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This leaflet gives a brief review of the activities carried out in the MORGaN project over the last
three years. As we hope you will see, the project has met with a good deal of success and the
consortium has worked together very effectively throughout the project period. We welcome interest
in the topics described here, and encourage questions and perhaps ideas for potential collaboration.
Email addresses of the appropriate MORGaN researcher are given for each topic, as well as
contacts for more general enquiries. We have found the project extremely interesting and useful,
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A review of MORGaN Sylvain Delage; IlI-V Labs ]

The MORGaN project is coming to an end and has been a great scientific adventure for all the scientists
involved. Scientifically diverse participants from all over Europe have contributed to achieve major
technological successes. This project was strongly supported by the European Commission’s Seventh
Framework Programme in the frame of the Industrial Technologies programme NMP. This brochure gives a
summary of the project activities carried out during the last three years.

MORGaN technology

MORGaN centres on the use of INAIN/ GaN heterostructure giving rise to lower mechanical stress
compared with the more conventional AlGaN/ GaN. It is worth recalling that the UltraGaN project launched
in 2005 under FP6 (FET-IST) was a decisive spark to initiating these interests. This new heterostructure is
now under close investigation by major research laboratories worldwide for its specific advantages both for
optoelectronic and microelectronic applications. Additionally the thermal and physicochemical robustness of
diamond were at the core of MORGaN project. Two approaches were studied to improve the thermal
environment of devices: the development of new Si/ polydiamond composite substrates and heat removal
from the top of the wafer by depositing a nanocrystalline diamond coating. Adding this top heat dissipation
path is important; conventional solutions offer the upper surface very little capability for cooling. These
nanocrystalline diamond coatings also provide GaN protection, e.g. for sensing in aggressive
electrochemical solutions.

MORGaN was strongly materials-oriented with more than half of the resources devoted to: substrate
development, strain management, heterogeneous semiconductor growth, refractory metals, 3D metal
manufacturing and ceramic packaging.

MORGaN headlines
The project has been able to report several technical milestones to the scientific community:

» Si/ polydiamond composite substrate development has been far more difficult than first expected but the
MORGaN consortium can boast the first European demonstration of 2-inch wafers

» Earlier in the project the first HEMT microwave operation by direct growth of GaN heterostructure on
single crystal diamond was demonstrated

* The first free-standing epitaxial lateral overgrowth (ELOG) GaN beams and cantilevers

» The first INAIN/ GaN HEMT coated by nanocrystalline diamond showing current gain cut-off frequencies
in the 40 GHz range

* The good thermal conductivity of 500 W/m*K indicates that it is possible to preserve the device
electrical properties while decreasing the device thermal resistance.

» The interest for INAIN/GaN heterostructure was confirmed for microwave applications with demonstration
of high efficiency active devices reaching 6.6 W/mm at 3.5 GHz with a power added efficiency (PAE) of
70% in continuous wave (CW)

» At the time of writing, a medium size amplifier was able to demonstrate 320 W output power, in
line with non-linear circuit design expectations

* Novel high temperature (800<C) diffusion barriers and meta llisation technology
* Harsh environment drumskin and cantilever packaged sensor devices.
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MORGaN scope and consortium

RF power characterisations of the larger amplifiers are underway for the final weeks of the project to confirm
the first impressive results. Reaching such high performance required the expertise and commitment from
many partners, especially in the field of crystal growth, device processing, physical and thermal simulation,
device and circuit modelling, microwave breadboard design, amplifier assembly procedures and advanced
cooling.

MORGaN gathered leading partners in physical and thermal simulation, characterisation (including
mechanical, electrical, chemical, microwave, thermal and device ageing) and device modelling. This set of
scientific activities has been very important to give optimum research direction, to prepare and design the
required components and functions, and also to confirm actual physical properties or device performances.

In sensing technology, high temperature pressure and electrochemical sensors have been developed.
MORGaN aimed not only to demonstrate semiconductor dice but also to develop the necessary packaging
for operational validation. Various sensor designs were tried with some notable success. The tight
interaction between the academic partners and SME development companies has been a real asset to
achieve working sensor devices. It is important to acknowledge the strong commitment of these teams
spread all over Europe to converge on working solutions.

The MORGaN project plans included a reasonable budget for project dissemination and training. This
training budget appears to have been very efficient and allowed the interaction of young scientists (Ph.D.
students or newly qualified post-docs) involved in the MORGaN project through workshops specifically
organised by MORGaN partners, as well as training on dedicated topics. All of this training activity has been
very stimulating and will contribute to the genesis of scientific careers.

Closing words

As a conclusion the MORGaN project has been a great success, and covered a wide range of subjects.
Even if the collection of such diverse activities and organisations is often challenging, the consortium has
worked efficiently to provide working technical solutions and enabled a fruitful cross-fertilisation of ideas by
connecting people who would otherwise never have met. We believe that the MORGaN project will be the
source of much further fruitful research and development for many partners. Industrial development will
follow and we might even imagine the emergence of new ventures.

Finally, as MORGaN project coordinator, | would like to thank the hundred or so MORGaN project members
for their contributions. This acknowledgement will not forget the Work Package Leaders and Sub-task
Leaders who had to be more than others at the forefront of project coordination and involvement.
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MORGaN public events ]

The MORGaN Consortium

The MORGaN project has tried to
maintain a high visibility through its
regular newsletters to a target distribution
list, dozens of publications in prestigious
peer-reviewed journals, booths at relevant
trade shows & conferences and many
presentations at academic events.

The strong leadership from IlI-V Labs has
fostered a close MORGaN community
which has worked well in its diverse
technical areas. These working
relationships will continue for many years

to come: an intangible but powerful
project outcome.

~

/

The public face of MORGaN

Some of the key events included:
2009

4M Workshop-Devices for harsh environments
University of Vienna; 08-Jun-09

Ulm, Germany; 2-4 Nov-2009

2011
EuroSimE
Linz, Austria; 17-20 Apr-2011

Glasgow, UK; 10-15 Jul-2011

The MORGaN consortium includes some of the most important and active companies and institutions in
Europe. The project has been represented at dozens of events during its lifetime: academic
conferences, meetings of industrial societies, trade shows, workshops and training events. In many
cases MORGaN members have been on the organisational committees, or indeed hosted these
important events. The project has also tried to be present at events across the range of project topical
areas: diamond substrates, packaging, sensors and materials.

18th European Workshop on Heterostructure Technology (HETECH 2009)

9th International Conference on Nitride Semiconductors (ICNS-9)

2010
Industrial Technologies 2010
Brussels, Belgium; 07-09 Sep-2010

Heterostructure Technology (HETECH 2010)
Crete, Greece; 18-20 Oct-2010

Adv. Semiconductor Devices & Microsystems (ASDAM 2010)
Smolenice, Slovakia; 25-27 Oct-2010

Int. Symposium on Microelectronics (IMAPS 2010)
N. Carolina, USA; 31-Oct to 04-Nov-2010

European Microelectronics Packaging Conference (EMPC 2011)
@hton, UK; 12-15 Sep-2011.
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[ Diamond substrates  GaN growth on Si/ polycrystalline diamond substrates
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J

ﬁummary

nitride on single crystal diamond

MORGaN has successfully demonstrated a novel method of fabricating composite Si/
polycrystalline diamond (PD) substrates to improve the heat spreading of high-power GaN
based electronic devices. This technique has obvious advantages over direct growth of IlI-

* Crack-free GaN layers have now been grown on these novel substrates

e Direct MOVPE growth of high-quality, crack-free lll-nitrides on composite substrates
comprising a ultra-thin Si (111) layer on which polycrystalline diamond is deposited

K e The Si (111) layer acts as a compliant buffer layer between the IlI-Nitride and PD.

~

Barriers to progress

/
<

The objective of this work was to overcome problems associated
with limited diamond substrate size, instability of the bonded wafer
approach and Ga-C reactions by developing direct growth with
MOVPE on Si (111)/ PD composite substrates. However, there were

several problems to be overcome:
growth induced strain in PD

temperature
» Strain management to avoid cracking (see right)
k Demonstration of successful 2DEG formation.

e Complicated strain, including thermal strain, mismatch strain, and

e True curvature of composite substrates at MOCVD growth

SEM image of a crack induced by
tensile strain, which terminates inside
the Si (111) layer.

Progress in MORGaN

High-quality, crack-free GaN (~350nm) and AIN may be
grown uniformly on complex Si (111)/ PD composite
substrates

* As expected, the epilayers are under high tensile strain due
to the thermal expansion mismatch amongst GaN, AIN, and
PD

e The Si (111) layer acts as a complaint buffer layer, i.e. it is
compressive under the influence of GaN, which has a larger
thermal expansion coefficient (CTE), and its original state
(tensile strain) recovered when the GaN layer cracks. This
is an obvious advantage over the direct growth of lll-nitride
on single crystal diamond.

e The bowing (1:8000) is considerably smaller than that of
GaN/ Si (111) of similar thickness (~1:3000) probably due to
the greater stiffness of PD. The results show that the
stiffness of the PD layer determines the bow of the starting
substrate and must be taken into account in designing the
epitaxial structure.

For more information, please contact:
Duncan Allsopp (University of Bath) d.allsopp@bath.ac.uk

See also “Growth of GaN epitaxial thin films on composite
(111) silicon/ polycrystalline diamond substrates by
MOVPE”; Q. Jiang, M. J. Edwards, et al. ICNS-9

SEM image of a crack-free
GaN/AlIGaN/AIN/Si/PD sample with strain-
engineered AlGaN layer.

Bowing of a crack-free GaN/ AlGaN/ AIN/ Si/
PD sample measured at two orthogonal
directions.
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: Diamond substrates = Demonstration of HEMT on single crystal diamond

J

/AIGaN/ GaN HEMT on (111) single crystalline diamond \

MORGaN world first!
An AlGaN/ GaN HEMT on (111) single crystalline diamond has been demonstrated

¢ AlGaN/ GaN HEMTSs have been fabricated directly on (111) oriented single crystal diamond
¢ 1.3 x 1018 cm2 channel sheet charge density
731 cm?/Vs mobility
¢ 0.2 um gate length devices showed 0.73 A/mm maximum drain current density
k * f; and f,,, cut-off frequencies of 21 GHz and 42 GHz.

.

Introduction

 High power GaN field effect transistors exhibit high power losses despite their high efficiency
 An ideal candidate for heat extraction would be a diamond heat spreader

« Ideally, the active heterostructure should be grown on a single crystalline diamond substrate

» However the heteroepitaxy of hexagonal GaN based heterostructures on cubic diamond is still challenging
(even in the case of 1ll1l-orientation) because of the large lattice mismatch and difference in thermal
expansion coefficients of the materials

* Work within MORGaN has resulted in the first successful realisation of an AlGaN/GaN microwave HEMT
structure using direct single crystal diamond heteroepitaxially grown by molecular beam epitaxy (MBE).

Heterostructure growth

4%} « In this work, GaN was grown on (111) single crystal diamond
substrate by ammonia source MBE
ﬂ *3x3 mm?2 (111) single crystal diamond substrates were
el supplied by Element Six
24 nm Al, ,3GaN « AIN buffer layer was first grown at low temperature
800 nm GaN « After the growth of the AIN layer, strain engineered inter-
layers were introduced to place the subsequent GaN layer
Stress engineered stack under compressive strain before the epitaxy of a 800 nm thick
GaN layer
100 nm AN e Finally, a HEMT structure, composed of an 24nm AlGaN
_ layer (28% Al) followed by 2nm GaN cap layer
(111) Diamond « A schematic cross section is shown opposite

« Hall effect measurements show an electron mobility of 731
Schematic of the epitaxy (left) and a photo of the cm?/Vs (1740 cm?/Vs) and a sheet carrier density of 1.3x1013
actual HEMT devices on diamond substrate (right). cm-2 (1.4x1013 cm-2) at room temperature (77 K), respectively

*Thermal characterisation results show R;,>4 Kmm/W.

Conclusion

» AlIGaN/GaN HEMTs have been realised by direct growth on (111)
single crystal diamond

* Due to the small chip size the processing technology was still
basic, resulting in high parasitics, e.g. contact resistance

* Nevertheless devices with 0.2 um gate length showed an f;=21
GHz and an f,,,=42 GHz respectively, the f; reflecting the 2DEG
transport properties and the high f.,,, the buffer layer properties, but
also the influence of the parasitic resistances

e These first results demonstrate the ability to grow GaN
heterostructures directly onto single crystal diamond substrates,
resulting in a GaN based HEMT structure with monolithically
integrated diamond heat spreader.

For more information please contact Mohammed Alomari (University of Ulm): mohammed.alomari@uni-ulm.de
and see " AlIGaN/GaN HEMT on (111) single crystalline diamond", Elec. Lett. 46 (2010).
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[ Diamond substrates  GaN on silicon on diamond composite substrate ]

STOP PRESS!
* MORGaN can report the first demonstration of 2-inch free standing wafers
comprising of a 2 um (111) Si surface on a 70 pum polycrystalline diamond layer
» Successful demonstration of FET transistors built on HEMT structures on
these wafers.

Another MORGaN Milestone!

The MORGaN project has been able to report
several technical milestones to the scientific
community:

» Si/ poly diamond composite substrates have
been developed by the MORGaN
consortium and can boast the first
demonstration of 2-inch free standing
wafers comprising of a 2 pum (111) Si
surface on a 70 um polycrystalline diamond

layer.
* Unlike other approaches for exploiting N . .
diamond this concept does not employ a 50 mm silicon diamond composite

carrier silicon substrate. The polycrystalline substrate viewed from diamond side.

diamond substrate has a high thermal
conductivity (around 1000 WeK-m-) and
using this approach it is possible to get
exgellent he_at spreading characterigtics. SEM cross-section image of as-
This composite substrate technology will be dep multilayer structure
further developed by Element Six in the UK.
* The suitability of these wafers for IlI-V
compound semiconductor growth has been
demonstrated by the growth of InAlGaN
HEMT on these 2-inch substrates and
fabrication of FET transistors demonstrating
full pinch off at 1.4 A mm?® with good A 55 mm diameter silicon diamond
leakage characteristics. composite wafer viewed silicon surface.

For more info, please contact:
Tim.Mollart@e6.com

Another MORGaN first: operational GaN GaN on silicon on diamond
HEMT structures on Si/ polydiamond. composite substrate.
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[11-V materials AlInN/ GaN heterostructures on sapphire

-

Objectives

 Simplified etching of the structure down to the sapphire substrate
 Realisation of pH sensors for harsh environments.

-

*» Developing AlInN/ GaN heterostructures on sapphire with thin GaN buffers for:

/

Background

Heterostructure growth

Traditionally, lattice matched AllnN/ GaN heterostructures are grown on a thick ( 2 m) GaN buffer layer
in order to improve the 2DEG properties. However, due to the slow etching rates of GaN, the definition of a
mesa by complete recess until the substrate has proven to be a tough task. The realisation of 2DEGs of
fair properties on thin GaN buffers would make this technology easier, allowing better mesa isolation and
the opening of UV transparent windows for layers grown on sapphire substrates.

AlInN/ GaN heterostructures were grown by MOCVD on sapphire substrates which were composed of a
50 nm thick AIN nucleation layer, a GaN buffer layer with thickness between 50 nm and 2 um, a 1 nm thick
AIN spacer and a 5 nm thick AllInN barrier. A significant improvement of the 2DEG properties has been

theved through the optimisation of the substrate surface preparation and the AIN nucleation conditions/

1600

1400

Results

The graphs show the dependence of the 2DEG maobility (l) 1200
and of the sheet resistance ( ) on the buffer thickness. A great
improvement of the transport properties has been obtained
through the optimisation of the AIN nucleation conditions. The
data from optimised nucleation are shown by the black graphs
in the two figures, with non-optimised nucleation in red.
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As can be seen from the graphs and from the AFM images of

the optimised samples below, the transport properties and the

surface morphology of the heterostructures improved with the 700
increase of the buffer thickness. Nonetheless, 2DEGs of good 600
properties (1 > 1000 cm?/V's; <400 /sq) could be obtained ~
with buffers as thin as 100 nm, especially with the optimised g
AIN nucleation conditions. 400

For more information, please contact Lorenzo Lugani (EPFL)

lorenzo.lugani@epfl.ch 200
Buffer thickness Buffer thickness Buffer thickness
100 nm 250 nm 500 nm
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[ [11-V materials High performance passivation/ NC Diamond heat spreader

J

/Summary I

» Nano-crystalline diamond passivation on top of lattice-matched InAIN /GaN HEMTs for
thermal management applications

e 1 um NCD layer growth on top of fully fabricated HEMT
» Two different nucleation techniques

\ « Demonstration of high frequency operation of the overgrown HEMTS. /

Background

The potential advantages of diamond coating GaN-based HEMT devices has been recognised for many
years; it offers a corrosion-resistant protection layer in harsh environments and an ideal heat spreader for
forced cooling from above. To achieve good stable thermal and chemical properties, the deposited nano- or
polycrystalline diamond films require high deposition temperatures (>700C) in an atmosphere rich in
hydrogen radicals. This requires an extremely stable semiconductor heterostructure, device contacts and
passivation, which may also act as seed or nucleation layer.

e The first fully fabricated HEMTs overgrown with diamond reported by MORGaN demonstrated a cut-off
frequency of 4.2 GHz, with NCD thickness of 500 nm, nucleated by BEN (Bias-Enhanced Nucleation)

\- Now MORGaN can report an improvement on the cut-off frequency and an increase in the grown diamc@

thickness using BEN and seeding nucleation techniques.

Experiment and results Top view and cross-section micrographs of the devices

Two MOCVD grown lattice matched
Ing 17Aly g3N/ GaN heterostructures on
SiC with comparable InAIN barrier (9
nm and 10 nm) were overgrown with
1 pm NCD. HEMTs with 0.5 um gate
length have been analysed in respect
to their DC and RF properties. The
device fabrication was identical for BEN Seeding
both cases. The MESA isolation was
achieved by Ar dry etching. Ti/Al/Ni/Pt
stack annealed at 850C was used for
ohmic contacts and e-beam patterned
gate metallisation was 200 nm thick
Cu. A 50 nm PECVD-deposited Si;N,
layer was used as passivation on all
devices. Nanoparticle seeding was
performed in an ultrasonic bath Cross section
followed by short MWCVD growth of

80 nm thick diamond film at 550<C.

For the BEN-nucleated samples 50 nm amorphous silicon was deposited additionally on top of the
passivation and the nucleation process was performed at 800C for 2 hr in an HFCVD system. The growth
of diamond films on both nucleated surfaces up to 1 pm continued in HFCVD at 750C with a growth rate of
approx. 0.1 um/hr.

TEM cross-sections of the grown stack revealed a void-free, closed layer nanocrystalline diamond film in
both cases for vertical columnar growth mode suitable for heat extraction. All main DC characteristics are
preserved, e.g. an output current density of ~1.4 A/mm and pinch-off voltages corresponding to the InAIN
barrier layer thickness (-5 V for 9 nm InAIN). In addition, both types of device have been operated in the
microwave regime with cut-off frequencies in the GHz range up to f, = 35.4 GHz for L; = 0.5 um.

Top View

For more info, please contact: mohammed.alomari@uni-ulm.de or see:
“Diamond overgrown InAIN/GaN HEMT”, Diamond & Related Mat. 20, 4, 604 (Apr-11).
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[ [11-V materials Diffusion barriers for ohmic contacts

Objectives

» Development of diffusion barriers for Ti/Al ohmic contact stacks to HEMT-based
devices working at elevated temperatures and harsh environments.

fBackground

\temperatures were explored.

The maximum operating temperature of devices based on 1lI-V materials is limited by the lack of
stable metallic contacts, rather than by the properties of the materials themselves. Pure metals
react with the semiconductor, causing inter-diffusion at the metal-semiconductor interface and
resulting in device degradation at high temperatures. Usually these reactions are prevented using a
thin diffusion barrier between the materials. In MORGaN new approaches suitable for very high

~

ﬁN/TaSiN multilayers

*  Multi-layer barrier
structure

. 5 x (TiN/ TaSiN), with total
thickness of 78 nm

e Copper mounting layer

/
~

covarage
« Stable at 800°C for 30
minutes in argon flow. SIMS depth profile after SEM cross-section image of as-
annealing. dep multilayer structure

ZrN/ZrB , multilayers

» Multilayer barrier structure: 13x (13 nm ZrB,/13 nm ZrN)

« Au mounting layer covarage

« Stable at 800°C for 30 minutes in nitrogen flow

» Additional annealing at 900°C for 30 minutes resulted in
very slight increase in the Au diffusion.

For more info, please contact: Michal Borysiewicz mbory@ite.waw.pl

SEM cross-
section image
of as-dep (top)
and annealed

(bottom)
multilayer
structure

SIMS depth profiles for the structures after deposition (left); and after subsequent annealing
at 800°C (centre) and at 900°C (right). Note the slight Au diffusion increase after the 900°C annealing
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[ [11-V materials Epitaxial lateral overgrowth (ELOG) cantilevers ]
4 2\
Objective
* Release self-supporting structures comprised of ELOG GaN.
- J

/Background \

To date GaN cantilevers are grown in bulk material and then etched out from their substrates.
These structures tend to be highly strained due to lattice and thermal mismatch between GaN and
substrate. Lattice mismatch also causes dislocations in the GaN, which reduces its structural
strength. The ELOG process involves the lateral epitaxial growth of GaN layers from a window in a
growth mask deposited on a GaN template. The ELOG layer is usually less strained and contains a
much lower density of dislocations. Therefore, sensors fabricated from ELOG templates should be
Qnore robust and have better semiconductor properties. /

/ ELOG template \

* Novel GaN templates were overgrown from the design
shown opposite using ELOG

*  Black line shows the edge of the growth window

* Red line outlines the area of GaN layer laterally
grown out from the window

 This template is designed to allow ELOG growth along
optimum crystallographic directions (60°to each other)

. ELOG GaN growth template (black), with
The MORGaN team aChIeVed Up tO 20 I.lm Of |atera| indicationofovergrowth(red) and marks

K overgrowth from these templates. indicating the release of cantilever(gw

and beam (blue) devices.

Release of MEMS structures from templates

» Using photolithography and plasma etching through the
GaN anchor defined by the narrow part of the growth
window, it was possible to release beams and cantilevers
from the ELOG template

* The elements are slightly bowed due to residual (but low)
strain relaxation, showing that the structures are indeed
free-standing and released from the templates

» |t was possible to repeatedly deflect 200 um long beams
and cantilevers by several microns, demonstrating the
robustness and high material quality of these ELOG
cantilevers and beams.

Outcomes
» Successfully fabricated ELOG beams and cantilevers

» Proof of principle of ELOG approach for fabrication of low
stress GaN cantilever and beam sensors established Images showing release from

. . _ . . . ELOG template of beam
M_lcron scale_lateral and vertl_cal deflections possible (above) and cantilever (below).
without breaking the ELOG cantilevers and beams.

For more info, please contact: Duncan Allsopp d.allsopp@bath.ac.uk
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[ Harsh environment devices  Steps towards a 1kW 2GHz power bar demonstrator

J

/ Objectives \

» Develop building blocks to be used for power electronics materials validation

* Stepping stone test devices towards 1 kW power bars

* Process and characterise test devices

k » Develop and fabricate custom heat sinks.

ﬁower microwave transistors \

« A power chip has been specified and designed

« 90 fingers (each of length 400 um)

* Die size 1 mmx 5 mm 90 finger 5 mm long power bar layout
« Test chips have been manufactured and tested

« Innovative InAIN/GaN heterostructures grown on silicon carbide

« 2mm power cells

* DC and CW characterisation of HEMT devices performed JITTTN
. . . . / LAY
» Derivation of up to date non-linear electrical models S e N
- - . . , \
 Very good yield obtained on power device and power die )/ '
/7 AY
* State-of-the-art results! 6.6 W/mm and 70% PAE @3.5 GHz )/ '
/ \
« High efficiency thanks to low lag effects )/ '
/7 \
« Demonstration of high quality heterostructure & process modules. ,’ *
/ \
~ .
g 70 A | !
@ %9 Left: Graph showi ' |
& 50| €t Lraph showing — pigp: Electron | !
= i output power microaranhs ! 1
< 40 (40 dBm = 10 W) rograpns | !
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g 07“‘w“‘w‘”w“‘w”‘w“‘w”” ' :
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KTowards 1 kw amplifier

» Power bar transistors are matched to make a suitable amplifier

« Pair of transistors are combined in package to get sufficient power
« High-k-based matching network used for compactness

 Cooling ensures by active heat exchanger

* More than 300 W already achieved and testing is on-going.

Left: Photo of Right:
power Packaged
amplifier made power
and tested at transistors on
111-V Labs active heat

exchanger

For more info, please contact:
erwan.morvan@3-5lab.fr
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[ Harsh environment devices  Cantilever sensor with integrated Wheatstone bridge |
/Objectives \
» Develop a pressure sensor suitable for harsh environments (>550°C; >50 bar)

» Two designs investigated in parallel to reduce risk:
« Cantilever design based on MicroGaN temperature compensated chip
» Drumskin design has sensing element integrated into flexible membrane
K  Common packaging designed by G&H and built by Fcubic.

.
Static measurements of composite cantilevers —

» Study of cantilevers developed in the MORGaN project

» Different thicknesses and stresses exhibit different
behaviour

» The study considered the effect of a global stress within
the cantilever

» The model was compared with measured device
characteristics using optical interferometry.

\

Modelled and observed cantilever harmonic behaviour: first
flexural mode (left) and first torsional mode (right).

* Harmonic behaviour of composite cantilevers
* Frequency of vibrational modes calculated as a function of stress
» Flexural and torsional modes were studied

» Cantilever displacement as a function of frequency measured
using oscillating piezo actuator

* Mode shapes shown using optical interferometric techniques
Elastic and shear moduli were derived.

Optical microscope image of a
MicroGaN GaN-based cantilever

Cantilever pressure sensor
* Design is based on a double cantilever design chip produced at MicroGaN in the MORGaN project

» One cantilever forming a flexible GaN membrane is deflected by a precision probe

» A second cantilever provides a reference signal using a Wheatstone bridge configuration for
temperature compensation

» Signal current from the piezoelectric effectin the GaN cantilever; magnitude is a function of applied strain
» Common packaging accommodates either the cantilever or the drumskin chip in the same housing design

» Housings fabricated using Fcubic layer fabrication process.

Photographs of double
cantilever MicroGaN chip
with integrated
Wheatstone bridge for
temperature compensation
(left); and the Fcubic
common package from a
novel layer manufacturing
process (right).

For more information, please contact: ulrich.heinle@microgan.com
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[ Harsh environment devices = Drumskin high pressure-high temperature sensor

J

/Summary \

« High pressure “drumskin” sensor fabricated and tested

* Linear dependence with pressure up to 60 bar
« Experimental data is close to the predicted FE model response

 Future work should improve both the sensitivity and dynamic response of the sensor up to an
operating temperature of 400<C.

/The MORGaN drumskin sensor \

A high pressure sensor based on a GaN/ AlGaN High Electron
Mobility Transistor (HEMT) that uses its 375 m thick sapphire
substrate to provide a robust base and enables device
operation up to at least 60 bar (6 MPa). Transduction of
changes in ambient pressure occurs via piezoelectric and
pyroelectric effects on the channel conductance. The HEMTs
were strategically placed along an 8 mm? GaN/ AlGaN /GaN/
sapphire chip; where the central 4 mm diameter behaves as a
pressure sensitive “drumskin”. The location of peak response
lies in the HEMT at the geometric centre of the drumskin,
demonstrated by the change in IDS when the pressure was
increased from O to 60 bar. The response of six strategically
placed HEMTs along the chip’s surface, were compared to a

\jite element model to predict sensor behaviour. A photograph of the main part of the fabricated

pressure sensor, showing all of the HEMTs

&

Device fabrication

The heterostructure consisted of a 3 nm GaN cap layer, a 20 nm thick undoped Al0.26Ga0.74N layer
on a 3 m thick GaN layer grown by metal-organic chemical vapour epitaxy (MOCVD) on a 375 m
thick sapphire (0001) substrate. HEMTs were then fabricated using a conventional mesa isolation
technology with Nb/Ti/Al ohmic contacts and Ni/Au Schottky gates. The Schottky gate had a length of
10 m and consisted of a 600 m long electrode. All of the HEMT sources shared a common contact
pad and the gates likewise. The sources where all connected in parallel and the gates in series. This
left six contact pads for each of the drains, so every HEMT acts as an independent sensing element.

Mechanical testing

The chip sample was fixed onto a flange, with a
4mm diameter hole drilled into its centre, leaving
only the 4mm central diameter free to move, as in
the FE model. The eight contact pads were then
wire-bonded to gold TO headers, which were
inserted in the flange and held in place using an
epoxy. A copper gasket was added to the flange to
seal the chamber and prevent gas leakage. A linear
VDS decrease of 0.02% per bar was found. This
linear behaviour is in line with the FE model and any
deviations from linearity can be explained by
piezoelectric relaxation and imperfect clamping.

For more information, please contact: . .
. : Experimental response of one of the sensing
Duncan Allsopp (University of Bath) d.allSopp@bath.ac.uk  oements with mechanically applied pressure
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[ Harsh environment devices Harsh environment pressure sensing results ]

Objectives
» Test MORGaN-developed pressure sensors
under harsh environments.

GWENTGROUP

ﬁ Drumskin pressure sensor testing

e The drumskin sensor is a great
example of MORGaN collaboration.
The chip was produced by IEE and
the housing was designed by G&H &
Fcubic and fabricated at Fcubic with

=

its layer manufacturing technology.

The ceramic chip carriers with Pt
feedthroughs were developed by

Above: piece parts of the
drumskin pressure sensor,
including chip bonded to

ceramic with high temperature

feedthroughs.
Right: assembled packaged
sensor ready for testing.

Swerea  with new  soldering
processes for high temperatures
based on GEM silver paste.

» The devices were assembled and
tested at Swerea IVF, and University
of Bath tested the performance,
achieving an order of magnitude
sensitivity improvement by
optimising operating conditions. UoB
and Swerea tested the devices from
room temperature up to 450C.

* The entire packaged assembly was
tested successfully showing good
linear behaviour from 20 to 80 bar.

For more info, please contact:
Duncan Allsopp
d.allsopp@bath.ac.uk

Room temperature drumskin sensor pressure response
for various gate voltage (Vgg) at Vpg=1 V

[~ Cantilever pressure sensor testing )

» The MORGaN cantilever pressure sensor is based
on a double cantilever design; one cantilever is
deflected by a probe attached to a flexible
membrane and a second cantilever provides a
reference signal. The chip with its Wheatstone
configuration (insert opposite) was produced by
MicroGaN and the housing by Fcubic based on a
CAD design provided by G&H.

* The signal change is a result of the piezo-electric
effect in the bulk GaN. The measurement range
shown in the graph is defined by the membrane
dimensions; other pressure ranges can be

\__addressed by varying the membrane thickness.

Showing voltage change at three pressures
for cantilever sensor

For more info, please contact:
ulrich.heinle@microgan.com J
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[ Harsh environment devices InAlN-diamond based chemical sensor

Summary
» Development of pH sensors for operation in harsh environments

* E.g. strong alkaline electrolytes at elevated temperatures

» Development of a suitable packaging for the sensor structures.

o
/ Device concept

Diamond electrodes Ideal electrochemical properties AliInN/GaN HEMTs Ideal electrical properties
» Extreme chemical stability * High current densities

* pH sensitivity * High transconductance

AN

N Possibility of surface functionalisation * Excellent on-off ratio.

~

MORGaN target: Combine diamond electrodes and AllnN/GaN HEMTs inion-  sensitive

J
\ field effect transistors (ISFETS), e.g. for pH sensing /

/Monolithic integration Compact device but complex technology

The AlInNN/GaN HEMTs are fabricated by MESA etching down to the
sapphire substrate followed by ohmic contact and gate contact deposition.
The growth of the nanocrystalline diamond electrodes is performed by
interlayer (Si;N, or SiO,) deposition (which also acts as the surface
passivation of the FETSs), bias-enahnced nucleation and the growth
process by hot-flament CVD and microwave plasma CVD. Micrograph of a processed chip

. I with nine diamond electrodes in
Current challenges are the stability of the passivation and the contacts o center. The electrodes are

during the nucleation and growth process. A possible solution could be the  connected to the gate pads of the
Kuse of Cu- and Pt- based contact materials. AliNN/GaN HEMTSs /

ﬂybrid integration \

Nanocrystalline diamond electrode in electrolyte connected to the gate of an external AllnN/GaN HEMT

HEMT parameters: gate width = 50 um; gate length = 0.25 um; AlInN barrier thickness = 6.5 nm;
electrode dimensions: 200 um x 200 pm (same dimensions as on monolithically-integrated device)

0.4
oH = 6.00 0.40
Ve \f“w»\ Left: Real-time measurements of .
0.35] b the drain current of a hybrid- 0.35 1
_ 7 integrated ISFET device at Vps =4
£ S Vand Ve = -1V vs. SCE. The pH E
g 0.3 — of the electrolyte was varied by £ (.30 T
< L‘LVM titration with KOH and H,SO, <
-0 - o
0.25 pH = 12.20 0.25
Right: Current density versus pH, 0.20

0.2 i ’ \ ’ "recorded from these results j ' ' ' '
\ 0 2000 t(s) 4000 ' 4 6 8 ’ 10 12 j
p

/Sensor packaging \

Alumina plates are used for the sensor and the aperture

board. The holes for the electrical connections are made %
using a waterjet. Main challenges are currently the screen

. e . aperture
printing of the conductor layers on the alumina and the opening

choice of a sufficiently stable epoxy glue.

For more information, please contact: Photographs of the alumina boards used for packaging (left)
. . and the finished dummy package (right
K carsten.pietzka@uni-ulm.de y package (right) j
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[ Packaging Packaging for harsh environments

/Summary

* A range of topics relating to packaging for harsh environments was studied:
 High power microwave electronics (including power matching)
» Packaging components for high temperature and high power applications
» Ceramic materials for packaging
» Materials for electrical interconnection

\ » Power bar cooling mechanisms and materials for cooling.

ﬂigh power microwave packaging
» Packages were defined for high microwave power including
matching networks
e Comparison of available materials for microwave
packages, carriers and heat spreaders
» Thermal simulations were conducted for a number of
packages and carrier materials
¢ Focus on maximum junction temperature as a
function of dissipated power
e Impact of a diamond heat spreader between the GaN die
and the package was studied
e High K ceramic materials within the package to realise the
matching networks were investigated.

AN

: : ) : : Photo of high power package
\:or more information, please contact: stephane.piotrowicz@3-5lab.fr including matching networks

/Packaging components for harsh environments

Novel high temperature connection study, including liquid contacts and thick-film silver

Ceramic (alumina) packages with platinum interconnections and glass seal has been tested to >1000C
Silver nano-paste for electrical interconnect up to 800C has be en demonstrated

Assessment of multi-layer diffusion barriers for electrical For more information, please contact:

\ contacts including “maxphase” materials. Per.Johander@swerea.se

/

Power bar cooling mechanism

» Even with the high efficiencies achieved in the MORGaN power bars, the cooling mechanism for such a
device needs to be very effective to prevent over-heating

 Several approaches were modelled including passive and forced air cooling with Laval nozzles, but the
high heat flux required a water cooling system

» Using state-of-the-art layer manufacturing techniques an extremely compact custom part was
manufactured in a single piece of stainless steel or copper.

CAD model (right) and actual
prototype heat exchanger made
using Fcubic layer manufacturing
technique. These parts are made
from copper: a process developed
in MORGaN (see pg 14).

For more info please contact:
urban.harrysson@fcubic.com
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[ Packaging Advances in 3D machining and copper layer manufacturing
\
Objectives
 Improve existing processes to manufacture package bodies for MORGaN sensors
* Investigate new materials for the ink-jet process, including copper.
J

Ink-jet manufacturing

* Fcubic (www.fcubic.com) has developed a process in which steel parts can be
manufactured directly from a 3D CAD model by adding thin layers of steel powder one on
top of another. Each cross-sectional layer of the part is printed using ink-jet technology,
allowing the fabrication of parts impossible to produce by conventional techniques. The
Fcubic process is unique since it is developed for production and not prototyping.

*Fcubic has optimised the process to obtain better precision, improved consistency in the
produced parts and the capability to use a range of materials. These advances include:

* New printer with 1 um resolution using a linear encoder

* Ink temperature control

» Enlarged pulse length and voltage envelope for drop ejection

» Hardware and software for quality and temperature control

* New host software with much higher speed and faster download of geometry data
* Vector data for dynamic x-y geometry scaling

» Dynamically adjustable print density

* “On the fly” rasterisation to save time and enable immediate production
* Fine raster at 21 pm (compared with previous 42 um capability)

» New powder deposition device for a more even density of green powder
» Damping of x and y axis for reduced vibration and better print quality

* New cleaning and maintenance station and powder feeder.

Right: Photo showing detall
of part of sensor housing
made by Fcubic ink-jet
technology. The screw
thread is M5, i.e. 5 mm OD.

Left: Active cooling device
made with the Fcubic
apparatus. Copper is

difficult or impossible to

manufacture with other

additive manufacturing
processes.

* The result of the optimisation process has been very successful and parts have been built
with fine threads (M4x0.4 mm) and thin walls

* Fcubic is now exploring the possibility of using copper as a material in the process. The
high thermal conductivity of copper would provide an excellent material for high power
packages.

For more information, please contact: urban.harrysson@fcubic.com
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[ Packaging High temperature metallisation ]

/ Objectives \

» Take advantage of potential of group IlI-Nitrides for high-power applications in
extreme conditions (>800C)
* Requires Schottky gate contacts with high barrier height & excellent thermal stability
» Several dielectrics (SiO,, SizN,, Gd,O5, Sc,05, MgO) used for gate oxides & surface passivation
* Use of MOS-HEMTs with the whole transistor channel coated by the passivation dielectric layer
» High temperature formation of conductive metal oxides directly on the gate interface by thermal
K oxidation of evaporated and patterned thin Ni or Ir gate interfacial layers. /

HT metallisation scheme
AlGaN/GaN based C-HEMT structures on sapphire substrates (see sketch below left)
Ohmic contacts Nb/Ti/Al/Ni/Au were annealed at 850C
The Ni, Ir-based conductive metal oxides were formed by thermal annealing in oxygen
DC characterisations were compared with C-HEMTs with as-deposited gate electrodes.

Sketch of gate structure Characterisation curves for samples “as deposited”, and annealed to 800C

The leakage current of the gate contact with the Ni interfacial layer oxidised at 500C is decreased
by almost five orders in comparison with the “as deposited” Ni gate contact. Thermal oxidation of
the Ni interfacial layer at higher temperatures leads to an increase in the leakage current, but still
offers an improvement of approximately two orders of magnitude.

/Suggested explanation \

» OQut-diffusion of Ga occurs during the oxidation process
» Vacancies are generated which act like triple acceptors
* These are capable of trapping free electrons in AlIGaN layer
» Consequently the concentration ND of AlIGaN decreases
» Positive shift of the measured current-voltage and capacitance-
voltage curves were observed (see graph on right) which support
K these suggestions.

G)nclusions \

» The metal oxides are formed continuously by increasing the annealing temperature.

|-V characteristics of the patterned Schottky gate electrodes show a significant gate leakage
suppression in the range of 2-5 orders of magnitude after separate oxidation processes.

* An increase of the transconductance maxima (~ 30-40%) and the threshold voltage shift towards
the positive values (by approx. 1V) was observed, without degrading the maximum drain current.

» After annealing oxidation at 800C the transistors still exhibited the improved transport
parameters in comparison to the conventional device.

e Secondary ion mass spectroscopy (SIMS) analysis of the gate interface composition helped to
explain the improved performance after high temperature metal oxide formation.

K For more info, please contact: Gabriel Vanko elekvogl@savba.sk /
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[ Packaging High temperature silver and ceramic interconnects ]
4 N\
Objectives
 Develop interconnect technology for high temperature operation.
- J

/Background \

To be able to operate electronic devices at temperatures beyond 300 C, new packaging
technologies are required. Within MORGaN, a robust packaging process based on ceramics and
silver interconnects has been developed.

The packaging technology has been successfully temperature cycled to 650 C (with the interval 30
min at 650 C, 30 min at 22 C). During temperature cycling the conduction through a pair of
interconnects was monitored and negligible degradation in the electrical performance was
Qbserved after more than 500 cycles.

Packaging technology

« The packaging is based on ceramics and the
interconnections to the active sensor chip are
made using a nano-silver die attach which
consists of nano-sized silver particles

* Once sintered at 300-400 C, this material can be
exposed to temperatures close to the melting
temperature of silver (961 C); this allows the
package itself to be used at temperatures up to
900 C

 The process is generic and the package can be SEM cross-section image of as-
converted to fit most geometries and high dep multilayer structure
temperature applications

* In MORGaN, the application is a high
temperature and high pressure sensor,
which could be used in aeronautic,
automotive, or industrial systems. Photograph of device under test

ﬁmperature cycling results \

* The interconnect shows negligible
degradation after 500 cycles
between 650 C and room
temperature

e Test time was over 750 hr

» Shear strength bonding tests also
showed good results.

For more info, please contact:

K Klas.Brinkfeldt@swerea.se /
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[ Training

J

/Summary \

» There has been a very active series of training activities in the MORGaN project
» These activities were coordinated by University of Bath with support from
STU Bratislava and FORTH
* Activities ranged from conferences and training workshops to individual research visits

Q Over forty separate training trips have been undertaken during the course of the project!

/Conferences and workshops \
* MORGaN Residential Course; Bratislava 24-26 May-2010; held at STU

e 19th HETECH 2010 conference at 18-20 Oct-2010, organised by FORTH
* ASDAM 2010 conference 25-27 Oct-2010, organised by STU. [Castle Smolenice, pictured below right.]

\\ Heading /

Individual research visits

Knowledge exchange and training were key aspects of MORGaN. There follow a few examples of the
wide ranging training and research visits that were carried out over the course of the project:

e Juraj Marek (STU Bratislava) to IEMN Nov-2009

* Modelling and simulation of the properties of structures on AlGaN/GaN and/or InAIN/GaN
including influence of deep traps levels on transfer characteristics

e John Taylor (University of Bath) to TU Vienna Jul-2009

» Development of GaN digital integrated circuits for applications such as high speed logic and
also power switching in hostile environments.

* Rafael Amen (Swerea IVF) to University of Bath Oct-2009

* Pressure Sensor FEM Analysis
e Jan Kuzmik (TU Vienna) to IEMN Jan-2010

» Collaboration on thermo-optical characterisation of GaN grown on single-crystalline diamond
* Clemens Ostermaier (TU Vienna) to Ulm University Feb-2010

» Fabrication of dual gate device for investigating injection of electrons in the passivation layer
e Libor Rufer (UJF) to University of Bath Jun-2010

» Explore facilities to characterise GaN-based structures and their piezoelectric performance
» Klas Brinkfeldt (Swerea IVF) to two training courses at EuroSimE 2011 Linz, Austria Apr-2011

e Multi-Physics Modeling in IC Packaging and Microsystems

* Prognostics & Health Monitoring of Electronic Systems in Shock, Vibration and Thermo-
Mechanical Environments.

For more information, please contact c.r.bowen@bath.ac.uk
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[ Life after MORGaN ]

Summary
» The MORGaN project has been a great success not only from a technical perspective, but also as a real
collaborative research project. Many strong working relationships have been forged over the last three years
which will certainly continue long after MORGaN finishes on 31-Oct-2011.

*The MORGaN partners welcome approaches to discuss the work in the project, and the possibility of new
collaborations, whether in the context of further EC or national-level funded projects, academic or industrial
collaboration in areas including:

*High power GaN electronics and novel HEMT structures
*Novel diamond heat spreaders or conformal coatings
*Growth of GaN on diamond and polycrystalline diamond substrates
*ELOG and other novel low dislocation density approaches to GaN growth
«Simulation of GaN devices and semiconductor structures
*GaN-based sensor technology including pressure, temperature, strain and chemical sensors
*Packaging for harsh environments
» The project website will be kept running for the foreseeable future.




