 
companies Aixtron SE (Germany), 
SMART Photonics, VTEC Lasers & 
Sensors, Technobis Fibre Technologies 
(all Netherlands), mBryonics Limited 
(Ireland) and Oxford Instruments 
nanotechnology Tools (United 
Kingdom) along with research centres 
Photonics Bretagne (France), Cluster 
NanoMikroWerkstoffePhotonik.NRW 
(Germany) and Photon Delta Cooperatie 
(Netherlands).

The project has a total budget of  
€13.9 million. Of this, the EU is funding 
€8.3 million, with the remainder coming 
from the participating parties.

Osram and GaN systems develop LiDAR driver
OSRAM Opto Semiconductors has 
announced an ultrafast laser driver with 
a high-power, multi-channel Surface 
Mount (SMT) laser for LiDAR (Light 
Detection And Ranging) systems. It has 
worked with GaN Systems to develop the 
technology.

One of the issues with LiDAR technology 
has been its inability to transmit lasers at 
short pulses, while maintaining high peak 
power, which is necessary to ensure that 
the LiDAR is eye safe with a long range 
and high resolution. To address this 
need, Osram worked with GaN Systems 
to develop a laser driver with a one 
nanosecond pulse rise time, while driving 

all four channels at 40 A each to deliver 
480 W peak power. 

This peak power then can be modulated 
at low-duty cycles to produce high 
resolution 3D cloud points at long range 
for new LiDAR designs. “Operating at the 
elevated current levels and nanosecond 
rise times necessary for long-distance 
LiDAR requires the high power, 
high frequency and robust thermal 
performance that are the hallmarks 
of GaN Systems’ products,” said Jim 
Witham, CEO of GaN Systems. “It is 
great to see the industry recognise these 
performance attributes and leverage 
them for its systems.”

Scanning LiDAR is a key technology for 
Advanced Driver-Assistance Systems 
(ADAS), which is designed to increase 
road safety and enable autonomous 
driving. These electronic devices 
react instantly to potential collisions 
without wasting precious seconds of 
reaction time. Scanning LiDAR creates 
high-resolution 3D images of a car’s 
surroundings and registers obstacles 

early enough for ADAS or self-driving 
cars to initiate the appropriate driving 
manoeuvres, such as automatic braking 
to prevent collisions.

“Osram enables LiDAR technology 
for autonomous vehicles by not only 
developing high power, multi-channel 
SMT lasers that meet automotive quality 
standards, but also working with eco-
system partners like GaN Systems 
to address the technological barriers 
that arise”, said Rajeev Thakur, senior 
marketing manager at Osram Opto 
Semiconductors. “Our lasers are leading 
the way to make autonomous driving a 
reality for everyone.”

Osram has continuously expanded its 
laser portfolio for LiDAR to accommodate 
the needs of customers, including 
increasing the peak power of the SPL 
DS90A_3 to 120 W at 40 A. In addition, 
Osram plans to release a four-channel 
SMT laser in 2019. The additional 
channels increase the field of view and 
total peak power, with each channel 
being capable of generating 120 W.

News CS v4.indd   8 05/02/2019   11:17



COPYRIGHT COMPOUND SEMICONDUCTOR  l  JANUARY/FEBRUARY 2019  l  WWW.COMPOUNDSEMICONDUCTOR.NET  9

news review s
EPC announces AEC qualified EGaN FETs
EPC has announced the 
successful AEC Q101 
qualification of two additional 
eGaN devices, addressing a 
range of applications in the 
automotive industry and other 
harsh environments. The 
new products, EPC2206, and 
EPC2212 are both discrete 
transistors in wafer level chip-
scale packaging (WLCS) with 
80 VDS and 100 VDS ratings 
respectively.

eGaN technology has been in mass 
production for over eight years, 
accumulating billions of hours of 
successful field experience in automotive 
applications, such as LIDAR (Light 
Detection and Ranging) and radar for 
autonomous cars, 48 V - 12 V DC-
DC converters used in data centre 
computers, ultra-high-fidelity infotainment 
systems, and high-intensity headlamps 
for trucks. These new devices have 
completed rigorous automotive AEC 
Q101 qualification testing and will be 
followed with several more discrete 
transistors and integrated circuits 
designed for the harsh automotive 
environment.

The EPC2206 is an 80 V, 2.2 mΩ 
enhancement-mode FET with a pulsed 

current rating of 390 A in a 6.1 mm x 2.3 
mm chip-scale package. The EPC2212 
is a 100 V, 13.5 mΩ component with a 
pulsed current rating of 75 A in a 2.1 mm x 
1.6 mm chip-scale package. These eGaN 
FETs are many times smaller and achieve 
switching speeds 10 - 100 times faster 
than their silicon MOSFET counterparts.

The EPC2206 device is suited for vehicles 
using 48 V bus power distribution to 
manage the power-hungry electronically-
driven functions and features appearing 
on the latest cars. Electric start-stop, 
electric steering, electronic suspension, 
and variable speed air conditioning 
are a few examples. And now, with the 
emergence of self-driving vehicles, 
additional demands from systems such 
as LIDAR, radar, camera, and ultrasonic 
sensors are placed upon the power 

distribution system accelerating 
the need for automobiles to 
move to a 48 V bus system. For 
48 V bus systems, GaN devices 
like the EPC2206 increase 
efficiency, shrink size and weight 
and reduce system cost.

The EPC2212 is designed 
for firing the lasers in LIDAR 
systems because the FET can 
be triggered to create high-
current with extremely short 

pulse widths. The short pulse width 
leads to higher resolution, and the 
higher pulse current allows the LIDAR 
system to discern objects at greater 
distances. These two characteristics, 
along with their tiny size and low cost, 
make eGaN FETs ideal for radar and 
ultrasonic sensors in addition to LIDAR in 
demanding automotive applications.

EPC’s CEO and co-founder Alex Lidow 
notes: “These two automotive products 
are the next in what will be a constant 
stream of transistors and integrated 
circuits designed to enable autonomous 
driving and improve fuel economy 
and safety. Our eGaN technology is 
faster, smaller, more efficient, lower 
cost, and more reliable than the ageing 
silicon power MOSFET used in today’s 
vehicles.”

Innovate UK project delivers 150 mm VCSEL capability
The Compound Semiconductor Centre 
(CSC), IQE’s joint venture with Cardiff 
University, and its partners (SPTS 
Technologies, Cardiff University and 
Swansea University) have announced 
the successful conclusion of an Innovate 
UK funded project – ‘High Efficiency 
Manufacturing of Vertical Cavity Surface 
Emitting Lasers (VCSELs)’.

The project has delivered key process 
modules required to transition small 
diameter manufacturing processes 
currently used for VCSELs to a high 
uniformity 150 mm epitaxial platform. The 
need for scale-up is driven by significant 
benefits in terms of productivity “(four 
times more die sites in transitioning from 
75 mm to 150 mm ) and yield (driven by 
smaller ratio of edge sites to total area for 
larger wafer diameters) to facilitate a step 

change in cost reduction for VCSELs, 
and thus accelerate adoption in mass 
market applications such as 3D imaging, 
proximity sensing, range-finding and 
LIDAR.

The work included the commissioning 
of a custom 150 mm oxidation tool 
at Cardiff University’s Institute for 
Compound Semiconductors which is 
used for a particularly challenging stage 
of preferential oxidation of aluminium 
rich layers in the VCSEL layer structure, 
to produce a high efficiency optical 
waveguide in the device. High quality 
mesa dry etch processes to >5µm were 
developed by SPTS on GaAs/AlGaAs 
epitaxial structures supplied by CSC, 
with Swansea supporting PECVD and 
photo process steps, to complement the 
oxidation process module; essential for a 

high uniformity, high reliability  
150 mm VCSEL fabrication platform.  
A robust process solution was 
developed, including in-situ depth 
targeting end-point detection capability. 
A benchmark of <±5% mesa depth 
uniformity across a full 150 mm 
VCSEL epitaxial wafer structure was 
demonstrated.

The capability will form the core of a 
future 150 mm VCSEL prototyping 
capability which will be leveraged by 
the consortium to work on custom 
VCSEL development, device-scale 
optimisation and validation of VCSEL 
epitaxial materials development as a core 
research and manufacturing competence 
in the emerging CSconnected 
Compound Semiconductor Cluster in 
South Wales.
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Mitsubishi to shrink projectors with new laser diode
MITSUBISHI ELECTRIC has announced 
the ML562G86 pulse laser diode for 
projectors, featuring a vibrant 638 nm red 
light, world-record output power of 3.0 W 
under pulse operation and mean time to 
failure (MTTF) of over 20,000 hours.

The ML562G86’s high output power 
and wide operating temperature range 
will contribute to enhanced projector 
luminance and miniaturisation. Sample 
sales began on January 11, 2019 and 
volume shipping will begin in April 2019.
Projector light sources are shifting from 
mercury lamps to solid-state light sources 
that offer wall-plug efficiency, a wide colour 
gamut, and highly reliable operation. LDs 
achieve the best wall-plug

efficiency among solid-state light sources, 
thereby contributing to lower power 
consumption, and thus are viewed as 
the most promising new light source for 
projectors. Mitsubishi Electric expects 
to use laser diodes to develop not only 
superior projectors but also advanced laser 
TVs capable of more vibrant images than 
liquid-crystal TVs. 

In September 2015, Mitsubishi Electric 
released its ML562G84 high-power red 
laser diode, which achieved 2.5W output 
under pulse operation as a red laser diode 
in three RGB light sources for projectors. 
With conventional laser diodes, extended 
operation at 3.0  W output power causes 
the laser’s light-emitting surface crystals to 

melt, making it difficult to achieve an MTTF 
of 20,000 hours. In response, Mitsubishi 
Electric has developed the technology 
required to suppress degradation of the 
light-emitting surface even at 3.0 W, leading 
to the newly announced ML562G86 red 
laser diode that achieves unprecedented 
3.0 W output power.

Akash wins approval for GaN-on-diamond satellite launch
AKASH SYSTEMS, a company focused 
on next generation mini satellites, has 
been granted an Experimental Special 
Temporary Authority (STA) license 
from the US Federal Communications 
Commission (FCC) for a satellite launch 
featuring its proprietary GaN-on-Dimond 
transmitter technology. The GaN-on-
Dimond technology will be integrated into 
a Ka-band (17.2 to 20.2 GHz)  
3U radio transmitter and launched in  
a 12U CubeSat allowing for new levels 
of data transmission for customers to 
increase capacity and reduce end-user 
costs.

“Taking the lead in the satellite 
communications industry, this demo 
will showcase the use of our proprietary 
GaN-on-Dimond Radio Frequency (RF) 
amplifier technology,” said Co-founder, 
CEO and GaN-on-Dimond Inventor 
Felix Ejeckam. “Beyond the capability 
to handle the increasing demands of 
today’s extreme data throughput, we are 
confident future adoption of the system 
will drive down end-user costs to levels 
never before seen.”

The company’s satellite launch will 
demonstrate the transmitter’s capability 
to handle more than 5 Gbps downlink 
speeds from a 10 W 3U radio transmitter. 
Tentatively slated for early 2020, the 
launch will validate the data rates, 
reliability and space-qualification 
readiness of the GaN-on-Dimond 

transmitter technology. The new 
technology enables a smaller, lighter 
and higher performing satellite that will 
pave the way to lower launch costs, 
reduced cost-per-bit, more launch cycles, 
and increased communications access 
around the earth.

“Anyone buying our solid-state power 
amplifiers (SSPAs) to transmit data to  
or from space will be interested in the 
space worthiness and reliability of our 
SSPA products,” said Jeanette Quinlan, 

director of space systems, Akash 
Systems. “This launch helps us capture 
that worthiness and reliability data for 
them.”

Akash will continue to focus on scaling 
up and qualifying its GaN-on-Dimond 
Power Amplifier product line, offering 
customers products with higher 
frequencies that will be announced in 
the months ahead. The picture above is 
an artist’s rendering of Akash Systems’ 
McNair 12U CubeSat.
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Aixtron, a provider of deposition 
equipment, has announced that the 
Taiwanese MicroLED firm PlayNitride, will 
receive an AIX G5+ C MOCVD system 
for the manufacturing of GaN-based 
MicroLEDs. They companies have also 
signed a joint collaboration agreement 
to technically and commercially work 
together.

MicroLED technology is a major 
challenger to existing display 
technology for next-gen consumer 
products. Displays made of MicroLEDs 
consist of micron-sized LED arrays 
forming individual sub-pixel elements. 
Compared to the existing LCD and 
OLED technologies, MicroLED displays 
offer lowest power consumption while 
exhibiting superior pixel density, contrast 
ratio and brightness. Thus, opening new 
horizons for consumer mobile products 

as well as premium TV displays.
PlayNitride has chosen the AIX G5+ C for 
MicroLED MOCVD processing. Aixtron’s 
advanced production tool is said to offer 
market leading wavelength uniformity 
to meet the tightened MicroLED market 
specifications in a batch reactor high-
throughput environment. Furthermore, 
the system is designed to allow for very 
low defect and particle levels due to an 
effective in-situ cleaning technology and 
the cassette-to-cassette handler which is 
essential for high yields.

“We are very pleased that PlayNitride 
as a key player in the business has 
selected the AIX G5+ C for the further 
development of ground-breaking  
MicroLED production processes. We are 
looking forward to our joint collaboration 
to accelerate a breakthrough in the 
commercial and technical use of  

MicroLEDs for displays. Our AIX G5+ 
C platform perfectly backs PlayNitride’s 
product strategy since it allows for 
outstanding performance in a high-
volume manufacturing environment”, 
comments Bernd Schulte, president of 
Aixtron. Taiwan-based PlayNitride was 
established in June 2014 to research 
and develop nitride-related materials 
and applications. The company is now 
focusing on GaN-based MicroLEDs – it 
is branding its technology as PixeLED 
displays and has recently demonstrated 
MicroLED display prototypes.

In April 2018 Taiwan’s Ministry of Science 
and Technology approved PlayNitride’s 
application to setup a $17 million 
production facility at Hsinchu Science 
Park. PlayNitride aims to produce  
MicroLEDs, display modules and panels 
at its new facility at Hsinchu.

Crystal IS UVC LEDs for new EU drinking water rules
AN OCTOBER 2018 vote on proposed 
water guidelines in Europe ruled 
in favour of more stringent quality 
standards for  consumer drinking water, 
expanding monitoring and limits on 
certain pollutants, including legionella. 
Now Crystal IS, a developer of high-
performance UVC LEDs, has announced 
independent testing results of the Klaran 
AKR, an on-demand UVC LED-based 
water disinfection reactor designed by 
Asahi Kasei Corporation, the parent 
company of Crystal IS, intended for 
consumer and commercial water 
purification. Performed by the University 
of Colorado Boulder, testing showed the 
AKR reactor provided 99.998 percent 
reduction of legionella pneumophila at a 
flow rate of two litres per minute.

The recently passed Revision of the 
Drinking Water Directive in the European 
Union notes that legionella causes the 
highest health burden of all waterborne 
pathogens in the Union and proposes 
to apply random monitoring at the 
tap to man-made water systems and 
subsequent remediation actions to 
improve water safety. The performance 
of the Klaran AKR would provide an 
immediate risk management solution 
for meeting the <1000 CFUs/Litre 
assessment value. “UVC LED technology 

enables water product manufacturers to 
differentiate their solution with point-of-
dispense disinfection, supporting new 
and existing customers in mitigating the 
risk of legionella,” said James Peterson, 
product manager, Crystal IS. “The Klaran 
Reactor series uses our UVC LEDs to 
provide maintenance-free disinfection 
that lasts longer and is more affordable 
than UV lamps or filtration cartridges. 
Along with its compact size, this makes 
the Klaran AKR an ideal method of worry-
free legionella management.”

Enforcing regular monitoring at the point 
of dispense would not only improve 
water hygiene from large and small 
utility systems, but also promote new 
risk identification mechanisms inside 
of building distribution systems and 
water holding appliances. In addition 
to potentially improving public health, 
raising consumer confidence and 
reducing cases of Legionnaires’ Disease, 
this regulation would place increased 
accountability for water hygiene on 
building managers and water product 
designers in the European Union.
While individual Member States, system 
operators, and building managers will 
need to interpret their risk reduction plans 
based upon the final legislation, water 
purification and appliance manufacturers 

are acting on these future needs now to 
provide new solutions for this existing 
health concern and upcoming regulatory 
situation. Lasting for years after installation 
rather than months, Klaran reactors 
provide effective water hygiene without 
maintenance schedules or burdens to 
owners and service providers. As both 
facilities and product designers face the 
task of identifying low impact strategies to 
improve legionella management, Klaran 
UVC LED-based reactors will offer long 
term and unobtrusive installation into 
water systems, while providing reliable 
performance claims backed by third 
party validation. Klaran AKR reactors are 
available for design integration sampling 
now.

Akash wins approval for GaN-on-diamond satellite launch

PlayNitride picks Aixtron for micro LED production
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Infineon tackles 

SiC supply 
shortages
Will Infineon’s acquisition of Siltectra 
secure SiC wafer supply for the German 
semiconductor manufacturer, asks 
Rebecca Pool.

IN A BID to guarantee materials supply, Infineon 
bought Dresden-based start-up, Siltectra, for 
€124 million, last month.

At a time when shortages in SiC wafer supplies rumble 
on, Siltectra has developed a novel technology – ‘cold 
splitting’ – to process crystals with minimal materials 
loss.

The technology is used to split SiC wafers and double 
the number of chips produced from one wafer. 
Importantly, Infineon now hopes to industrialise this 
process.

As Peter Friedrichs, Infineon’s senior director of wide 
band gap semiconductors, puts it; “A huge motivation 
for this acquisition is security of supply and production 
ramp capability.”

“Given the silicon carbide shortage of supply, 
especially with 150 mm wafers, we just want to make 
sure that if this continues, we are able to still deliver to 
customers,” he adds.

Founded in 2010, Siltectra has spent the last eight years 
developing its wafer-splitting process and building a 
solid patent base. The spalling process uses externally 
applied stresses to separate crystalline materials 
along crystal planes with a well-defined thickness.

A laser defines a layer within the crystal to a 
predefined depth, with a custom polymer foil then 
deposited onto the top of the material. This materials 
system is then rapidly quenched to around -160 °C 
to induce enough stress to mechanically split the 

material along its laser-defined layer, separating a 
wafer from the rest of the boule. The polymer foil can 
then be removed from the new wafer by standard wet-
chemical cleaning. And, importantly, the remaining 
crystal boule can then be prepared for the next 
‘bonus’ wafer, vastly reducing manufacturing costs.

Materials gains aside, cold-splitting promises other 
benefits. As Friedrichs highlights, the mechanical 
stresses from traditional wire-saw processes far 
outweigh those imposed by cold-splitting, so the new 
process yields wafers with fewer defects.

What’s more, the process can also be used on GaN, 
GaAs and sapphire wafers, although Infineon intends 
to focus on SiC in the next few years.

But crucially, results to date indicate that the process 
can thin wafer materials to 100 μm and below in 
minutes with high precision and virtually no material 
loss, a feat that Infineon now intends to repeat at 
production scale.

“Right now, we have a proof-of-concept, laboratory 
scale process, so we now need to scale up and 
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automate the process to run with high throughput, 
twenty four hours a day, seven days a week,” says 
Friedrichs. “As part of this, we need to define the 
equipment for a mass manufacturing process from 
scratch, as there is nothing else that is out there.”

“You know, the company in Dresden is a start-up, 
has used demonstrator tools and sometimes even 
home-made equipment,” he adds. “The challenge for 
us is that there is nowhere to order new equipment for 
scale, so we are now partnering with companies that 
can manufacture the necessary production equipment 
that can be implemented into an automated 
manufacturing set-up.”

All in all, the company estimates that the transfer to 
volume production will be completed within the next 
five years. Industrialisation is set to take place at 
Siltectra’s existing Dresden site as well as Infineon’s 
SiC manufacturing site and headquarters in Villach, 
Austria.

According to Friedrichs, final SiC chip production 
will take place at Villach, and Infineon will not create 
an additional manufacturing site at Dresden. “As an 

intermediate situation, we might also use Dresden 
for some initial pre-production trials,” he says. “But 
the plan is to use the Dresden facility for alternative 
development in other directions.”

Proving the process
Earlier this year, Siltectra revealed it had produced  
GaN-on-SiC HEMT devices on split-off wafers, with 
Friedrichs confirming Infineon has also fabricated 
practical devices. And with question marks still hanging 
over the supply of SiC wafers – only a few months ago 
industry analyst firm Yole Développement confirmed 
the supply bottleneck remained – Infineon’s latest 
acquisition looks set to ease the ramp-up of SiC devices.

“The biggest motivation for this has been to increase 
the availability of SiC material,” emphasises Friedrichs. 
“With cold-splitting we can simply double the number 
of wafers that we have allocated to our long-term 
agreements with suppliers.”

“This is our first counter-measure to tackle the 
materials shortage problem and is part of our  
long-term strategy to roll out technologies relating  
to silicon carbide,” he adds.

News Analysis v3RS.indd   13 05/02/2019   11:19



14  WWW.COMPOUNDSEMICONDUCTOR.NET  l  JANUARY/FEBRUARY 2019  l  COPYRIGHT COMPOUND SEMICONDUCTOR

news analysis

Nitride semiconductor enters 
micro-LED display market
Japanese UV-LED manufacturer, Nitride Semiconductor, claims 
to have developed an easy way to make micro-LEDs for better 
performing displays. Rebecca Pool finds out more.

LAST NOVEMBER, Japan-based UV LED 
manufacturer, Nitride Semiconductors, set-up a  
100 percent owned subsidiary, Micro Nitride, to 
develop and manufacture micro UV-LED chips for 
micro-LED displays.

Initially targeting flexible displays for next-generation 
smartphones, Nitride Semiconductors is ploughing 
100 million yen – nearly £700,000 – into its new 
venture and expects displays to reach commercial 
markets come 2020.

“LED prices are coming down and down, and Chinese 
companies are getting bigger and bigger,” says 
Nitride Semiconductors president and chief executive, 
Yoshihiko Muramoto. “Japanese LED makers are 
now in a difficult situation and need to add value, we 
need to make displays and not just LEDs, so we have 
established our new company.”

Nitride Semiconductors unveiled its first UV LED in 
2000 and has since delivered myriad wafers, chips 
and modules to UV LED markets worldwide. Its new 
subsidiary will now produce micro UV-LED chips that 
comprise the micro UV-LED and a red, green, blue 
(RGB) phosphor to generate ‘natural’ white light.

Importantly, Muramoto reckons this UV-LED and RGB 
phosphor approach eases chip manufacture and leads 
to better-performing displays than existing methods. 
Today’s fledgling micro-LED displays have typically 
been manufactured with red, blue and green LEDs or 
a blue LED that excites red and green phosphors.

However, many issues have stymied development. 
Take the RGB microLED array; mounting different 
semiconductor structures at high density isn’t easy. 
What’s more, current, voltage and response speeds 
vary from LED to LED, complicating chip control.
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Meanwhile, for the micro blue LED excitation method, 
only the blue light is directly emitted while the red and 
green light result from phosphor conversion with an 
associated time lag. 

“Synchronising the colour response can be very 
complicated and we just don’t have to manage any 
time lag,” says Muramoto. 

“Our micro UV LEDs are also easy to mount and we 
have a fifty year history of using phosphor; it is very 
natural for us to use UV LEDs for displays and lighting.”

The new subsidiary will focus on technology 
development, rather than manufacturing. As 
Muramoto puts it: “Japanese companies should aim to 
develop strong technologies and patents... there are 
many big LED manufacturers around the world and 
we can outsource our technology to them.”

And with the technology in tow, the chief executive 
says his company’s micro UV-LEDs are ready for 
mass manufacture, claiming fabrication is ‘not so 
difficult’. Importantly, his company is also working 
with Japan-based display supplier, V Technology, on 
display manufacture.

Pick and place pains
MicroLED displays have been notoriously difficult to 
manufacture, using traditional pick and place transfer 
processes in which each sub-pixel is placed onto a 
CMOS backplane one at a time.

Given this, many companies have been working on 
mass transfer manufacturing processes, including  
V Technology. In such a process, thousands of  
sub-pixels are simultaneously moved from a sapphire 
or silicon donor carrier to the display substrate. While 
Muramoto will not disclose details of V Technology’s 
mass transfer process, he emphasises: “[The 
company] can manufacture these displays relatively 
easily and they will be ready for market in two years.”

In the meantime, the chief executive is confident 
that come mass production, final display costs will 
appeal. “We are going to need huge volumes of UV 
LED chips... but with our micro UV-LED method, we 
can simplify the structure of the display and the mass 
transfer process will be relatively easy.”

Importantly, Nitride Semiconductors is also in close 
contact with smartphone manufacturers, which is 
where Muramoto is certain the micro-LED display 
action first lies.

He reckons the final cost of a display panel for a 
smartphone will be around $50. In contrast, he claims 
the cost of a similar panel, made using other methods, 
will be as high as $400.

“The merit of the micro-LED display is that it is 
flexible,” he says. “So microdisplays should be used 
for wearable applications and we are talking with 
smartphone manufacturers about this [for next-
generation devices].”

“Our technology is not so complicated and has been 
very easy to realise,” he adds. “Our competitors have 
been struggling, but we can get good results.”
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Transphorm 
readies for rapid GaN growth

With solid reliability data in tow, Transphorm is set to ramp 
GaN production to meet rising market demand.

TO MARK the end of 2018, Transphorm revealed 
that it had shipped more than 250,000 high-voltage 
GaN FETs, which co-founder and chief operating 
officer, Primit Parikh, believes is testament to rapidly 
accelerating GaN market adoption.

As he tells Compound Semiconductor: “2018 has 
been a game-changing year for high voltage GaN and 
we finally believe that the last several years of effort 
that have gone into GaN are now materialising very 
quickly.”

“Our 650 V GaN FETs are deployed in customers’ 
mass production, high-performance power 
converters,” he adds. “We’re already in data centre 
and industrial sectors, and expect more market 
penetration in areas such as consumer adapters, as 
well as volume ramping in these markets.”

Crucially for Transphorm, recently available field failure 
data indicates that products are reliable. According to 
Parikh, his company’s GaN FETs now have more than 
1.3 billion field hours of operation with low ‘failure in 
time’ rates.

“This is very exciting and it’s the first time Transphorm, 
or any supplier, has comprehensive field failure data,” 
says Parikh. “These statistics only become meaningful 
at more than a billion hours, so this is a significant 
milestone for us and also increases customer 
confidence in GaN.”

Without a doubt, solid reliability data can only 
drive Transphorm’s GaN devices further into more 
applications. Key customers include US-based power 
supply manufacturer, Bel Power Solutions, Japan-
based servo motor manufacturer, Yaskawa Electric, 
computer peripherals supplier, Corsair, US, Taiwan-
based computer power supply maker, Seasonic 
Electronics and solar/electric power generator 
developer, Inergy, from the US.

According to Parikh, data centres will continue to be 
a key market for Transphorm, given the rise in edge 
computing and hyperscale data centres. 

And the company will also target adapters for 
consumer supplies.

“There is a huge push to increase power density 
for power levels ranging from 65 W to 150 W within 
existing form factors, which silicon cannot achieve. 
GaN can do this,” he says.

The chief operating officer also has high hopes for 
automotive markets. Last year, Transphorm delivered 
the world’s first AEC-Q101 qualified GaN transistor, 
which at 650 V targeted AC-DC conversion for electric 
vehicle on-board chargers as well as auxiliary high 
voltage DC-DC conversion in air conditioning, heating 
power, steering and oil pumps.

“This paradigm shift to electric vehicles has been 
so large and from when we first started sampling, 
customers have really been pulling us in,” say Parikh.

Parikh won’t be drawn on specific customers but 
also highlights strong demand from Japan-based 
automotive manufacturers that want to fit higher power 
DC-AC power inverters into vehicles.

Transphorm 
650V GaN FETs 
are deployed 
in a range of 
customers’ 
mass production 
power 
converters.
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“The Lexus, for example, has a 400 W AC power 
plug but now people want more power with 1.5 kW 
becoming the norm in brand new vehicles,” he 
says. “GaN can provide the size, weight and thermal 
performance that is so important here.”

Parikh is also certain that Transphorm’s stake in the 
Fujitsu-owned wafer foundry at Aizu, Japan, had been 
instrumental to fuelling demand there.

“The Fujitsu factory has given us a strong Japanese 
market presence,” he points out. “It has a good 
reputation as a long standing supplier of silicon 
products to the automotive sector, has proven GaN 
production, and has the ability to scale to volumes; 
this has all helped a lot in these automotive markets.”

And in the longer-term, Parikh also hopes to target 
the mighty drivetrain inverter in electric and hybrid 
vehicles. “This is a more conservative application but 
GaN can certainly address its needs,” he says.

Scaling manufacture
Rising demand dictates rising volumes, and 
Transphorm is set to scale. Recently claiming that 
device volumes can be ‘easily’ increased by a factor of 
five, Parikh also asserts that the transition from 6-inch 
to 8-inch wafer production will not be difficult when the 
market demands it.

“Our ability to scale is strongly linked to the fact that 
we are a vertically integrated business,” says Parikh. 
“In addition to MOCVD, our Aizu wafer foundry is also 
a silicon-based foundry, set up for huge volumes of 
silicon so there is lot of equipment here; we can scale 
when the need comes as the necessary infrastructure 
is already in place.”

Parikh is also confident that the industry supply chain 
is now in place, which he claims, may actually place 
GaN in a better position than rival technology SiC.

“We start with silicon substrates and GaN can run in 
any existing silicon fab, with the necessary expertise in 
place,” he says. “But look at the overall supply chain 
for silicon carbide; we see a few companies [including 
Wolfspeed, Infineon and Rohm] making the silicon 
carbide substrate, but we are also seeing shortages 
here, and this is limiting the supply chain.”

According to Parikh, in key applications the 
performance of 650 V GaN devices already surpasses 
that of SiC, at a lower price point. “So now our goal is 
to provide GaN devices with better performance than 
SiC but approaching silicon-like prices,” he adds.

Transphorm’s volume production plans also come at 
a time when Infineon has just unveiled its first GaN 
products, 600 V HEMTs with drivers, for adapter, 
wireless charging and server applications.

The launch makes Infineon the only company, right 
now, to offer all power electronics technologies – 
silicon, SiC and GaN – and, like Transphorm, the 
Germany-based semiconductor manufacturer is ready 
for volume production.

Parikh isn’t fazed. As he puts it: “More and more 
companies are either joining the market or have 
announced ambitions to do this, and companies such 
as Infineon and Nexperia joining us is great news for 
GaN as it boosts customer confidence.”

“Just as we saw with GaN LEDs, more companies 
are joining the marketplace and a core set of strong 
companies, with the strong technologies and IP, will 
now dominate the market for a few years,” he adds. 
“This includes us, and the ride is just about to begin.”

“Infineon and Nexperia joining 
[the market] is great news for 
GaN as it boosts customer 
confidence.”

Transphorm Co-founder and Chief Operating 
Officer, Primit Parikh
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Making microLEDs 
on metal foils
The manufacture of microLED displays can take a big step forward 
by switching to the monolithic integration of transistors and LEDs 
grown on metal foils 

BY VLADIMIR MATIAS AND JULIAN OSINSKI FROM IBEAM MATERIALS
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EVERY YEAR, billions and billions of LEDs are made 
by growing epitaxial layers of GaN and its related 
alloys on sapphire and silicon substrates. But that’s 
not the only option. At iBeam Materials of Santa Fe, 
NM, we have recently demonstrated that high-quality 
epitaxial GaN can also be deposited on polycrystalline 
flexible metal foils. Our technology opens the door 
to large area, lower-cost production of GaN-based 
devices with a process that is amenable to roll-to-roll 
manufacturing.

The approach that we employ involves ion-beam-
assisted deposition. It is used to deposit a single-
crystal-like intermediary layer, which forms the 
foundation for subsequent epitaxy of nitride layers. 
Working in partnership with researchers at Sandia 
National Laboratories and the University of New 
Mexico, we have used this technology to demonstrate 
practical LEDs through a project funded by the US 
Department of Energy, APRA-E (see Figure 1).

One of the more attractive opportunities for our 
ground-breaking technology is in microLED displays, 
which require large areas of low-cost LED arrays. 
The most common approach to making these arrays 
is based on singulation and mechanical transfer. 
However, there is a move to ever smaller LEDs, 
making this technique more challenging to implement. 
It is far better to adopt a monolithic integration 
approach, which is compatible with our technology. 

The microLED market is expected to be huge as it 
takes market share from LCDs and OLEDs due to 
the significant advantages that this class of display 
has over the incumbents. MicroLEDs are brighter 
and much more efficient, so displays can be read 
in direct sunlight, and products using batteries will 
last longer between charges. What’s more, these 
products will provide a longer display lifetime, given 
the tremendous reliability, lifetime and robustness of 
the inorganic LED.
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Thanks to all these strengths, microLED-based 
displays should rapidly replace OLED and LCD 
screens in wearables, cell phones and augmented 
reality. But this is only the start: LEDs are destined to 
go on and have success in larger displays as well.

Making displays 
With the conventional approach to making large-area 
microLED-based displays, there is a need to use a 
high-yield process that provides massively parallel 
transfer of individual LED chips that may be less than 
ten microns in size. High-definition displays contain 
1080 by 1920 pixels, so they require 6.2 million red-
green-blue subpixels. And in a 4K display, there are 
nearly 25 million subpixels. These numbers are so 
high that in order to minimize the number of transfer 
steps, LEDs have to be transferred in many thousands 
at a time.

Several companies are developing technologies for 
handling in parallel such large groups of LEDs, which 
could have dimensions down to just 3 µm. These 
approaches have to transfer chips with micron-scale 
precision, bond them reliably, and realise an incredibly 
high yield. Even 99.99 percent will not be good 
enough, as the display could still contain thousands 

of dead subpixels. They would have to be repaired, 
because the market will not tolerate even a single 
malfunctioning or missing pixel in a new device. 

Repairing individual pixels is an option, but costs 
escalate, as this requires additional transfer steps. So 
it may be better to resort to redundancy in transferring. 
However, this adds significantly to the LED cost, and it 
fails to address the problem head-on.

In contrast, we tackle this issue with a technology 
that can make a paper-thin flexible product with a 
resolution of 500 pixels per inch or more, and satisfy 
the market’s tremendous desire for integration of 
displays into thin, curved devices. Using patented 
GaN-on-metal technology, we grow LED-quality InGaN 
material directly onto low-cost, large-area flexible 
metal foil, making monolithic integration of microLEDs 
practical. 

This foil allows our displays to be as good as  
or better at conforming to curved surfaces than 
OLEDs. In addition, they may even be able to flex 
when in use. The conformable metal substrate also 
provides reflectivity and heatsinking for the LEDs  
(see Figure 2).

Figure 1. iBeam Materials’ GaN-on-metal technology relies on a single-crystal-like layer that is created on top of a polycrystalline substrate, 
such as a long-length metal foil. The single-crystal-like layer is formed by an ion-beam-assisted deposition process. On the left is shown the 
layer architecture, while photographs show the first LED devices.

Figure 2. Diagram of an LED cross section, and emission from a 20 µm blue LED on metal and an array of microLEDs
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Our technology is compatible with a roll-to-roll 
process, which, alongside new epitaxial methods 
that will supersede MOCVD, will slash the cost 
of manufacturing microLEDs. Currently, costs for 
MOCVD wafer production are in the range of 
$2-3/cm2, but they could fall by a factor of three by 
switching to long-length metal substrate. Further 
savings will result from the introduction of non-
MOCVD deposition processes – our cost model 
estimates an epi-material cost reduction of more than 
a factor of ten per unit area (see Figure 3).

Ultimately, LED costs could fall to less than 10 cents 
per cm2. Such a dramatic reduction could allow 
microLED displays to be even cheaper than those 
based on OLEDs. 

Fabrication of our full-colour, active-matrix display 
begins by producing a dense array of blue-emitting 
LEDs monolithically across the surface of the 
epilayers. Each pixel comprises three sub-pixels, with 
red and green components formed by coating blue-
emitting elements with quantum-dot down-converting 
layers (see Figure 4). They can be added as a 
photoresist matrix, or with an inkjet printer, depending 
on the size of the LEDs required.

The next step is to add a thin-film transistor circuit to 
address each of the sub-pixels. We are able to draw 
on the existing backplane technology used to make 
OLED displays, with thin-film materials deposited on 
the sheet, prior to patterning (see Figure 5). 

The total thickness , including that of the metal 
substrate, can be less than 100 µm. To reduce 
crosstalk, quash stray emission and realise better 
blacks, the spaces between the LEDs can be filled 
with a commercially available black polymer matrix.

Our technology will continue to advance. In future, 
we will use the epitaxial GaN sheet that exists on 
the metal foil to fabricate small, integrated GaN 
transistors. These devices can be used to control the 
LEDs (see Figure 6).

By adopting this approach, we are following in the 
footsteps of the silicon industry. It famously evolved 
from making circuits by individual wiring of discrete 
transistors to the high-yield manufacture of highly 
integrated circuits with billions of transistors on a 
single chip.

We are confident that over time, the yield and reliability 
of microLED displays made with our technology will 
be far higher than those made with chip-transfer 
methods. However, to begin with, it may be prudent 
to utilize some redundancy in design, in order to 
minimize possible LED failure.

When there is a move to higher-resolution displays, 
our technology is well-positioned – thanks to the 
complete area being filled with LED epi, higher 
resolution displays can be made with smaller 
additional costs. For our monolithically integrated LED 
display technology, cost scales with area, rather than 
the number of pixels.

Our approach is not the only one providing monolithic 
integration. One alternative involves nanowire active 
regions. However, this relies on conventional rigid 
substrates, such as silicon and sapphire. Go down 
that path and the manufacture of large-area displays 
tends to require the transfer and bonding of LEDs to a 
backplane.

Figure 3. Cost 
curves of epi-
GaN device 
layers for various 
deposition 
methods.

Right: Figure 4. The layout of a microLED display made 
using iBeam technology.
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Colour and gamut
The quantum dot technology that we are advocating to 
make our displays is advancing, with today’s films with 
a thickness of just a few microns providing nearly full 
conversion of blue emission to that in the red or green. 
However, if there are concerns relating to any unwanted 
blue light that remains in the sub-pixel spectrum, it can 
be removed with a filter or blue reflector.
Makers of displays can choose the quantum dot 
films to hit specific colour points. The narrow 
emission of the LEDs and the quantum dots – they 
have spectral widths of typically 20 nm and 30 nm 
to 40 nm, respectively – enables saturated colours, 
along with colour gamuts that are wider than those 
of conventional LCDs and OLEDs (see Figure 7 for 
further details).

As the microLED market expands, there is a need for 
a roll-out of significant additional LED manufacturing 
capacity in order to make all the required displays. By 
2026, some forecasts show 15 percent of the 2 billion 

Figure 5.
A sub-pixel 
cross-section 
showing a 
quantum-
dot, colour-
converting 
film and black 
photoresist 
matrix.

Figure 6. 
The sub-pixel 
LED can be 
integrated with 
an GaN/AlGaN 
FET transistor 
device, by 
integrating the 
FET in the epi 
structure.

cellphone market  will feature a 4K microLED display. 
This alone will require 12 million wafer starts per year, 
a figure comparable to the total for all LEDs that will be 
manufactured in 2019. Factor in wearables, TVs, and 
other display formats, and manufacturing volumes are 
set to be far higher than this figure.  

Our low-cost, roll-to-roll capability can make this ramp 
possible. Just one wide-web, roll-to-roll production 
facility could equal today’s total worldwide LED epi 
production.

Beyond 2025, displays based on two-dimensional 
flat screens are expected to be superseded by those 
that create images in a three-dimensional space (see 
Figure 8). This can be accomplished by placing an 
array of emitters, such as microLEDs, over a microlens 
array. However, to ensure that the light-field display 
has a high resolution, in addition to compression of 
huge amounts of data, it must feature billions of pixels 
with a pitch that could be as small as 5 µm.  
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Further reading
United States Patent 9,735,318 B,  V. Matias and 
C. Yung.  

V. Matias, Photonics West Presentation, 2018 

Yole Développement, “Are MicroLEDs a credible 
alternative to LCD and OLED?” SID Display week 
business conference, (2018)

G-S. Chen et al. IEEE Phot. Tech. Lett. 30  262 
(2018)

Figure 7.  Three popular gamut standards are targets for new products.
Rec. 709, also called sRGB, is the current HDTV standard. However, products 
such as the Apple iPhone and Samsung Galaxy have already moved to 
embrace DCI-P3, the digital cinema standard, and future products are targeting 
the most difficult laser-based Rec. 2020 standard.  iBeam technology will be 
capable of exceeding DCI-P3 and nearly meeting that of Rec. 2020 without 
requiring lasers.

Such a colossal number of pixels is impractical for 
mass transfer approaches, but can be realised with 
our monolithic integration technology.

In short, a promising future lies ahead for our 
technology, which enables the manufacture and 
integration of microLEDs on large area, metal foils. 
Wearables, augmented reality, mobile products and 
even large displays will benefit, due to the many 
great attributes of our technology. They include: a 
flexible, light-weight substrate that enables displays 
to fit curved surfaces and ease of integration into 
products; the use of direct-emitting LEDs, which allow 
outdoor viewing and produce a high dynamic range, 
a wide colour gamut and deep blacks; low cost, due 
to monolithic integration and compatibility with high-
volume roll-to-roll manufacturing techniques; and the 
promise for light-field displays, the three-dimensional 
displays of the future.

Figure 8.  Historical evolution of displays and expectations into the future.
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Full steam 
ahead for 
CST Global
While Brexit is doing no favours to  
CST Global, it is certainly not derailing  
its phenomenal growth, foundry  
build-out and expansion of its customer 
base. Company CEO Neil Martin 
discusses all this and more in an interview 
with Richard Stevenson.

Q Has 2018 been the best year ever for  
 CST Global?

A I think it was our best ever year. We grew, and  
 there was also an unseen side, namely  
 contractual commitments. In addition to our  
 current customer base, last year saw 
 the level and quality of customer interest in  
 potential contracts increase substantially.  
 We’ve done a huge amount of product and  
 process development on behalf of those new  
 contracts, and we expect orders to follow this  
 year.

Q Why are sales ramping up so fast?

A Basically, III-V technology is really starting to  
 emerge in multiple sectors, in multiple markets.  

 So we are growing significantly across the  
 board. 

 One of the major drivers is the movement  
 of data. The communications business is driven  
 along fibre, and the only way to do that is  
 with ever-increasing quantities and capabilities  
 of laser chips. And that’s all III-Vs. When you  
 look at the massive investments – whether  
 it’s faster and faster corporate, or a hybrid  
 between photonic and corporate data centres  
 – the next-generation stuff for super data centres  
 is going to be pretty much 90 percent fibre- 
 orientated. That flows back into the component  
 requirements for these massive data centres. 

 Then look at sensing, for remote and  
 autonomous vehicles. That’s always going to  
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 be hybrid technologies, using lasers with  
 specific wavelengths, because that means that  
 you can detect specific things. We are seeing a  
 lot of development and product enhancement  
 going on, and that will continue. There’s 
 not going to be one absolute, single system that  
 does it all. 

 Then, if you look at handhelds, there is huge  
 amount of environmental concern, in Asia  
 particularly, in relation to air quality. And there’s  
 facial recognition. That’s all III-V driven. 

Q How close are you to full capacity?

A We are adding capacity all the time. Like  
 any production facility, there are always parts  
 under pressure. By March we will have a  

 duplicate production line and the facility will  
 ave expanded significantly. Then it’s just  
 question of scaling that. 

 By the end of this calendar year we will be very  
 much pressing up against the walls. So clearly  
 some significant thoughts about further  
 investment are required in 2019.  

Q What are you doing to expand your capacity  
 in the fab?

A We are bringing in more automated toolsets.  
 Fabs for III-Vs tend to have islands of pieces of  
 equipment. We are just starting to link them  
 together with tracks and various other things.  
 We are looking at multi-load systems, so that we  
 can condense processes and reduce the  

Testing bars with a tool 
that can ‘pick and place’ 
is helping to increase 
throughput at CST Global.
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 handling. There is a lot of capacity on the  
 footprint that can be gained by developing  
 machinery and key processes, before you have  
 to go elsewhere.

 The second line gives us a lot of risk  
 management advantage, which is significant for  
 some larger customers. At the same time it is  
 clearly increasing capacity, by adding better,  
 more modern equipment. 

Q Are you on a recruitment drive? 

A Yes, always. Good people are hard to get, so  
 we are always looking across the board. There’s  
 always room for laser design experience, and  
 some excellence in process development  
 engineering. These are occasional specialisms  
 that we have to look at. We recruited quite well  
 on the materials front last year, but that’s  
 another area that we’ll need to continue to  
 work on. 

 We’ve also put a lot of effort into developing our  
 own skills pipeline. We have people on  
 placement that still have got three years of  
 academia to go through before they become  
 available to us. 

Q CST clearly benefits from a nationally diverse  
 workforce. This appears to be at odds with the  
 message from the UK Government, which is one  
 of strengthening its boarders, and making it  
 harder for companies to recruit those from  
 overseas. Are you concerned?

A Big time. We have got something like 17 or 18  
 PhDs, and only four of them are UK nationals.  
 We have a very simple philosophy, which has  
 been borne out to be true – the main reason  
 that personnel leave companies is because  
 they feel unwanted and not looked after. If  
 you feel unwanted, you automatically –  
 even maybe subliminally – start to turn off.  
 That is completely lost on a certain section of  
 the political establishment.    

Q You are involved in lots of collaborative projects  
 that involve countries that are in the European  
 Union. It’s hard to say, but what will be the  
 impact of Brexit on this?

A We had a very high success rate of getting  
 through the key projects over the years, and  
 that’s already slumped dramatically. We’re not  
 invited to the party. And we always were. So  
 there’s no question that that’s impacting us. 

Q Do these projects take up a substantial  
 proportion of foundry time? 

A No. We allocate a level of capacity. It’s mainly  
 the time and expertise of some key individuals.  
 We support that activity, obviously, but we are  
 mainly doing commercial work.

 On the one hand, we get to develop of our  
 own skillset, increase our knowledge base  
 through those programmes, and have the  
 opportunity to try to future-proof the market  
 for our company. But we are interfacing with  

The foundry 
at CST Global 
includes an 
automatic bar 
stacker.
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One promising, emerging class of applications for III-Vs 
is that described as quantum technologies. This rather 
vague moniker refers to applications exploiting quantum 
interference, entanglement and tunnelling. It is these 
quantum phenomena that lie at the heart of atomic clocks, 
gravity sensors, quantum computers and quantum 
communications; and rely on laser cooling technology, which 
can be accomplished with laser diodes based on GaAs, GaN 
and InP.

The opportunities for quantum technologies were discussed 
and debated by engineers, academics, politicians, and 
representatives of funding agencies, at a one-day meeting 
held at the House for an Art Lover, Glasgow, in mid-November.

At this gathering, organised by CST Global, Sir Peter 
Knight from Imperial College London delivered a key note 
presentation entitled Quantum Technologies for a Networked 
World. 

Knight began by highlighting the high level of investment 
in quantum technologies by the UK – it has allocated 
£400 million to a national programme. Some of those working 
in the UK will have also been able to draw on the €1 billion 
Quantum Technology Flagship, a European initiative. While 
these level of funding are impressive, they appear to be 
dwarfed by the US and China, which may be injecting as 
much as $2.4 billion and $10 billion, respectively.

The UK investment in quantum technology that began in 2014 
is already paying dividends. It has driven the launch of the first 
16 start-ups that are exploiting quantum technology; it has 
generated £30 million of investment; and it has created more 
than a hundred jobs.

Knight explained that the motivation behind such high 
levels of investment in the UK is in part due to improving the 
stability of financial markets, so that there is not a recurrence 
of the ‘flash crash’ – a trillion dollar crash in May, 2010, that 
lasted for just over half an hour. High frequency trading can 
contribute to panic on the markets, while the widespread 
deployment of atomic clocks would lead synchronisation at 
every node – that is, every switch, router, server, processor 
and GPS receiver – and ultimately greater resilience on stock 
exchanges. 

Atomic clocks are not a new technology. This form of clock, 
which has a timing mechanism based on the superposition of 
quantum states, dates back to the 1950s. Initially, these clocks 
needed to operate in the lab, but applications in defence and 
communications have driven miniaturisation. Scaling has 
been spearheaded by the hugely ambitious chip-scale atomic 
clock programme that ran from 2002 until 2008. This effort 

failed to fulfill very demanding targets, but did lead to the 
development of a 17 cm3 chip-based clock by Symmetricom 
that drew less than 120 mW. Knight explained that efforts 
to improve on this include a design pioneered in the UK by 
Starthclyde and Imperial College, involving a microfabricated 
grating to aid laser cooling.

Another market with tremendous potential is that of quantum 
sensors. According to Knight, this sector includes quantum 
chips for accelerometry, gyroscopes, gravimetry and 
magnetometry, and gravity sensors for oil, gas, minerals and 
defence. 

One of the attractions of cold-atom gravity gradiometers 
is that they have the potential to set a new benchmark for 
resolving features underground. This promises to deliver 
a massive boost in infrastructure productivity, which is 
currently held back by unknown underground conditions. 
Knighted illustrated this point by saying that 37 percent of 
delays in Dutch construction, and €70 billion in expenditure, 
were related to problems associated with unforeseen issues 
underground.

Knight concluded his talk by discussing quantum computers, 
which could be used to provide secure communication. Much 
progress has been made recently, with Intel, Google and IBM 
unveiling quantum computers in the last two years.

A chipmaker’s perspective on the opportunities related to 
quantum technologies was provide by Thomas Slight from 
CST Global. He explained that the accuracy of atomic clocks 
can be improved by progressing from those based on 
caesium to those that use strontium ions. The latter requires 
laser light sources operating at 674 nm and 422 nm. At 
CST, they have been developing the blue variant in projects 
Coolblue, and its successor, CoolBlue2, that finished this 
March. Efforts produced a fully monolithic, narrow wavelength 
422 nm blue laser diode.    

CST is also involved in three further projects related to 
quantum technology: an effort known as high-power 
phosphorous-based DFB lasers for cold atom systems, 
which requires a laser emitting at around 700 nm; Mac V, 
a collaborative effort in the UK to produce atomic clocks 
that use 894 nm VCSELs to probe a caesium transition; 
and IndICam, a programme involving the development of 
monolithically integrated  mid-infrared imaging arrays for 
detecting volatile organic compounds. Another project, 
entitled quantum-ring single-photon LEDs, finished last 
June. CST’s role involved helping to produce single-
photon sources based on GaSb that could be used in 
quantum key distribution, a technology for providing secure 
communication.

Opportunities for optoelectronic devices 
in quantum technologies
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 people who we view as long-term partners and  
 potential customers.

Q So are these projects worth it?

A If I look at today, the main revenue drivers of the  
 company, without exception, started in a  
 collaborative hub. We had an idea of what we  
 wanted to do and why, we collaborated  
 with people we thought could help us enable  
 the technology, and we put the work in. At  
 some point we then started to diverge, and  
 do some additional work outside the project.  
 Some areas have taken off, in a large part  
 because we were involved in the technology  
 from an early stage. 

Q Could you share examples of involvement in  
 specific projects that have paid dividends for  
 CST Global?

A A classic one is the laser technology for the  
 PON market – the passive optical network  
 market. It is dominated by the Chinese, but we  
 have sold an awful lot of lasers. That came from  
 both access to the specific market for PON,  
 and also to the whole comms and datacomms  
 sector, enabled by being in that activity early. 

 One thing that people really don’t get is that  
 private technology funding for hardware is  
 hugely difficult. In software you can spend as  
 you go, as the growth happens. If you are going  
 to try and be a major supplier of quality  
 products, you have to build a plant – and you  
 have huge commitments, in terms of time,  
 energy and cost, to prove yourself as being  
 worthy of the quality badge, before potential  
 customers will even talk to you about which  
 projects they want you to work on. 

 If you put that in front of your average  
 investment group, even a technology investment  
 group, that’s a big thing to swallow. While there  
 is theoretically a lot of money for investment,  
 hardware investment is still such a high capital  
 risk that a lot of people shy away from it. These  
 programmes really help to supplement that early  
 stage lack of commercially available players.     

Q You have very close ties to Scottish Universities,  
 and in particular to the University of Glasgow,  
 which sites an MOCVD tool in your fab. What are  
 the benefits to you of these working  
 arrangements?

A We can have some of our people collaborate in  
 a very tight manner with some leading-edge  
 stuff. So it allows some of these guys that we  
 bring in with PhDs to retain that academic  
 relationship. A lot of the guys don’t want to  
 be tied to a machine for the rest of their days,  
 just pushing stuff out of the door. 

 At the same time, there is a bit of an introduction  
 for the academic group to a working  
 environment that is commercially driven. Some  
 people will be turned on by that and think that’s  
 a great thing, and can hopefully become  
 potential recruits for us. And some will realise  
 it’s not for them, and that’s OK as well.

Q As well as producing edge-emitting DBR lasers,  
 you have capabilities related to VCSELs and to  
 quantum cascade lasers. Do these technologies  
 lead to many sales?

A Yes. QCLs go into security and defence, and  
 VCSELs go into industrial and consumer areas.  
 There are well-known standard VCSEL types,  
 but there are a lot of new wavelengths  
 emerging. That’s not easy to do, as I’m sure  
 you’ll appreciate. It sounds very simple to swap  
 material and create a VCSEL at a new  
 wavelength, but it takes a lot of re-engineering  
 and re-qualification.

Q What are your plans for 2019?

A There is a hope and expectation that there will  
 be some big opportunities this year that will  
 take the company to a very different customer  
 base and a very different opportunity base. I  
 would hope that as we had last year, we will  
 have a very significant expansion.

Laser bar testing 
is automated at 
CST Global

CST Global founder and 
CEO Neil Martin is taking 
the company from strength 
to strength, with orders in 
the pipeline from bigger 
customers.
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Connecting, informing and inspiring the photonic integrated circuits industry 

PIC INTERNATIONAL 2019 CONFERENCE 

SPEAKERS ANNOUNCED!
With over 30 presentations and a record breaking number of sponsors, 

the fourth PIC International is set to be the biggest and best yet!

To be held again at the Sheraton 
Airport Hotel in Brussels on  
26 -27 March 2019, PIC International 
will once more prove to be the  
must-attend event for the global 
integrated photonic circuits 
community.

Delivering over 30 talks 
PIC International will provide 
comprehensive coverage of the 
integrated photonics industry 
exploring 5 key themes

£ PICs Today: 
 Datacom, Imaging and Transport

£ PIC Innovation: 
 EPDA, TAP & PICs Beyond Datacom

£ PICs Reimagined: 
 Hybrids and Materials Innovation

£ PIC ROI: 
 Show Me the Money

£ PICs Beyond 100G: 
 Evolution and Revolution

Each theme includes talks given by the leading decision makers and 
influencers within the industry.

Book your place NOW!
www.picinternational.net/register to secure your place 

It’s set to be another sellout

26-27 MARCH 2019
Sheraton Airport Hotel Brussels
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 This two day event 
includes FIVE new themes and 

TWO new panel sessions for 2019

SPEAKERS
£ Katharine Schmidtke –  Facebook – [KEYNOTE] 
 Achieving high quality 100G data center PIC Integration
£ Mehrdad Ziari - Infinera
 Large scale PICs, integration with InP lasers and PICs across future networks and markets
£ Michael Liehr – AIM Photonics
 AIM Photonics’ role in developing next generations of PICs and TAP manufacturing expertise
£ Pauline Rigby - Lightcounting – [ANALYST]
 New VCSEL opportunities in 3D sensing and beyond
£ Henk Bulthuis – Kaiam Corporation
 The future and economics of PICs and PLCs in data center applications
£ Callum Littlejohns - CORNERSTONE
 Device prototyping using the CORNERSTONE platform
£ Ignazio Piacentini – ficonTEC
 PIC differentiation, emerging markets, and common modular platforms for assembly and test.
£ Rene Penning de Vries – PhotonDelta
 Presentation Title TBC

PICS TODAY − DATACOM, IMAGING AND TRANSPORT
Today’s primary PIC applications in data centers and telecom are foundations for new opportunities. We will explore PICS for 
healthcare, diagnostics, imaging/ranging and vehicle automation as well as new approaches for data transport.

SPEAKERS
£ Tom Daspit, Mentor ... A Siemens Business
 Photonics and EDA – Round Hole and Square Pegs
£ Albert Hasper, PHIX
 Large scale assembly and packaging foundry for PICs
£ Scott Jordan, Physik Instrumente
 The Emergence of Non-Position Positioning in Fast Manufacturing Automation
£ Martijn Heck - ePIXfab/Aarhus University
 Presentation Title TBC 
£ Ronald Broeke – BRIGHT Photonics
 Rethinking the photonics IC design flow to make high-quality PIC design easier, cheaper and faster
£ David Cheskis - IQE
 VCSELs in 3D facial recognition
£ Remco Stoffer – Synopsys
 How Synopsys Is Driving the PIC Revolution with a Trusted and Scalable Design Flow?
£ André Richter - VPIphotonics
 Hybrid PICs - Technology Alternatives and Design Implications
£ James Pond - Lumerical
 Scalable PIC design: increasing yield of components, circuits and systems
£ Luc Augustin – SMART Photonics
 Open access integration platform: versatile solution for photonic integrated circuits
£ Peter O’Brien – Tyndall National Institute
 Presentation Title TBC
£ Pieter Dumon – Luceda Photonics
 Presentation Title TBC

PIC INNOVATION − EPDA, TAP & PICS BEYOND DATACOM
Electro-photonic design automation (EPDA) paired with automated test, assembly and packaging (TAP) are essential for ensuring  
rapid PIC development cycles and quality control. We will explore how tools and processes will enable greater yield, reliability and 
sector growth.

All speakers and presentations are subject to change. ©2019 Angel Business Communications Ltd.
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SPEAKERS
£ Jochen Zimmer – Nanoscribe
 Additive manufacturing by two-photon-polymerization for photonic integration
£ Arne Leinse – LioniX International
 Vertical Integration in Silicon Nitride (siN) based foundry enables new applications
£ Michael Geiselmann – LIGENTEC
 New advances in Silicon Nitride (siN) PIC Applications
£ Arnaud Rigny – Teem Photonics
 Optical passive device platform to enhance photonics performances
£ Di Liang – Hewlett Packard Enterprise
 Presentation Title TBC
£ Michael Lebby – Lightwave Logic
 Polymer PIC opportunities in Applications Beyond 100G
£ Kei May Lau – Hong Kong University of Science & Technology
 III-V lasers directly grown on Silicon
Other speaker presentation themes to be confirmed include:
£ Multiphoton Optics
 TBC

PICS REIMAGINED − HYBRIDS AND MATERIALS INNOVATION
PIC innovation is already linked to hybrids − InP lasers are driven by silicon chips and die-level devices are combined into modules. 
While silicon photonic (SiP) optimization continues we will concurrently explore the benefits of bringing compound semiconductor 
technologies such as GaAs, GaN, lithium niobate, and silicon carbide into PIC development programs.

SPEAKERS
£ Dirk van den Borne – Juniper Networks
 Coherent DWDM router interfaces: Opportunities for photonic integration
£ Eric Higham – Strategy Analytics – [ANALYST]
 Assessing the long-term growth and market potential for PIC devices in datacom, transport and networks

PIC ROI − SHOW ME THE MONEY
While manufacturers are working to automate PIC assembly, packaging and test, we will examine how existing and future sector 
investments will reap dividends. What cycles should investors anticipate? How can financiers accurately gauge product potential  
within emerging PIC sectors?

SPEAKERS
£ Robert Blum, Intel – [Moderator]
£ Katharine Schmidtke, Facebook – [Panelist]
£ Mehrdad Ziari, Infinera – [Panelist]

 Additional panelists to be confirmed 

HOW DOES THE PIC INDUSTRY DELIVER ON THE PROMISES OF SIZE, SPEED, AND ECONOMY 
WITH HIGH QUALITY?
Today’s PIC-based transceivers or PIC transceiver components are often assembled, packaged and tested manually. Is it possible to 
drive demand while the infrastructure needed to support it is still being conceived, designed and built?

SPEAKERS
£ Michael Lebby, Lightwave Logic – [Moderator]
£ Michael Liehr, AIM Photonics – [Panelist]
£ Werner Steinhögl, European Commission Photonics Unit – [Panelist]
£ Takahiro Nakamura, PETRA – [Panelist]

WILL PICS BE THE ENGINE OF GROWTH OVER THE NEXT DECADE? IS THE GROWTH SUPPORTED 
IN OUR ROADMAPS WORLD-WIDE?
Can PICs support advanced datacom and long-distance telecom applications as reflected in our global technology roadmaps?

All speakers and presentations are subject to change. ©2019 Angel Business Communications Ltd.
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SPEAKERS
£ Martin Zirngibl – Finisar
 The role of PICs in Tb/s datacenter environments: Is pluggability dead?
£ Twan Korthorst – Synopsys
 Driving the PIC Revolution – Case Scenarios
£ Jose Pozo – EPIC
 The benefits of low-barrier access to new production services for PICs today and tomorrow
£ Martin Guy – Ciena
 Photonic Integration Opportunities for Next-Generation Coherent High-Capacity Systems
£ John Magan – European Commission Photonics Unit 
 The critical role that EC support for photonics and PIC devices plays in our manufacturing future.
£ Nick Psaila – Optoscribe
 3D laser written glass components for advanced photonic integration
£ Thomas Liljeberg – Intel
 Integrated Silicon Photonics for future Datacenter Applications

PICS BEYOND 100G − EVOLUTION AND REVOLUTION
PICs are poised to transform many end use markets as global semiconductor innovation shifts resources from electrons to photons. 
We’ll explore near-term opportunities and potentially disruptive, long-range advantages that PICs can offer today’s service providers 
and end users with a focus on healthcare, autonomous driving, defense and security; artificial intelligence, AR/VR and the IoT.
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Showcasing 
silicon carbide
Super-junctions and sulphur doping take SiC MOSFETs to new highs

SUCCESSES in silicon continue to dominate the 
International Electron Devices Meeting (IEDM). 
However, in recent times this conference has also 
included a smattering of papers on compound 
semiconductor technologies. 

In general, these presentations have highlighted the 
benefits of adding III-V epilayers to silicon. Using 
this approach, the likes of InGaAs have promised 
to extend the march of Moore’s Law, thanks to this 

arsenide’s superior hole mobility; and GaN has shown 
that it can enhance RF communication, by taking 
power densities to a new level.

At the latest IEDM, however, it was SiC that rose to 
the fore amongst the compound semiconductor 
technologies. At this meeting, held in San Francisco 
at the beginning of December, delegates discovered: 
how modifications to the super-junction MOSFET 
have enabled this wide bandgap material to set a 
new benchmark for on-resistance for a high-voltage 
SiC MOSFET; how a super-junction MOSFET formed 
with a multi-epitaxial growth process can produce 
promising switching characteristics; why SiC 
MOSFETs operating at 3.3 kV or more have great 
potential, but lack proven performance, hampering 
their deployment; and how sulphur doping increases 
the threshold voltage of the MOSFET, thereby 
boosting its immunity to electromagnetic interference.

Super-junction success
Throughout the history of the silicon power electronics 
industry, innovation has been needed to propel device 
performance to a new level. Just before the turn of 
the millennium, progress came from the addition of a 
super-junction structure to the silicon MOSFET. This 
new architecture, launched independently by Siemens 
and STMicroelectronics, lowered the on-resistance at 
the drain, increased the transistor’s blocking voltage, 
and drove down the dynamic loss and capacitance.

Following in the footsteps of these European pioneers, 
engineers working for the National Institute of 
Advanced Industrial Science and Technology (AIST), 
Japan, are now increasing the performance of the 
SiC MOSFET via the introduction of a super-junction 
architecture.  

At IEDM, one of the researchers at AIST, Takeyoshi 
Masuda, presented a paper on the characteristics 
of the super-junction V-groove trench MOSFET. This 

Figure 1. AIST’s SiC super-junction V-groove MOSFET is claimed to set a 
new benchmark for on-resistance for SiC MOSFETs with a blocking voltage in 
excess of 600 V. The device combines a blocking voltage of 1170 V with an on-
resistance of just 0.63 mΩ cm2.
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device combines a blocking voltage of 1170 V with an 
on-resistance of just 0.63 mΩ cm2, which is claimed to 
be the lowest value ever reported for a SiC MOSFET 
with a blocking voltage of 600 V or more. 

In this novel device, the V-groove trench, aligned 
along the {0338} direction, reduces the channel 
resistance by utilizing a high-quality interface between 
SiO2 and SiC. Further gains mirror those found in 
silicon, with the super-junction structure minimising 
the on-resistance and breakdown voltage. 

Masuda reported the first results for a SiC super-
junction V-groove MOSFET back in 2016. Since then 
much progress has been made, with the latest results 
revealing dramatic improvements in the trade-off 
between on-resistance and blocking voltage, realised 
by narrowing the cell pitch of the super-junction and 
increasing the doping concentration in these regions. 

“The cell pitch and the concentration were 7 μm and 
3 x 1016 cm-3, respectively, when I presented super-
junction VMOSFETs for the first time in ECSCRM 
2016,” explains Masuda. In comparison, the cell pitch 
of the IEDM devices is just 2.5 μm, and the doping 
concentration 1 x 1017 cm-3.

To form the V-groove super-junction transistors, 
Masuda and co-workers begin by growing 
3 μm-thick buffer layers that prevent a high electric 
field from penetrating the substrate. On this follows 
six cycles of the growth of n-type epitaxial layers, and 
then the creation of p-type regions in those layers by 
subsequent aluminium ion-implantation. Upper p-type 
pillars, doped at 1 x 1018 cm-3,  are added to protect 
the bottom oxide of the trench from the electric field 
(see Figure 1). 

Completion of the MOSFET involves the addition 
of phosphorous-doped current spreading layers – 
designed to counteract the aluminium ion-implantation 
tails of the channels – and a V-groove trench with a 
highly-doped, ultra-thin channel that enables a high 
threshold voltage, while suppressing short-channel 
effects. Activation annealing at 1800 °C follows, along 
with the addition of a 50 nm-thick gate oxide and the 
electrodes.  

Although the six cycles of growth and implantation 
are not ideal, Masuda argues that this process is 
still suitable for high-volume manufacturing. “We 
demonstrated a high current density in the super 
junction VMOSFET. It means that the chip size can 
be shrunk compared with the conventional MOSFET 
with the same current capacity.” Yield then increases, 
thanks to the smaller chips.

Masuda also points out that the latest devices are 
prototypes. So refinements are to be expected before 
the process is rolled out for mass production.

Prior to the addition of the drain electrode, the 

350 μm-thick substrate is ground down to just 50 μm. 
This step is very important, according to Masuda, as it 
trims resistance by more than 0.6 mΩ cm2.

To characterise the devices, the team mount their 
0.25 cm by 0.25 cm chips, which have an active 
area of just 0.0377 cm2, in TO-268 packages. Using 
a gate-voltage of 25 V, they measured a specific on-
resistance of just 0.6 mΩ cm2. The biggest contributor 
to this is the super-junction (see Figure 2).

The threshold voltage of the super-junction VMOSFET 
is 4.7 V,  a value that is claimed to be high enough to 
obtain a stable off-state when being used in switching 
applications. 

Masuda attributes this value, which is similar to that 
for a silicon IGBT, to the high-quality of the metal-
oxide-semiconductor interface on the V-groove. 
“Conventional SiC MOSFETs have difficulties in 
achieving both a high threshold voltage and a 
low channel resistance because the metal-oxide-

Figure 2. 
Analysis of 
AIST’s SiC 
super-junction 
V-groove 
MOSFET, 
mounted in 
a TO-268 
package, 
identified 
the primary 
contributions 
to a total on-
resistance of 
0.63 mΩ cm2.

Figure 3. 
Engineers at 
AIST have 
produced 
trench-gate SiC 
MOSFETs with  
a (a) 5 μm pitch 
and a (b)  
2.5 μm pitch.
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semiconductor interface quality is still poor.” He 
believes that there is room for further improvement 
in device performance, including higher blocking 
voltages and a lower on-resistance. “We also have to 
check the avalanche and short-circuit capabilities.”

A downside of these V-groove devices is that their 
performance can be influenced by the uniformity 
of the underlying wafer. To address this, another 
team of engineers at AIST is developing trench-
gate super-junction MOSFETs. They are claimed 
to deliver a performance that is less sensitive to 
process fluctuations. The dynamic characteristics 
of these 1.2 kV  devices were detailed at IEDM by 
Shinsuke Harada.

This team began by considering two different designs. 
Both feature a 5 μm cell pitch and implanted buried 
p-base regions, which contain a trench bottom that 
provides a gate shielding structure. Where the designs 
differ is that one has 1.5 μm-wide p-type pillars 
connected to the buried p-type base to provide a 
current path, while the other employs 0.75 μm-wide 
pillars. 

Simulations of both types of device reveal that thinner 
pillars reduce the specific on-resistance by 
0.5 mΩ cm2, while thicker variants trim this figure by 
only 0.4 mΩ cm2. However, when there is a variation 
in the concentration of n- and p-type charges in the 
n-type layer by ± 10 percent, it makes more sense to 
make MOSFETs with the thicker pillar. That’s because 
when these MOSFETs are operated at 1.4 kV, there 
is a 0.8 μm margin in the p-pillar width for the thicker 
pillar, but just a 0.1 μm margin for the thinner pillar. 

To assess the potential of product-level devices, the 
team produced super-junction trench gate MOSFETs 
with 1.5 μm-wide p-type pillars. Production of these 
devices began with the growth of an n-type buffer on 
a 4-inch, 4° off-axis 4H SiC substrate, followed by the 
addition of 5.2 μm-high p-pillars surrounded by n-drift 
regions, using a seven-step epitaxial process.

“This method is technically more suitable to form a 
narrow super-junction pitch than other methods, such 
as trench filling or high-energy implantation,” argues 
Harada.

Subsequent steps to producing 3 μm by 3 μm chips 
included forming the buried p-base regions and trench 
bottom p-regions through a two-step multi-epitaxial 
growth.

Comparing this device with a control revealed that 
the super-junction reduced the on-resistance from  
3.1 mΩ cm2 to 2.7 mΩ cm2, while the threshold 
voltage remained at around 4.0 V.

“Although the reduction of on-resistance is not so 
large at room-temperature, the advantage becomes 
larger with increasing temperature,” points out 
Harada. 

Measurements of dynamic performance revealed 
that the addition of the super-junction did not make 
a noticeable impact on the turn-on and turn-off 
switching waveforms, when a Schottky barrier diode 
was used as a free-wheeling diode. However, energy 
losses associated with turn-on were significantly 
higher in the super-junction device. 

Figure 4. 
A multi-epitaxial 
growth process 
was used to 
produce AIST’s 
trench-gate SiC 
MOSFETs.
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Short-circuit measurements, using a drain-source 
voltage of 600 V and a gate-source voltage of 20 V, 
show no degradation in the short-circuit time with the 
addition of the super-junction. “The obtained value 
is also comparable to the commercial SiC MOSFET,” 
says Harada.

The team is now planning to increase the  
blocking voltage of its devices, and improve their 
reliability. 

3.3 kV and beyond
An evaluation of the status of high-voltage SiC, along 
with its prospects, was provided by Andrei Mihaila 
from ABB – it is a multi-national that is developing SiC 
MOSFET technology, but yet to release a commercial 
product.

According to Mihaila, SiC MOSFETs operating 
between 3.3 kV and 6.5 kV promise to deliver similar 
improvements to their lower-voltage siblings. These 
advantages make the devices attractive candidates for 
high-voltage DC and flexible AC transmission systems, 
high voltage drives and high-power renewable energy 
conversion and storage.

Encouragingly, high-voltage SiC MOSFETs are closer 
to the unipolar limit for this material than devices 
operating at lower voltages (see Figure 5). This 
finding led Mihaila and co-workers to conclude that 
static losses associated with the high-voltage SiC 
MOSFET predominantly stem from the doping and the 
thickness of the drift layer. 

Makers of SiC MOSFETs use different processes to 
form the metal-oxide-semiconductor interface, which 
lies at the heart of the transistor and plays a critical 
role in determining static device performance. ABB 
employs a deposited oxide process, rather than using 
thermally grown SiO2 films or N2O annealed stacks, 
and this leads to a lower density of interface traps, 
according to plots provided by Mihaila. 

He and his co-workers have compared the 
performance of their 3.3 kV MOSFETs with both 14 μm 
and 26 μm pitches with silicon IGBTs and bi-mode 
insulated gate transistors. Operating at 60 A cm-2, both 
SiC MOSFETs have lower static losses than the silicon 
bipolar devices. 

However, the team have found that the high turn-on 
voltage of the MOSFET body diode leads to a higher 
static loss than that found in a silicon p-i-n diode. This 
loss, which is independent of pitch size, is attributed to 
the lifetimes in the epilayers. 

“The body diode turn-on voltage cannot be changed,” 
says Mihaila, who explains that lifetime enhancing 
methods in the epi-layer would only alter the slope of 
the current-voltage curve. 

The short-circuit performance of the two pitch sizes 

have been compared, using a drain bias of 1800 V 
and a gate-source voltage of 15 V. The smaller cells 
reduce static losses, but fail to meet the industry 
standard at 10 μs. 

“Adjusting the cell density and the threshold voltage 
values towards an optimum trade-off between static 
loss and short circuit capability is one way of looking 
at these issues,” says Mihaila.

A promising approach to realising the high current 
levels required in high-voltage applications is to 
arrange several MOSFETs in parallel. Mihaila and 
colleagues have adopted this strategy, connecting 
four 6.5 kV MOSFETs in parallel. Testing reveals a 
short-circuit capability of around 5 μs and a saturation 
current topping 600 A (see Figure 6). This is claimed 
to be a remarkable performance for a device that is 
just 5 mm by 5 mm in size.

The engineers have also assessed the reverse-bias 
safe-operating area, finding that the 6.5 kV MOSFETs 
successfully turn off 80 A when using a DC link 
voltage of 4.4 kV. This result, along with no failures 
observed during testing, led the team to conclude that 
this level of performance provided is similar to that 
provided by a state-of-the-art 6.5 kV silicon IGBT. 

Mihaila and co-workers have also considered a range 
of options for 15 kV SiC devices (see table 1). All 
promise to reduce total losses and simplify topologies, 
but there are challenges associated with: the cost-
to-amp ratio, the termination design, the realisation 
of stable blocking, the over-current capability and 
the reliability. In addition to these concerns, the team 
at ABB believe that further advances in passivation 
materials and packaging technology are needed 
before high-voltage SiC technology will be mature 
enough to be a serious contender in applications 
handling megawatts of power.

Figure 5. 
SiC MOSFETs 
with higher 
blocking-
voltages are 
closer to the 
unipolar limit 
than their 
lower-voltage 
equivalents.  
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A sulphur sweet spot
Another advance claimed at the latest IEDM concerns 
the first use of sulphur doping in the channel of the 
SiC MOSFET to improve performance.

This approach, pioneered by a team from Mitsubishi 
Electric and the University of Tokyo, may raise a few 
eyebrows, given that sulphur is known to be a deep 
donor that is unsuitable for device fabrication. 

However, that’s only the case for bulk material – and 
when sulphur is used to dope the channel region, 
resistance can fall, trimming energy loss, while the 
threshold voltage increases.

Boosting the latter is a big deal, according to team 
spokesman, Munetaka Noguchi: “Increasing the 
threshold voltage of the SiC MOSFET offers superior 
tolerance to electromagnetic noise, which is known to 
cause system malfunctions.”

Noguchi and co-workers fabricated lateral and vertical 
silicon-face SiC MOSFETs, with sulphur doping in the 

channel realised by implantation. Subsequent  
thermal annealing activated these dopants, along  
with those in the source, well and p+ contact  
region. Addition of a 50 nm-thick gate oxide  
involved thermal oxidation, followed by nitridation in 
dilute NO.  

The vertical device out-performed its lateral cousin. 
For this transistor, the threshold voltage is 4.0 V, and 
sulphur doping in the channel leads to a reduction in 
the resistance from 8.3 mΩ cm2 to 5.7 mΩ cm2.

According to Noguchi and co-workers, the sulphur 
that is in the channel can either be neutralised or 
ionised. If it is neutralised, the threshold voltage of  
the MOSFET increases, and electrons are trapped 
at the impurity level. And if it is ionised, it increases 
inversion layer mobility, thanks to a relaxation of 
the electric field at the metal-oxide-semiconductor 
interface.

Another finding by the team is that the shift in the 
threshold voltage resulting from a positive or negative 
bias stress of the gate voltage benefits from sulphur 
doping. This shift tends to be large for gate oxide 
engineering, but negligibly small for samples with 
sulphur doping. “Using sulphur, the threshold voltage 
shift is as small as that of a SiC MOSFET made with 
the nitridation process,” says Noguchi. 

Plans for this team include further development of  
SiC power devices that are tolerant to electromagnetic 
noise. If they succeed, and the engineers of AIST 
and ABB do with their SiC devices, these teams 
may report the details at next year’s IEDM. But more 
comprehensive coverage of breakthroughs in SiC is 
sure to be provided at the International Conference  
on Silicon Carbide and Related Materials (ISCRM), 
which will be held this autumn in Kyoto, Japan.

Table 1. Expected challenges and projected benefits of high-voltage (15 kV-rated) SiC devices, according to engineers at ABB.

Figure 6. 
Engineers at 
ABB measured 
the short-circuit 
waveform for 
four 6.5 kV 
MOSFETs 
connected in 
parallel. Using 
a drain voltage 
of 3.6 kV, and 
a gate-source 
voltage of 15 V, 
the transistors 
exhibit a short-
circuit capability 
of about 
5 μs, with 
saturation 
current reaching 
levels in excess 
of 600 A. 
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Producing a gallium oxide 

power portfolio
Gallium-oxide trench-type power devices with novel architectures have 
the attributes to trump those made from silicon carbide

BY KOHEI SASAKI AND AKITO KURAMATA FROM NOVEL CRYSTAL 
TECHNOLOGY AND SHIGENOBU YAMAKOSHI FROM NOVEL 
CRYSTAL TECHNOLOGY AND TAMURA CORPORATION

THE DAYS of the internal combustion engine are 
numbered. Concerns over climate change are 
encouraging governments to consider banning sales 
of petrol and diesel vehicles by 2030 or so. And even 
in those countries that many not enact this legislation, 
there will be many individuals living there that will 
be turning to electric vehicles to do their bit for the 
environment.

Even before the ban, sales of electric cars will 
climb as they fall in price and deliver an ever better 
performance, including being able to go further on a 
single charge. This will be accomplished in part by 
increasing the efficiency associated with the power 
system that drives the car. Today, significant losses 
occur in the semiconducting power devices used 
to alter the current or frequency of electricity, due to 
considerable electrical resistance of the components. 
Trim these losses and the range of the car could 
increase, tempting drivers to make the switch to a 
zero-emission vehicle. 

The incumbent material for power semiconductors is 
silicon. Replacing this with the leading alternative, SiC, 
cuts losses. However, devices made from this wide 
bandgap material have non-negligible manufacturing 
costs, and it is difficult to use them in non-industrial 
applications, such as home electronics and private 
vehicles.

A far more promising option is the ultra-wide bandgap 
material gallium oxide, which has a huge critical 
electric field strength (see “The strengths of gallium 
oxide” for details of its great material properties). 
In the form of its β-polytype, it has been used to 

make incredibly low-loss devices with breakdown 
voltages of over 600 V. The hope is that one day 
device fabrication costs will be as low as they are for 
silicon, because β-Ga2O3 wafers can be made with a 
melt growth method that is similar to the one used to 
make silicon wafers. Due to these positive attributes, 
β-Ga2O3 power devices have great potential for 
deployment in electric vehicles –  there are even plans 
to start installing them in this class of car by 2025.   

The cost of chip production is governed by 
economies of scale. Larger epiwafers are needed to 
drive down costs, and our team from Novel Crystal 
Technology and Tamura Corporation are working 
towards this. Currently, we are selling 2-inch β-Ga2O3 
epitaxial wafers (see Figure 1), and this market is 
taking off, with sales of this material doubling annually. 
But as well as building new growth chambers to 
meet demand, we are also producing larger
versions to meet requests for larger wafers. Later 
this year, we will also start to sell 4-inch 
β-Ga2O3 epiwafer samples.

In addition, we are preparing for the 
manufacture of a portfolio of 
high-performance devices. Read on to 
learn about the development of our 
ground-breaking diodes and 
transistors. 
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Trench diodes
Special device structures may be needed to explore 
the full potential of β-Ga2O3. That’s certainly the case 
with the Schottky barrier diode. Adopt a conventional 
design and device characteristics are limited by the 
leakage current at the Schottky junction.

We overcome this limitation with a periodic trench 
metal-oxide-semiconductor (MOS) structure (see 
Figure 2). Inserting this trench under the anode 
electrode decreases the electric field at the Schottky 
junction, leading to a reduction in the leakage current. 

To construct the MOS Schottky barrier diode, we load 

our β-Ga2O3 substrates into a HVPE chamber and 
grow epitaxial films of β-Ga2O3. After this, trenches 
are formed by photolithographic patterning and dry 
etching, before we turn to atomic layer deposition 
to cover the sidewalls and bottom of the trench with 
films of HfO2. Fabrication finishes with the addition 
of Schottky and ohmic electrodes, made from 
molybdenum and titanium, respectively.

Reverse bias measurements of our MOS Schottky 
barrier diode reveal that it has a leakage current 
comparable to that of commercially available SiC 
Schottky barrier diodes (see Figure 3(a)). The 
breakdown voltage of our device is only 400 V, 
because we are still developing our anode edge 
termination technique. Higher voltages will result 
from the introduction of guard rings, along with other 
modifications.

Forward characteristics of our β-Ga2O3 MOS Schottky 
barrier diodes are more impressive than those of the 
SiC equivalent (see Figure 3(b)). A threshold voltage 
that is almost half, combined with an on-resistance 
that is similar, lead to a forward voltage that is 30 
percent to 40 percent smaller. Judged in terms of 
high-speed operation, both devices are similar.  

We are confident that when our β-Ga2O3 MOS 
Schottky barrier diodes are used to replace silicon p-n 
diodes in power factor correction circuits, boosting 
choppers and inverters, they will cut the power 
loss of the system. We are currently developing a 
device fabrication technique for mass production. 
Manufacture of a limited numbers of test samples 
commenced last year, and full-scale production is 
planned for 2021.

Junction barriers
Another option for decreasing the leakage current at 
the Schottky junction is to embed the p-type region 

Figure 1. 
2-inch single 
crystal β-Ga2O3 
wafers produced 
by Novel Crystal 
Technology.

Figure 2. The β-Ga2O3 trench metal-oxide-semiconductor Schottky barrier diode developed by Novel Crystal Technology and Tamura Corporation.
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under the anode electrode. This creates a device 
known as a junction-barrier-controlled Schottky diode, 
which has similar characteristics to the trench MOS 
structure that we have just described.

Making this device is not easy, because p-type doping 
techniques are not available for β-Ga2O3. Our solution 
is to use a heterojunction, pairing p-NiO with n-Ga2O3. 

To ensure success, we had to determine the electrical 
characteristics of the junction between these two 
oxides. Knowledge of the breakdown voltage would 
be crucial to developing a high-performance device. 
To this end, we fabricated a simple p-n diode by 
growing an n-Ga2O3 film on a Ga2O3 substrate, 
before adding p-NiO by RF sputtering. The resulting 
heterojunction has a high breakdown voltage – it is 
over 700 V – and good forward characteristics. These 
are very promising results, given that this p-n junction 
contains an amorphous film.

Armed with what we have learned, we fabricated 
β-Ga2O3 junction-barrier-controlled Schottky diodes 
(see Figure 4 for details of their design). Trenches 
were formed by dry etching, and filled with p-NiO. 
To complete fabrication, molybdenum Schottky 
electrodes and titanium ohmic electrodes were added.

We have compared the electrical characteristics 
of these devices with conventional Schottky 
barrier diodes, made on the same wafer. Reverse 
characteristics revealed that the conventional Schottky 
barrier diode has a large leakage current, while 
that with a junction barrier has a value that is lower 

Figure 3. (a) Reverse and (b) forward characteristics of a β-Ga2O3 trench metal-oxide-semiconductor Schottky barrier diode and a 
commercially available SiC Schottky barrier diode. The β-Ga2O3 device exhibits about a 40 percent lower forward loss than that of the SiC 
Schottky barrier diode, and has small reverse-leakage characteristics. 

Figure 4. 
Schematic 
illustration of 
β-Ga2O3 trench 
junction-barrier-
controlled 
Schottky diodes.

by several orders of magnitude (see Figure 5(a), 
which also includes the theoretical characteristics 
of a thermionic field emission current for a normal 
Schottky barrier diode). Even lower in leakage, 
though, is the p-n diode, indicating that our junction-
barrier-controlled Schottky diode is still to be 
optimised.   

When it comes to forward characteristics, the p-n 
diode is inferior to both the junction-barrier-controlled 
Schottky diode and the Schottky barrier diode. 
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Figure 6. 
(a) Schematic 
illustration, 
(b) current 
density-voltage, 
and (c) transfer 
characteristics 
of a β-Ga2O3 
trench MOSFET.

Figure 5. 
(a) Reverse 
and (b) forward 
characteristics 
of junction-
barrier-controlled 
Schottky diodes 
(JBS), Schottky 
barrier diodes 
(SBD), and a 
diode with a p-n 
junction (PND). 
The black dotted 
line indicates 
the calculated 
thermionic 
emission current 
for a normal 
Schottky barriers 
diode. 
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Further reading
K. Sasaki et al. IEEE Electron Device Lett. 38 783 (2017) 
K. Sasaki et al. ICSCRM 2017, WE.E1.7
K. Sasaki et al. Appl. Phys. Express 10 124201 (2017)
Z. Hu et al. IEEE Electron Device Lett. 39 869 (2018)

The strengths of gallium oxide

The potential of β-Ga2O3 is highlighted by its value for Baliga’s 
figure of merit, which is a guide to how suitable a material is for 
power devices. The figure for β-Ga2O3, calculated from its material 
properties, is 3,000 times larger than that of silicon and ten times that 
of SiC.

Behind this high figure for β-Ga2O3 is its extremely large bandgap 
– it is about 4.5-4.8 eV. This figure offers an estimate of the critical 
electric field strength of 8 MV/cm (see table below). 

To make devices, there is a need to dope material. The doping 
concentration in β-Ga2O3 can be controlled over the range 
1015-1020  cm-3 by impurity doping, in spite of the large bandgap.

The great potential for β-Ga2O3 power devices is underscored in 
the plot above. The theoretical limit for the specific on-resistance, 
illustrated by the solid line, is 3,000 times smaller than that of silicon 
devices and one-tenth that of SiC devices for the same breakdown 
voltage.

Another merit of β-Ga2O3 is that large single-crystal substrates can be 
produced with the melt-growth method. As this growth technology is 
already used for the manufacture of silicon and GaAs substrates,  
it is expected that large, high-quality β-Ga2O3 substrates can be 
easily manufactured at low cost.

Material properties for β-Ga2O3 and other semiconductors.

Theoretical specific 
on-resistance 
as a function 
of breakdown 
voltage. The solid 
lines indicate 
the theoretical 
limit, determined 
from the material 
properties.

The latter two have a threshold voltage of 0.5-0.6 V, 
compared with 2.2 V for the p-n diode (see Figure 5). 
These results indicate that the forward current of 
the junction-barrier-controlled Schottky diode flows 
through the Schottky junction normally.
Even better results should be possible by using the 
p-NiO/n-Ga2O3 heterojunction to make guard rings 
that prevent the electric field from concentrating too 
much at the electrode. These structures are essential 
for realizing high-breakdown-voltage devices.

Based on the result so far, and the potential for 
further improvement to the junction-barrier-controlled 
Schottky diode, we believe that this device has a 
great future. Its major asset is that it compensates 
for a major weakness in β-Ga2O3 – the absence of a 
p-type doping technology. Development is proceeding 
smoothly, and we are considering mass production.

Power transistors
Our next target is the development of β-Ga2O3 power 
transistors. Due to the lack of p-type doping, we 
are working with a static induction transistor-type 
structure, made from entirely n-type material. A 
hallmark of this device is that its behaviour can be 
adjusted from a normally on FET to an off variant by 
simply changing either the mesa width or the donor 
concentration in the mesa region.

We have developed a normally on device (see 
Figure 6 for the device design). This is easier to make 
than its normally off sibling, simplifying our efforts to 
demonstrate operation of vertical β-Ga2O3 FETs. We 
fabricated this transistor using the process developed 
for trench MOS Schottky barrier diodes.

Measurements on this device reveal a huge current 
density – it is over 1.3 kA/cm2 – and clear current 
modulation upon application of a gate voltage (see 
Figure 6(b)). Transfer characteristics show that the 
on-off ratio is over 107 (see Figure 6(c)).

Working in partnership with Cornell University, our 
team at Novel Crystal Technology have developed and 
characterised β-Ga2O3 FETs with a similar structure to 
what is shown in Figure 7(a). These results, reported 
in late 2018, reveal that this FET has normally off 
characteristics and despite its provisional structure, 
a high breakdown voltage – it is over 1 kV. These are 
encouraging characteristics, indicating that β-Ga2O3 
has excellent potential for power-device applications. 
We hope to follow up this success by devising 
ultra-low-loss, high-voltage β-Ga2O3 FETs through 
refinements to the device structure.

Our work highlights the great promise of β-Ga2O3 
power devices. In the case of our cutting-edge diodes, 
basic device demonstrations are complete. So our 
attention is turning to mass production. Development 
of β-Ga2O3 FETs is ongoing, with improvement of 
device characteristics proceeding smoothly. Look out 
for the launch our β-Ga2O3 power devices.
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Refining SiC epi-growth 
for high-volume production

Screening the substrate, 
optimising a fast growth process 
and going slow in the cool-
down step are three ingredients 
to high-yield, high-volume 
production of SiC epiwafers  

BY NICOLÒ PILUSO FROM 
STMICROELECTRONICS
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SiC has many great attributes, making it a very 
promising material for numerous applications. Its 
low intrinsic carrier concentration and high thermal 
conductivity make it a strong candidate in the 
automotive sector; its combination of a low thermal 
expansion coefficient, high hardness and tremendous 
linearity in harsh environments give it great potential 
in uses related to astronomy; and its high band gap, 
high drift velocity and high breakdown voltage are 
enabling it to succeed in the power electronics market.

To ensure that SiC can excel in all these sectors, there 
is a need for high-yield manufacturing of devices with a 
high crystal quality. That means that the SiC epilayers 
that are grown on the substrate, usually 4H-SiC, must 
combine a high degree of uniformity across the wafer 
with a low defect density, as well as thicknesses and 
doping concentrations that hit their target values.

Our team at the STMicroelectronics R&D Group and 
Production Group in Catania, Italy, can excel on 
all these fronts, due to our expertise in developing 
SiC growth processes for high-volume, high-yield 
production of high-performance power devices. 

We have built on the successes of the pioneers of 
epitaxy, and in particular on those that have broken 
new ground with SiC epitaxy. Their milestones 
include: the first crystal growth method made by Jan 
Czochralski in 1916 and used by Siemens in 1951 
and by Texas Instruments 1952 to produce the first 
high-purity silicon wafers; the first transistor, made 
in germanium in 1947 by John Bardeen and William 
Brattain at Bell Labs; the first silicon MOSFET, made 
by Martin “John” Atalla and Dawon Kahng at Bell 
Labs in 1959; the first stable growth method for a 
SiC ingot made by Yuri Tairov and Valeri Tsvetkov 
in 1978 at the Institute of Electrical Engineering of 
Leningrad; and the first excellent results, reported in 
1987, of CVD reactor growth for 6H and 4H-SiC, made 
by Hiroyuki Matsunam’s group at Kyoto University. 
Our contributions are our insights into realising 
excellent material quality through optimised etching 

of substrate, the growth of drift layers with an ultra-low 
defect density, and a slow cool-down process for the 
chamber.  

Heating the wall
The most common reactor for the growth of 4H-SiC 
homoepitaxial layers is the Hot Wall CVD (HWCVD) 
reactor. Its primary advantages over cold wall designs 
are its low thermal gradient, the long lifetime of the 
susceptor and the low back-deposition. For high-
volume manufacture, horizontal reactors with a 
rotating holder are preferred, because they drive down 
production costs.

SiC epilayers are formed by introducing silicon 
and carbon precursors into a chamber containing 
substrates heated to around 1600 °C. The precursors 
are decomposed and atoms of silicon and carbon 
impinge on the substrates, migrate and bind together 
to form SiC epilayers (see Figure 1, which highlights 
the main chemical reactions occur during the epitaxial 
growth, as well as the design of the HWCVD tool). 

High-quality epilayers result from stabilizing and 
optimising the temperature and pressure within the 
reactor. The fine-tuning of these levers leads to ideal 
conditions for the migration of the species, and the 
growth of the crystal. To realise a high throughput, up 
to eight wafers are loaded on a susceptor. Rotation 

Figure 1. (left) Decomposition of precursors on the substrate surface, followed by migration of atoms, leads to 4H-SiC homoepitaxy growth. 
(right) Growth of SiC epiwafers is most commonly undertaken in a horizontal hot-wall CVD reactor.

Table 1. 
SiC has a great 
set of attributes.
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ensures uniformity, in terms of thickness and doping. 
A greater challenge is the realisation of a low defect 
density in the epilayers.

Eradicating defects
Many different classes of defect can plague SiC 
epilayers (see Figure 2 for an overview). These 
imperfections arise from either a local instability in 
temperature or pressure, a non-optimal balance of 
silicon and carbon precursors, or a slow growth rate. 
To ensure good material quality, it is also imperative to 
grow the epilayers on a high-quality substrate.

One of the most well-known extended defects in SiC 
is the stacking fault. It is generated by the sliding of 
a basal plane. This creates a crystal superlattice with 
local parameters that deviate from those of 4H-SiC 
and compromise device performance.

Other forms of extended defect include polytype 
inclusions, and dislocations that propagate. The 
inclusion of 3C and 6H polytypes, which can occur 
during the epi-growth, may change local, fundamental 

parameters of the host semiconductor, such as 
the band edge, thermal conductivity and carrier 
lifetime. This leads to drastically degraded electrical 
characteristics. Dislocations can also be disastrous, 
shortening the local carrier lifetime – and in cases 
where pits propagate, accelerating deterioration 
of the oxide. One imperfection of this form is the 
carrot defect, which is predominantly generated by 
a threading screw dislocation propagating in the 
substrate. There are also triangles, an extended 
defect that originates from the presence of particles or 
carbon inclusions on the surface during growth.

As well as all these forms of extended defect, there are 
point defects. They act as trap centres, and when they 
are found in MOSFETs, they impair channel mobility, 
decrease carrier lifetime and cause a hike in the 
reverse-bias current. 

There is no quick fix to addressing all these 
imperfections. What’s needed is a comprehensive, 
careful study of what the potential pitfalls are at every 
step of the epitaxial process, and how they can be 
avoided. Such a study must consider the impact of time, 
precursor ratios, temperature, pressure, and gas carriers, 
not only on the growth steps, but also on the loading 
and unloading of the wafers (as illustrated in Figure 3).

Before growth commences, the surface of the 
substrates is cleaned by hydrogen etching. Optimising 
the time for this process holds the key to reducing 
defects. That’s not easy: longer times improve 
thickness uniformity, but at the expense of higher 
defect densities and degradation in doping uniformity 
(see Figure 4).

We have devoted much effort to trimming the etching 
time below 10 minutes, in order to cut the defect 
density and increase doping uniformity. The decline 
in thickness uniformity can be kept in check by 
raising the temperature, because this bolsters the 
effectiveness of surface etching.

Figure 2. 
The defects 
that occur 
during 4H-SiC 
homoepitaxy 
can be sub-
divided into 
extended and 
point defects.

Figure 3. 
The growth of 
SiC devices by 
CVD involves 
surface etching, 
the growth of 
buffer and drift 
layers, and a 
cool down step.
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Growing the buffer….
Once the surface is clean, we begin to grow the 
epitaxial structure, starting from buffer layer, using 
nitrogen and aluminium as the n-type and p-type 
dopants, respectively. The substrate is typically 
highly doped – the level usually exceeds 
1018 atoms/cm3 – so to minimise the doping gap 
between this and the device layers, the buffer is 
doped, typically at a concentration between 
1015 atoms/cm3 and 1017 atoms/cm3. Additional 
roles for this layer are to quash the conversion 
and propagation of substrate defects, known as 
dislocations, into the epilayer. 

An appropriate level of doping must be combined with 
sufficient epilayer thickness. That’s because thicker 
layers reduce extended defects, which have a very 
strong, detrimental effect on device performance 
(see Figure 5). Unfortunately, this thick layer must be 
grown slowly during buffer layer growth to prevent the 
propagation of a kind of dislocation called a basal plane.

We have shown that a thicker buffer increases the 
breakdown voltage of a device, while trimming 

its leakage current (see Figure 5). Devices could 
be degraded by the propagation of basal plane 
dislocations, but these imperfections are avoided by 
using a sufficiently slow growth rate for the buffer
 layer.  

Our latest efforts are directed at studying the impact 
of the nitrogen flux on the buffer layer. Descending 
doping ramps during buffer layer growth appear to 
reduce lattice stress introduced by nitrogen, enabling 
the growth of a compliant drift layer.

... and the drift layer
It is well known that as epitaxial defects rise, electrical 
characteristics are compromised. However, to 
guarantee the functionality of the devices, when it 
comes to the drift layer, it is essential to combine a very 
low defect density with high uniformity in thickness 
and doping. In fact, there are many requirements 
for the drift layer – in addition to withstanding a high 
voltage (together with the gate oxide), it has to host 
many critical manufacturing processes, including 
post-oxidation annealing, gate oxide fabrication, ion 
implantation, and thermal annealing.   

Figure 4. 
(Left) The 
number of 
defects as 
a function 
of etching 
time. (Right) 
Thickness 
and doping 
uniformity as 
a function of 
etching time. 

Figure 5. 
Thicker buffers 
reduce the 
defect densities 
in the epilayer 
(left), and 
improve the 
performance 
of the MOSFET 
(right), which 
benefits from 
a higher 
breakdown 
voltage and 
a reduction in 
leakage current. 
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During the last decade, we have devoted much 
effort to improving the crystal quality of our epitaxial 
process. Success has followed and now 95 percent  
of the area on 6-inch epiwafers is useable, based  
on calculations using a 2 mm by 2 mm grid. The  
key to this progress has been the fine tuning of:  
the growth temperature, which should be uniform 
within the chamber and higher than 1600 °C; the 
growth pressure, which should be stable and lower 
than 100 mbar; and the carbon-to-silicon ratio, which 
should be within the range 1.1 to 1.3.

As well as ensuring uniformity of the growth 
temperature, pressure, and the carbon-to-silicon ratio, 
it is imperative that the chemical precursors – for the 
silicon source, it is typically SiH4 or HCl3Si, and for 
carbon it tends to be C3H8 or C2H4 – are well purified 
and widely available for mass production. A high 
purity is critical, as it holds the key to a high growth 
rate. For silane chemistry, growth is typically between 
5 μm/h and 15 μm/h.

Many groups have shown that increasing the growth 
rate, in tandem with the use of substrates off-cut by 4°, 
enables a trimming of defect density and improvement 
in thickness and doping uniformity. By appropriately 
balancing silicon and carbon precursors and the 
silicon-to-hydrogen ratio (H2 gas and argon are the 
typical gas carriers), growth can hit 20 μm/h.

In our laboratories, we have observed these trends, 
with a strong reduction of defectiveness at higher 
growth rates. This includes reductions to the density 
and the size of crystallographic defects, such as 
stacking faults, and the morphological defect known 
as a carrot (see figure 6).

To negate the influence of substrate quality on 
our results, we used material with a very similar 
crystallographic quality – all substrates came from a 
small section of one ingot. By taking this precaution, 
we are confident that it is the higher growth rate that 
leads to a 10 percent hike in electrical yield, thanks 
to a reduction of defect density and improvements 
in thickness and doping uniformity. Evaluating the 
latter with a figure of merit that equals the difference 
between the maximum and minimum values, divided 
by the mean, gives values of less than 5 percent for 
thickness and below 12 percent for doping.
 
Cooling down
After growth of our epilayers, our wafers cool down, 
the gas supply is stopped and the gas line purged. 
The rate of the cooling is important, as it governs 
the thermal stress induced within the epilayers. If 
the stress is significant, it can generate post-growth 
defects. The hydrogen flow is also a consideration, as 
this determines the generation of shallow defects, just 
a few nanometres in size.

We have found that by slowing the cooling rate to less 
than 25 °C/min, and increasing the flow of hydrogen, 

Figure 6. Moving from a standard growth rate process (STD) to a high growth 
rate process (HGR) reduces stacking faults (A) and carrots (B) in the epilayers.

Figure 8. 
Using wafers 
with a basal 
plane dislocation 
density of less 
than 
3000 per cm2 
leads to a 
significant 
improvement in 
epiwafer quality.
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we can reduce the thermal stress and increase the 
time that the surface of the epiwafer is at a higher 
temperature.

Our approach, which we refer to as a ‘high growth rate 
cool’, is beneficial. It reduces, by 40 percent, both the 
number of small defects, defined as having a size of 
less than 1 μm, and the number of shallow defects, 
which are just a few nanometres in size. Another 
feature of our cooling process, which provides an 
effective cleaning of the surface, is to increase the 
pressure a little bit.

The combination of the higher growth rate and the 
slower cool down decreases the density of all major 
defects (see Figure 7). Thus is encouraging, but our 
work is not over, as we still need to undertake a 
careful inspection of the relationship between epilayer 
quality and the major growth parameters, including 
pressure, growth rate, the temperature ramp and the 
carbon-to-silicon ratio. It is clearly very important to 
optimise the growth process for every single layer 
and the cool down. However, this, in itself, cannot 
guarantee epiwafer quality. That’s because it is also 
necessary to screen the quality of the substrates, 
which are formed by slicing ingots and polishing the 
resulting material.

The process for making the ingots is improving, but 
these crystals can still be plagued by dislocations that 
propagate through the material. These imperfections 
are problematic, as they drive up epitaxial defect 
density. 

We have carried out a statistical survey, evaluating 
defect densities in thousands of wafers before and 
after the epitaxial process. This study revealed that 
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Figure 7. Epilayer crystal quality, judged in terms of defects density, improves by advancing from a standard growth rate process (STD) to a high 
growth rate process (HGR) that includes a superior cool down (HGRc). Note that the percentage has been normalized to that for the STD process.

when substrates come from an ingot with a nominal 
dislocation density of less than 3000 per cm2, 
epilayers have a low defect density even when they 
are taken close to the seed of the ingot, which is the 
worst part of the boule. However, if the dislocation 
density is higher, there is a faster deterioration of 
epitaxial layer quality, especially for substrates close to 
the seed (see Figure 8).

Armed with our knowledge of how to optimise the 
growth and cool down process, and what is required 
from the substrates, we are well positioned to drive up 
the quality of SiC material. In turn, this will improve the 
high-volume manufacture of power devices, and the 
growth of this industry.
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Combining logic 
and wireless
Equipping silicon with InGaAs channels improves the logic and 
high-frequency performance of RF-CMOS

BY CEZAR ZOTA, CLARISSA CONVERTINO AND LUKAS CZORNOMAZ 
FROM IBM ZURICH
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THE DIGITAL REVOLUTION defines our times. We live 
in the information age, enabled by a huge flow of data 
– it passes through submarine communication cables, 
is encoded on high-frequency electromagnetic waves, 
and flows in and out of computers, which process 
it with the help of billions of transistors.  Today, we 
not only take it for granted that we have immediate 
access to information and social networks, but also 
to continual improvement in all these technologies. 
We expect smartphones, laptops and personal 
computers to get faster and more efficient, and to 
have connectivity at higher rates.

For many years, the development of computers and 
gadgets kept pace with the shrinking of silicon CMOS 
technology, via the scaling laws of Robert Dennard. 
Those rules established a way to miniaturize the 
silicon transistor, while improving its performance 
and maintaining chip power density. This has been 
accomplished by a simultaneous reduction of the 
supply voltage and key transistor dimensions, such as 
the gate oxide thickness and the gate length.

Dennard scaling had a good run, starting in the 1960s 
and continuing all the way to the beginning of this 
century. But in the end, the physical limits of electron 
transport have caught up with scaling, through two 
key phenomena that only hold back highly scaled, 
modern transistors.

The first of these is that a reduction of the supply 
voltage, perhaps paradoxically, leads to an increase 
in the off-current when the on-current is maintained at 
a constant level, in order to avoid degradation of the 
processor clock rate. In practice, the supply voltage 
cannot drop below 0.7 V, which is today’s value in 
state-of-the-art silicon CMOS finFETs. 

The second phenomenon is a trimming of the increase 
of the on-current with gate-length scaling, due to the 
device entering the so-called ‘quasi-ballistic regime’ – 
a carrier transport mode where electrons don’t scatter 
as they travel through the transistor channel.

Both of these effects have had a profound impact 
on scaling. This no longer produces an increase in 
processor clock rate, which has hovered at around 
3 GHz for more than a decade. Instead, since 2003, 
reductions in transistor dimensions have held the 
key to a higher transistor density and enabled the 
introduction of multi-core processor architectures. 
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Another impact of the disabling of the traditional 
scaling paradigm has been the heralding of an era 
of developments driven by innovation and material 
science. Recently, the roll-out of a new technology 
node has hinged on reductions in dimensions and the 
introduction of novel device concepts and materials. 
They have included high-κ dielectrics, strained silicon 
and SiGe, and finFET device architectures.

III-V credentials
In this era, there has been much interest in compound 
semiconductor materials. Their high electron 
mobilities promise to improve the nFET channel in 
CMOS technology and boost the drive current in 
future nodes. For example, InGaAs has an electron 

mobility six times that of bulk silicon, and could allow 
a reduction in supply voltage to 0.5 V. That’s a big 
deal, as it would halve power consumption.

Applications where compound semiconductors 
are already making a lasting impact include high-
frequency technologies, such as radar and wireless 
communication. Improvements in HEMTs and HBTs 
have played an important role in the evolution of 
wireless technology from the fully analogue 1G format 
of the 1980s to today’s 4G networks. And III-Vs will 
be an essential ingredient in the roll-out of 5G, which 
promises peak data rates of 10 Gbit/s and vastly 
increased network capacity.

The engineers that have developed high-frequency 
transistor technology have followed different rules 
from those that advanced silicon CMOS. For starters, 
scaling is far less critical. Another key difference 
is that this device employs a semiconductor gate 
barrier, rather than an oxide. This modification results 
in a far higher electron mobility. However, this is at 
the expense of a reduction in electrostatic efficiency, 
due to the combination of a relatively small dielectric 
constant and an increase of the gate leakage, 
stemming from the much smaller band gap of the 
barrier. The upshot is limited scalability. Progress has 
instead been driven by device structure optimization, 
alongside a reduction in parasitic capacitances and 
resistances, and in particular gate resistance.

For III-V high-frequency transistors, the two key 
performance metrics are the cut-off frequency, fT, and 
the maximum oscillation frequency, fmax – they are the 
maximum frequencies for realising current gain and 
power gain, respectively. Both these values have steadily 
climbed since the middle of the last century, but since 
the start of this decade they have stagnated, with ft stuck 
at around 650 GHz and fmax not going beyond 1200 GHz. 

Figure 1. 
(a) Cross-
sectional 
transmission 
electron 
microscopy of 
a fabricated 
RF-MOSFET. 
Close-up on (b) 
the contact side, 
showing the 
raised contact 
epitaxy as well 
as the SiN 
spacers, which 
reduce parasitic 
capacitances 
by separating 
the contacts 
from the gate, 
and (c) the 
channel region 
and the gate 
oxide interface, 
showing nearly 
pristine crystal 
quality of the 
III-V.

Figure 2. The layout of IBM’s RF-MOSFET with four gate fingers. The gate 
extension layer indicates an additional metal line on top of the gate metal to 
reduce the gate resistance.
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There are two reasons for this, both associated 
with the semiconductor gate barrier. Firstly, due to 
insufficient electrostatic control, gate-length scaling 
is inefficient. Secondly, it is not possible to scale 
down the gate barrier thickness. Doing this increases 
gate leakage, so increasing oxide capacitance is not 
possible. This limits the peak transconductance, which 
directly influences ft and fmax.

The solution to both these issues is to replace the 
semiconductor gate barrier with a high-κ gate oxide. 
For the last ten years, much effort has been devoted to 
this, focusing on the demonstration of high-frequency 
III-V MOSFETs. To date, they lag HEMTs by about a 
factor two in ft and fmax, primarily due to reduced mobility 
that arises from electron scattering off of defects in the 
gate oxide. Nevertheless, the MOSFET outperforms the 
HEMT in transconductance, due to improved scalability. 
In particular, MOSFETs from MIT show great promise, 
reaching 3.45 mS/μm. The potential of these devices 
could be unlocked with their implementation in a high-
frequency compatible architecture.

Higher frequencies
The concept of a high-frequency MOSFET is certainly 
not novel. Within the silicon CMOS industry, there is 
a class of technology called RF-CMOS. The basic 
premise is the tweaking of state-of-the-art silicon 
CMOS technology nodes, so that devices can serve 
both high-frequency and logic applications. 

This dual functionality has many merits. It is lower in 
cost than III-V HEMT technology, which requires III-V 
substrates and expensive crystal growth methods. 
What’s more, by combining RF and logic, this 
technology allows for tight integration of the likes of 
wireless communication functionality and digital signal 
processing. Thanks to this, there can be reductions 
in delays and form factors, much valued by today’s 
mobile industry. 

However, silicon technology is still held back by the 
inferior mobility of this material. For example, Intel’s 
22 nm RF-CMOS fiFET low-power technologies 
are limited to 230 GHz and 284 GHz for ft and fmax, 
respectively.

Given this limitation, it is attractive to integrate III-Vs with 
RF CMOS technology. While the hike in drive current 
offered by InGaAs at length scales of 5 nm CMOS 
and below might not fully compensate for the cost 
of integrating the III-V channel, the large boost in RF 
performance could tip the scale in III-V’s favour.

It is not easy to unite III-Vs with RF CMOS. The 
challenges include how to make high-performance 
III-V transistors with a silicon CMOS-compatible 
process flow that is as close as possible to standard 
fabrication technology, and the key issue of how 
to integrate III-V channels on silicon substrates. In 
addition, there is the need to co-optimize logic and 
high-frequency devices in one technology. 

At IBM Research Zurich we have broken new ground 
by recently succeeding in this endeavour. Our 
approach involves integrating InGaAs channels on 
silicon via direct wafer bonding. We cap both a target 
silicon wafer and a source III-V wafer, which contains 
the channels, with a bonding oxide that provides 
adhesion. Both wafers are brought together, and 
annealing and subsequent stripping of the source 
wafer leaves a thin III-V layer on an oxide layer on 
silicon.

Direct wafer bonding has come on in leaps and 
bounds during the last decade. It is now the leading 
candidate for III-V integration, because it addresses 
several key challenges. It is capable of large-area 
wafer bonding, reusability of expensive III-V substrates, 
bonding to pre-processed wafers, and the integration 
of nFET- and pFET-suitable channel layers. 

Figure 3. Subthreshold characteristics for short and long-channel finFETs for 
logic applications. The tri-gate architecture of the finFET improves electrostatic 
control to reduce the off-current at the intended bias point.

The challenges include how to make 
high-performance III-V transistors 
with a silicon CMOS-compatible 
process flow that is as close as 
possible to standard fabrication 
technology, and the key issue of 
how to integrate III-V channels on 
silicon substrates
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Further reading
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Table 1. A benchmark for various III-V-on-silicon technologies as well as state-of-the-art silicon RF-CMOS. Comparing the high-frequency 
performance, our new work shows III-Vs for the first time matching silicon RF-CMOS.

There is still room for improvement, as the bonding 
defect density needs to be reduced to ensure the 
high mobility of the III-V layers. However, there is no 
doubt that direct wafer bonding has matured into a 
technology facing imminent industrial use.

One of the strengths of our III-V RF-CMOS technology 
is that it employs a fully silicon CMOS compatible 
process flow. Processing includes a gate-first  
high-κ/metal gate flow, producing self-aligned source 
and drain regions that are raised and in situ doped, 
as well as a palette of silicon-compatible materials. 
By taking this approach, we highlight the possibility 
of a cost-effective introduction of III-Vs in a silicon 
technology. Added foundry costs are minimal.

We have used our process technology to make 
finFETs with 20 nm-wide InGaAs fins. Benchmarking 
performance against III-V-on-silicon at a competitively 
scaled gate length – including a comparison with  
our platform just targeting logic, reported at IEDM 
2017 – reveals that our latest transistors are on a  
par with the state-of-the-art. This evaluation is based 
on a drive current of 250 μA/μm, realised for a fixed 
off-current and a supply voltage of 0.5 V.
Our latest chip also features RF-MOSFETs. Simultaneous 

delivery of impressive high-frequency and logic 
performance results from SiN source and drain 
spacers that trim the overlap capacitance to the gate 
electrode, and source and drain contact extensions 
underneath the spacers. Note that simply adding 
spacers to reduce parasitic capacitance and thus 
improve high-frequency performance is not good 
enough, as this also degrades logic performance by 
introducing large access resistors in the ungated parts 
of the channel under the spacers. We avoid this with 
a novel approach that involves a controllable etch of a 
small cavity under the spacers, followed by a refilling 
with a low-resistive contact material that reduces the 
impact of access resistors.

Armed with this architecture, our InGaAs RF-MOSFETs 
are capable of an ft of 400 GHz – this is the highest 
value reported so far for a III-V RF-MOSFET. Following 
optimisation of our device layout, we obtain a 
balanced performance of 215 GHz for ft and 300 GHz 
for fmax. These values are close to the performance of 
silicon RF-CMOS from Intel and GlobalFoundries.

Higher frequencies are possible. Capacitances 
are still limiting high-frequency performance, and 
improvements could be realised with thicker spacers 
and longer contact extensions. Another refinement is 
the introduction of a thin quantum well in the channel. 
This will lead to a hike in mobility, by reducing 
scattering at both the gate and back oxide interfaces. 
Making these changes should propel our technology 
from matching the performance of state-of-the-
art silicon equivalents to outperforming them by a 
considerable margin – and ultimately making a strong 
case for the integration of III-Vs and silicon.   

£	This work was funded by Horizon 2020 grant  
 agreement no. 688784 (INSIGHT).

Figure 4. 
Comparison of 
the on-current, 
defined at a 
specific supply 
bias and off-
current, for 
various gate 
lengths. The red 
star indicates 
IBM’s previous 
results at IEDM 
2017, for a solely 
logic-suitable 
technology. With 
IBM’s latest 
technology, a 
similar logic 
performance 
is realised 
while also 
implementing 
high-frequency 
functionality.
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Crafting curved mirror VCSELs
GaN VCSELs with long cavities and curved mirrors combine very low 
threshold currents with high production yields

ENGINEERS for Sony are claiming to have set a new 
benchmark for the threshold current of the GaN-based 
VCSEL. At the International Workshop on Nitrides 
(IWN), held in Kanazawa, Japan, last November, 
project leader Tatsushi Hamaguchi revealed that the 
threshold current for its blue-emitting laser can be as 
low as 0.25 mA.

This record-breaking result, which aids wall-plug 
efficiency that hits 9.5 percent, is realised with a novel 
VCSEL design that combines a curved bottom with a 
cavity length that is far longer than usual – it is tens of 
microns in length. 

Adopting this architecture, and developing the 
processes used to fabricate it, address two of the 
biggest challenges associated with conventional GaN 
VCSELs: how to produce the bottom mirror, and how 
to ensure lateral optical confinement.

Sony’s efforts will help to spur the deployment of GaN-
based blue and green VCSELs in various applications, 
including optical storage, laser printers, projectors, 
displays and solid-state lighting. 

Green variants may also serve in optical 
communication, by emitting in a spectral range with a 
low absorption coefficient in plastic optical fibre.

The idea of equipping a VCSEL with a curved mirror 
came to Hamaguchi during a late night in the lab. His 
design has similarities with the vertical-external-cavity, 
surface-emitting-laser, although that tends to operate 
as an optically pumped device.

With Sony’s VCSEL, the curved mirror is formed on 
the backside of the substrate, leading to a cavity that 

is far longer than that of conventional designs. That’s 
a massive benefit, as it makes it far easier to ensure 
that the thickness of the cavity is well-matched to the 
reflectivity of the mirror. Note that with a conventional 
design, the length of the cavity is typically well below 
‘10λ’, so its thickness must be controlled to within far 
less than 1 percent of a target value to enable lasing 
to occur at a wavelength within 5 nm of the preffered 
value.

Hamaguchi and his co-workers produce their VCSELs 
by loading GaN substrates into an MOCVD reactor 
and depositing an epitaxial stack containing InGaN 
quantum wells and a heavily doped p-type contact. 
After removing the epiwafers from the chamber, they 
add a distribution Bragg reflector (DBR) formed from 
the pairing of Ta2O5 and SiO2, before trimming the 
thickness of the substrate to less than 50 mm with a 
lapping approach. 

To produce the curved mirrors on the lapped surface, 
the engineers add resin discs to this side of the 
epiwafer, using photolithography to define 
dimensions. Heating the discs to 200 °C melts them 
into droplets, which provided sacrificial masks for a 
reactive ion etch that creates lens-shaped protrusions 
in the wafer.  

Adding an n-type DBR to this side of the wafer, 
and metal and ITO electrodes for current injection, 
completes device fabrication. 

Scrutinizing the flatness of the curved mirror with 
atomic force microscopy reveals a root-mean-square 
surface roughness of far less than 1 nm, a value 
comparable to that for plane mirrors used in VCSELs. 
Atomic steps are seen in the maps.

Measurements show that the team’s VCSEL with a 
3 mm aperture produces a maximum output power 
of 0.3 mW at 5 mA. This laser has a front mirror 
reflectivity of more than 99.9 percent, and a threshold 
current of just 0.25 mA. 

Increasing the cavity to 8 mm and reducing the front-
mirror reflectivity to 99.3 percent results in an increase 
in output power to 12 mW at 25 mA along with a hike 
in threshold current – it shoots up to 3.8 mA. Wall plug 
efficiency hits 9.5 percent at 20mA.

Hamaguchi told the delegates at IWN that the team’s 
approach offers “good reproducibility and yield”. 
Lasing yield is 100 percent, and the threshold is 
stable, with a scattering of ±10 percent.

Sony’s curved 
mirror creates 
a VCSEL that 
forms a stable 
cavity that 
is from free 
diffraction and 
scattering loss.
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Unlocking the promise of layered nitrides
MOCVD-grown hexagonal BGaN heterostructures underscore the 
potential of this layered, wide bandgap material system

Metal-
semiconductor-
metal devices 
(a) with a 
spacing, L, 
of 9 mm, and 
a width, a, of 
5 mm, have 
been used to 
determine the 
relationship 
between 
the gallium 
content and the 
conductivity of 
the alloy (b).

ENGINEERS at Texas Tech University are claiming to 
have produced the first nitride-based semiconductor 
alloy system with a layered structure. Using MOCVD, 
the team have deposited boron-rich BGaN alloys and 
quantum wells on a hexagonal BN epilayer. 

Hexagonal boron nitride is in fact the only wide 
bandgap semiconductor with a structure that is layered 
– all its peers form three-dimensional structures.

Layered structures have great potential, thanks to their 
tremendous characteristics. They have an extremely 
large exciton binding energy, a high in-plane carrier 
mobility, a high absorption and emission efficiency, 
and an extremely high breakdown field.

BGaN-based devices with tuneable optoelectronic 
properties could result from the efforts at Texas Tech. 

“Heterostructure and quantum well devices, including 
detectors, emitters and transistors, can potentially 
benefit from this new alloy system,” argues team 
spokesman Hongxing Jiang. 

In his view, the devices with the most promise are 
those that either operate in the deep ultraviolet, emit 
single photons or detect neutrons.

Jiang and his co-workers produce their samples 
by loading sapphire substrates into an MOCVD 
reactor equipped with triethylboron, ammonia and 
trimethylgallium precursors – these sources provide 
the boron, nitrogen and gallium content, respectively.

To support the crystallisation of BGaN alloys into the 
hexagonal lattice, the team first deposits a 10 nm-thick 
hexagonal BN layer at around 1350 °C. The engineers 
then add a range of BGaN layers of similar thickness, 
after dropping the temperature to 1225 °C to aid 
incorporation of gallium. 

X-ray diffraction reveals that the quality of these layers 
is inferior to that of the underlying hexagonal BN. 
However, peaks overlap, indicating that the alloys 
have crystallised into a nearly hexagonal lattice.

The position of the X-ray diffraction peaks have 
been used to determine the lattice constants for 
BGaN at various flow rates. This suggests that as 
the flow rate starts to increase, so does the lattice 
constant. However, for flows of 4 cubic centimetres 
per minute or more, the lattice constant is fixed. 
X-ray photoelectron spectroscopy indicates that the 
samples with high flow rates contain B0.93Ga0.07N.

Jiang and co-workers think that a miscibility gap, 
similar to that found in InGaN, might explain why 
only a limited proportion of gallium atoms can be 
incorporated into BGaN. 

To investigate the conductivity of their alloys, the team 
constructed metal-semiconductor-metal structures 
with interdigitated fingers. 

It is expected that increasing the gallium content 
would increase conductivity, given that BN is highly 
insulating, while unintentionally doped GaN is usually 
conductive. Measurements confirm this, with resistivity 
falling from 5 x 1010 Ω cm for BN to  2 x 106 Ω cm for 
B0.93Ga0.07N.
 
Jiang and co-workers have also produced samples 
with a 2 nm-thick layer of B0.96Ga0.04N, sandwiched 
between BN. Photoluminescence measurements of 
this, held at 10K, have been compared with spectra 
from a 2 nm-thick B0.96Ga0.04N epilayer. In the quantum 
well sample, band-edge emission is blue-shifted by 
20 meV, indicating quantum confinement. 

Goals for the future include increasing gallium 
incorporation while minimising phase separation, and 
controlling impurities in these structures. 

“Our immediate plan is to fabricate layer structured 
BGaN quantum well structures with tuneable optical 
and electric properties,” says Jiang.
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Trimming resistance with multiple channels
GaN HEMTs with multiple channels and a tri-gate trim resistance and boost 
drain current while delivering a high blocking voltage  

TODAY’S HEMTs are failing to fulfil their full potential, 
because their on-resistance is too high, while their 
blocking voltage is not high enough. But both of these 
issues can be addressed with a novel design that 
features multiple channels and a tri-gate. 

Armed with these features, transistors produced by 
a team from EPFL, Switzerland and the Chinese firm 
Enkris are nearly halving the on-resistance and trebling 
the drain current compared with a standard structure, 
while realising a breakdown voltage in excess of 700 V.   

“This structure combines, in a unique way, the 
three-dimensional electrostatic control and excellent 
voltage-blocking capabilities of the tri-gate, with the 
tremendous electric conductivity of the multi-channels, 
to yield significantly enhanced device performance,” 
explains team spokesman Elison Matioli.

He and his co-workers have pioneered their devices by 
building on their considerable experience in developing 
various forms of tri-gate transistors and diodes.

“Tri-gate and slanted tri-gate architectures revealed 
promising technologies to increase the breakdown 
voltage of power devices, reaching the buffer 
breakdown voltage limit for GaN-on-silicon epitaxy 
with smaller gate-to-drain distances,” says Matoli.

In the team’s latest report on MOSHEMTs, the tri-gate 
has been united with a multi-channel architecture, 
which trims resistance thanks to the parallel geometry. 
Results recently reported in an Applied Physics Letters 
paper show that on-resistance falls by 38 percent 
compared with a single-channel, planar-gate variant. 

However, even greater resistance reductions are 
possible, according to very recent, unpublished work: 
“Preliminary results indicate a reduction by over three 
times and five times in lateral GaN MOSHEMTs and 
Schottky barrier diodes,” reveals Matoli.

The tri-gates are a good match for these parallel 
channels, as they are ideal for control of the carriers. 
“Under the correct width of these structures, all the 
channels can be controlled simultaneously, resulting 
in a huge increase in transconductance and current 
density, along with a low on-resistance.”

To fabricate the devices, the team began by producing 
AlGaN-on-silicon epiwafers featuring five parallel two-
dimensional electron gas channels, formed from 
10 nm-thick AlGaN barriers, 1 nm-thick AlN spacers and 
10 nm-thick GaN channels. Electron-beam lithography 
defined the fins, which were formed by using an 
inductively coupled plasma to etch to a depth of 200 nm. 
Electron-beam evaporation and lift-off processes added 
an ohmic stack of metals for source and drain contacts, 
prior to rapid thermal annealing in nitrogen at 800 °C. 

Atomic layer deposition of 25 nm of SiO2 provided a 
gate dielectric, which was selectively removed with 
dilute HF acid in the ohmic regions to expose the 
source and drain contacts. The addition of a Ni/Au 
gate contact completed device fabrication. 

Measurements on these MOSHEMTs show that 
compared with a planar device, that with a 40 nm-wide 
fin exhibits an increase in threshold voltage from -22.3 V 
to -0.1 V, a reduction in sub-threshold swing from 
167 mV/decade to 101 mV/decade, and an increase in 
transconductance from to 1.6 mS/mm to 29.5 mS/mm.

Switching from the planar control to a variant with a 
100 nm fin width and a 50 percent fill factor reduced 
on-resistance from 11.2 Ωm to 6.0 Ω m and increased 
drain current from 252 mA/mm to 797 mA/mm. 

The team has not investigated the current collapse 
of its transistors. However, Matioli says that the 
technologies that have been used by others to 
diminish the current collapse in HEMTs, such as 
passivation, source field plates and hole injection, can 
be applied to their architecture. 

He and his co-workers will now optimise the epitaxial 
structures and device designs of their transistors, to 
improve DC and dynamic performance. 

“Our goal is to fully reach the exceptional capabilities 
of GaN materials,” explains Matioli.

A low on-
resistance and 
a high blocking 
voltage results 
from combining 
tri-gates 
with multiple 
channels.
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