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1. Introduction

1.1. State-of-the-art before InDot

The Indium Nitride (InN) has been the least matestadied in the family of nitride
semiconductors, due to its extremely challengingmgn. During the last years work,
before InDot was started, good quality material veh®ady achieved, and it was
demonstrated that the bandgap of InN is close ZceV. By alloying the material with
GaN, it is possible to cover a range of wavelerigim 1.77 um (infrared) to 0.36 um
(UV) which makes this material system interestig &mitters and detectors for
telecommunication applications at 1.55 pm and igh lefficiency solar cells. It was also
demonstrated experimentally and theoretically thialN has excellent transport
properties, both at low and high electric field.eTtliscovery that InN has a bandgap
lying close to the infrared telecommunication wawgths and its excellent transport
properties led to a huge interest worldwide. Bt thain part of the material has been
grown on small pieces using MBE (Molecular Beamt&pji) whereas only very few
reports on MOCVD growth were available. CNRS hadthdestrated that high quality
InN epitaxial films could be grown onto 2 inch shpp substrates using MOCVD but
the InN growth rate was extremely low, typical \eduwere in the range of 0.05 to 0.2
pum per hour, which is too low for efficient prodect processes. The low growth rates
are linked to special challenges for the InN growithe InN deposition requires much
lower growth temperatures (500 — 650 °C) than cotiweal group-IIl nitride compound
semiconductors like GaN or AlGaN (850 — 1250 °C)t hbe common standard
precursors for group-11I-N growth like ammonia &o® stable to decompose efficiently
at these low temperatures. Also residual contamoingitin process gases and precursors
like oxygen and moisture are more serious in thetemperature growth range than at
higher temperatures.

Therefore the goal of InDot was to overcome thesgiVimitations for the MOCVD
growth of high quality InN and InN quantum dot bésketerostructures by the
development of an optimized MOCVD technology.

1.2. The InDot Project objectives

The main goal of INDOT was to develop an MOCVD tealogy (Equipment,
Precursors, Gas purification and Growth proces$ms)he industrial production of
Indium Nitride (InN) quantum dot based devices. Khew-how produced in the frame
of the project should also be applicable to thalpation of INN and In-rich InGaN alloy
based devices. On a purely scientific basis, thigept addressed the epitaxy of a new,
challenging and extremely promising semiconductomatemal, InN, and its
nanostructures. This material has a huge potefatiahpplications in infrared emission
and detection, for telecommunication applicatiohggh efficiency solar cells and
electro-optic modulators.
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Another aspect of the project was linked to enwvinental issues. Nitride semiconductor
growth is a much more environmental friendly tedbgyg compared to the state of the
art since it involves non-toxic precursors.

INDOT had to extend the existing knowledge in the following directions:

» Control of InN guantum dots size and density

e Growth of In rich InxGaN alloys (x < 15%)

* Encapsulation of the InN quantum dots

* Realization of a InN quantum dot based LED as aahestnator

On the technical side, the following challenges were addressed:

* Development of new precursors for the low tempeeatgrowth of In rich
In1GaN alloys (x < 15%).

«  MOCVD equipment optimization for the growth of Irflantum dots and In rich
InGaN

« Development of purification processes/equipmentHerprocess gases

1.3. List of participants

Part. Part. Participant Participant Country
Role no. Name short name

CcO 1 AIXTRON AIXTRON Germany
CR 2 CNRS CNRS France
CR 3 SAFC HITECH LIMITED | HITECH UK

CR 4 SAES Getters SpA SAES Italy

The consortium consisted of three industrial pasgn@IXTRON, SAFC HITECH,

SAES Getters) and one international level acaddaboratory (CNRS). They joined
their complementary expertise to develop the ade@ndOCVD technology for InN
based nanophotonic devices.

1.4. Coordinator contact details

Michael HEUKEN

AIXTRON AG

Kackertstr. 15-17

52072 Aachen Germany

Tel : (+49) 241 8909 154
Emailto: m.heuken@aixtron.com
http://www indot-project.net
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2. Execution of InDot

2.1. Work performed and main results achieved

To achieve the InDot goal, the development of a MOCtechnology (equipment,
precursors, gas purification and growth procesdes)the industrial production of
Indium Nitride (InN) quantum dot based devices, filllowing technical workpackages

have been addressed:

Work- Workpackage title Lead End

package contractor month

No No

WP2 New precursors 3 0 36

WP3 INN QD on GaN and InGaN 2 0 30

WP4 In-rich InGaN growth 2 0 30

WP5 Encapsulation of InN QD 2 6 30

WP6 Demonstrator 2 30 36

WP7 Wide range Temperature Contrdl 12
System

WP8 Adaptation/optimization of gas lined 36
and reactor design

WP9 Mapping of characterizations 1 0 36

WP10 Purifier design 4 0 36

WP1 was devoted to management issues. In the fiolipthie main project achievements
will be summarized per WP:

2.1.1. WP2 New Precursors
Leader: SAFC

Objectives

* Develop new precursors suitable for high qualitil IQD and In-rich InGaN
layers

» Ensure a reliable fabrication process
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» Scale up synthesis and purifications procedurg@sdduction level
» Establish a leading position on the upcoming Inldtesl market

Description of WP activities and progress towards Ilgections, deliverables and
milestones (devided by tasks)

The initial phase of the project focussed on supplyaseline precursors for study by the
deposition team to highlight deficiencies in thparformance. Quickly the feedback
received enabled a number of alternative stratefiebe devised and the precursor
chemistry developed to provide different chemidatsinvestigation. The first series of
compounds were alternative N sources to accesy lgnwevth temperatures followed by
compounds containing both In and N to enhance lstmeetry control and finally
improved In compounds to fully optimise the degositparameters accessible. Having
determined the best source combinations for theixndeposition a range of dopant
materials was developed to enable device structiordse targeted. The progress in
identification, synthesis, characterisation, puadfion and supply of samples followed
the planned sub task schedule as outlined below ailliimilestones and deliverables met
in a timely fashion.

Task 2.1: Synthesisand supply of first In precursor (precursor #1)

The deposition of In based materials (InP, InGa&@alnN) by MOVPE has historically
been accomplished from the In precursor Trimetldglm (TMI, MesIn). This
compound has been extensively investigated at S#F&low optimum purity product
to be isolated and supplied into the Compound Samdigctor market place. A number
of batches of the highest grade available wereetbex prepared, characterised and
supplied to Montpellier for growth trials to mee8 @nd M1.

Task 2.2: Synthesis and supply of first N precursor (precursor #2)

For high temperature growth of nitride semicondtgtNH; is employed however at
lower temperatures the efficiency is much reducedch alternative N sources are of
interest. A reduced stability compound that getesraimilar species to the theorised
decomposition products from NHbut at lower temperatures was identified from iprio
work in the InGaAsN deposition area. Dimethylhyine (DMHz, MeNNH,) was
therefore purified, characterisaed and suppliedyfowth studies at Montpellier to meet
D8.

Task 2.3: Fabrication, characterisation and supply of first alternative In-N sources
(precursor #3)

To improve performance a second N source was fthtto again provide similar
decomposition products to those proposed for;Nbit at lower temperatures.
Tertiarybutylhydrazine (TBHz, tBUNHNH was synthesised, purified, characterised and
supplied for evaluation at Montpellier to meet DI4is source was found to perform
better than DMHz and so was deemed the optimurmalige N precursor for M10.
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Task 2.4: Fabrication, characterisation and supply of second alternative In-N sources
(precursor #4)

The results of trials using the sources from previtasks highlighted the desire for
further precursor development to fully achieve higfality structures.

The first approach attempted to solve the issugaiéntial unwanted reactions on
mixing prior to the deposition zone leading to @®pin effects and film quality
degradation when using individual In and N sourc@se of the proposed intermediates
formed on gas phase mixing of the In and N souwas identified, prepared and
characterised. The material isolated, DimethylinuDimethylhydrazine complex
(Me2InHNNMe,), was much less reactive offering potential umfay benefits in
growth, however, its low volatility yielded prohilvely low growth rates in tests at
Montpellier. A second compound with direct In-Nnloing was prepared and a sample
supplied for testing at Montpellier. This precutsdiris(trimethylsilylamino)indium
(In(N(SiMes),)3) also possesses a relatively low vapour pressurbds the advantage of
thermal stability such that elevated source tenipeza can be employed to enhance
transport rates. However, both of the In-N cornteajrspecies proved too involatile to be
used in the MOCVD equipment even after an upgragleAixtron to allow source
heating.

The second approach addressed the inability tdHysses a carrier gas with InN growth
coupled with the surprising deposition problemsgs\, that led to a desire to generate
active H at the surface from the precursor. Tyiktldium (TEI, EgIn) was identified as
a potential candidate due to a facile beta-hydalimination process. Samples were
prepared and supplied for evaluation and indeedchdoto significantly improve
deposition control and quality.

Task 2.5: ldentification and target specification for optimum source

On completion of the previous subtasks the optinpuecursor combinations for InN and
InGaN deposition were established. Similarly by éimd of the project the p-type dopant
had also been confirmed. The quality of these at@mwas assessed using physical
characterisation techniques (ICP-OES and ICP-MSnfetallic impurity levels, 1H
NMR for organic contamination, TGA for involatilpeacies) and based on the feedback
from CNRS where excellent results were achievedegification for impurity levels in
the sources was set and issued in D21. All sangpipglied on the project have met this
specification.

Task 2.6: Larger scale synthesis of target precursor

Upscaling of Efin synthesis to afford larger batches in a relidakhion proved to be
the greatest challenge due to its low thermal btalaind the requirement to apply heat
to separate the pure product from the reaction urext After significant effort a
methodology was refined to afford high purity produn acceptable yield and
employing protocols that are fully compatible wittose used in full scale production
environment to ensure upscaling can be achievetetet demand as required. The other
sources were also studied to ensure robust pregpatathniques were in place and this
is now the case. All the optimum precursors esthbtl during the project are ready for
HVM hence M21 has been completed in a timely fashio
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Task 2.7: Continuing supply of chemicalsto growth teams

Ongoing supply of precursors was maintained throughthe project. Batches of

precursors for the matrix (INN, GaN, InGaN), QDiisN) and dopants (Mg, Zn, C) were

delivered to CNRS and in-house analysis coupled wi¢tailed deposition results

highlighted the high purity achieved. Metals in@lses were below detection limits and
by NMR organic impurities are also not seen.

2.1.2. InN QD on GaN and InGaN

In this task, CNRS studied the growth of InN quamtdots using TMIn and NHas
precursors. The parameters which were investigateorder to control the dots size and
density were:

e The growth temperature

* The V/I ratio

* The molar flow rate of TMIn and NH
» The reactor pressure

e The deposition time

These parameters had to stay within given bourslami@rder to ensure that the InN quality
in the dots is high; for example the growth tempeamhad to be within 500 and 600 °C.
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Fig. 1: Dot height versus deposition time at 550°C.

In fig. 1 above, the effect of the deposition tiorethe dot height is illustrated. Our goal for
milestone M4 was to achieve 3 nm high dots, withsity of 13°cm?, which requires a

deposition time of 5 seconds, as extrapolated fifapl. It appeared that the growth
temperature influenced simultaneously the dot simd density, but deposition time and
ammonia flow allowed us to separately tune thessaad densities of the dots. Preliminary
experiments had led us to think that the carrisragaild play a major role in the nucleation of
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InN, and we had included in the workplan the usaltdrnative carrier gases. We decided to
make these tests earlier than planned, in ordeindcease the limited dot density, and
AIXTRON and SAES made the effort of delivering & dending system for alternate carrier
gases (deliverable D11) and a Ar/He purifier (dalable D12) earlier than scheduled. We
compared the effect of Argon, Helium and Nitrogarrier gases on the growth of InN
guantum dots, using the otherwise same growth tondi This is summarized in the AFM
pictures of fig. 2.

Carrier Gas

Fig. 2: Effect of the carrier gas on the dot density (imagsize: 2umx2um).

The effect of the carrier gas on the initial nutimais huge: Argon tends to strongly increase
the nucleation density, while Helium has the opjgosiffect. Growth conditions were re-

tuned, using Ar carrier gas, in order to achievéhldogh nucleation density and small dot
height:

i} 0z IJ.I4 D.Itﬁ D.IS 1I
]
10pm x 10 pm lpm x 1ym Dot height profile

Fig. 3: AFM images at different scales and heightmfile for InN quantum dots grown under Ar carrier
gas. From the 1x1pm picture, the dot density can béetermined as 7x18cm?.

The results in fig. 3 clearly demonstrate that @comilestone M4 (mean 3nm dot height and
density > 16°cm™) is achieved, indicating that reproducible contb$ize and density of InN
quantum dots is achieved.

The process improvement linked to the use of Artpahus to apply for a French patent,
further extended to international coverage. Oneeptiitent was officially deposited, we were
allowed to communicate on these results, so weighdad them in Applied Physics Letters
Vol 90, page 153102 (2007).
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However, at the time of writing the INDOT contragte thought that even higher dot
densities would be required for an efficient emitte be realized, so we included Milestone
M11, which states that a dot density equal or alkd¥&cm? had to be achieved. In order to
realize that, we studied the growth of InN dotkater growth temperatures, which was made
possible, thanks to the new TCS system designedhatalled by AIXTRON.

Milestone M11: Choice of process conditions allowm the growth of QD with
density>=10"cm™.

We found that a quantum dot density abov&" £f1? could be obtained by growth at 450°C,
under a V/IlIl molar ratio of 5000, under Argon darrgas. In fig. 4a below, an AFM picture
demonstrates that a density of 1.1%¥1€n? is obtained. Using the extremely sensitive x-ray
diffraction setup that we bought within the contrace could check that the dots are indeed
monocrystalline, although they are a few nanomeegh. This is depicted in Figure 4b,
where thew-20 scan shows that only the 002 dot orientation c®mded. The width of the
peak is not correlated to the dot quality, butrizadlened due to finitness effect, linked to their
nanometric size.

T T T T
@28 scan GaN template
105 | (002) Sapphire substrate |

(006)

InN dots
(002)

Intensity (cps)

16 18 20 22
o Angle (degrees)

Fig. 4: (a) left side : AFM picture 600x600nm. Thenean dot height is about 7 nm, with a
density of 1.1x16'm. (b) right side : X-Ray diffraction pattern (-2 scan) showing the
monocrystalline character of the InN dots.

While analyzing recent literature regarding quantlmts devices made of « classical » IlI-V
compounds (InAs, InP, GaAs), dot densities in thege of 16 cm? were used in
optoelectronic devices. Since nitride semicondwsc(@aN, AIN, InN and their alloys) usually
exhibit very high emission efficiency, we will pralbly not need to use such extreme dot
densities, although we have the know-how for it.

For other purposes, we have studied the recrystitn by annealing of InN (performed in-
situ in the MOCVD reactor). We had the idea thas tknow-how could be used as an
alternative way of realizing InN dots, possibly lwén improved crystalline quality

A very thin layer of amorphous InN is depositedco®aN at low temperature. Then, this thin
layer is recrystallized at a temperature closeht dissociation temperature of InN (650 to
720°C). Rippening occurs, along with recrystali@at and InN dots are formed. In fig. 5, we
show an AFM image of these dots and the correspgrkight profile. Dots of 6-8 nm high,
with a density of 5x10 cm? are obtained. Their crystalline quality was assgsssing
Grazing Incidence Diffraction (GID). This experimewhich can be performed in-house on
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the setup bought for the contract, is very serssitovthe sample surface, and allows to make
accurate measures on our quantum dots. The fulthwad half maximum (fwhm) was
recorded for the (100) diffraction peak of InN thfferent sets of dots.

In dots grown directly by MOCVD, a fwhm mean valag 5000 arc-seconds is obtained,
while for recrystallized dots, an average fwhm &@D@ arc-seconds is measured. This is a
very significant improvement of the crystalline Giya

Z[nm]
T

I L | [ [
0.5 1 L5 2

Xluml

Fig. 5: AFM image 2x2 um of recrystallized InN dotsThe corresponding
height profile is shown; the dots are 6 to 8 nm hig and their density is
5.1x10 cm®,

As mentioned above, such dot density could be emdoigthe design of a light emitter. As
explained above, we have established a large krawwédn the fabrication of InN quantum
dots, which allow us to grow dots of high qualititmwwell-controlled geometrical parameters
(size and density).

2.1.3. In-rich InGaN growth

In order to be able to realize different structures optical and electronic
confinement, in view of realizing devices, it wascassary to demonstrate the growth of
InGaN alloys, on the In rich side. Our initial otj®es were to introduce up to 15% of
gallium in InN, but we soon realized that the whotscentration range could be covered by
the MOCVD growth method. Results obtained afteriroging the MOCVD growth
conditions are depicted in fig. 6. In this figuree display diffraction peaks for InGaN alloys
covering the whole concentration range. It candmnghat no significant broadening of the
diffraction peaks occurs with increasing Ga comppasj reflecting the fact that the
crystalline quality is comparable in the differeamples.
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Intensity (cps)

Omega (9

Fig. 6. w-20 scans for In1-xGaxN layers with different composibns, grown onto GaN templates.

Different Ga precursors were used to achieve a goattol of the alloy composition:
for the lower composition, i.e. below 17% of Ga,Jd&was preferably used, due to its lower

vapour pressure. Above an alloy composition of 17%Ga was used. This is plotted in
fig. 7 below.

0,7

" Tg = 550°C
" VI = 15000

TMGa + TMIn

TEGa + TMIn 1

0,0 0,1 0,2 0,3 0,4 0,5
X, (Gas)

Fig. 7. relation between gas phase and deposited alloymposition, for different Ga
precursors (TEGa and TMGa).
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Fig. 8 full width at half maximum (fwhm) of the InGaN al loys rocking curves
measurements, indicating the crystal quality, for dferent Ga precursors and solid
compositions.

The crystal quality results reported in fig. 8 arlg indicate that TMGa must be
preferred to TEGa at higher compositions to imprmagerial quality. The effect of growth
temperature Tg is also shown; A degradation oftatygiality occurs above 550°C.

Doping of InGaN Alloys

Doping of the alloy is an essential task in viewexlizing devices. We spent much efforts in
this direction, as discussed below.

a) n-type doping

n-type doping was easily achieved. InN has a residackground doping of n-type, and we
could easily increase this residual doping by penfog silicon doping. Sikdprecursor gas
was used, and doping levels up t&'toi* were realized.

b) p-type doping

p-type doping was studied, using magnesium (Mg)agsnt species. Gdg was used
as a MOCVD precursor for Mg. Theoretically, no paar problem is to be expected, since
the InN material bandgap is small, the ionizatiokergies of dopant should be accordingly
small, and the difficulties encountered in the dgpof wide bandgap materials, such as GaN,
should not been encountered.

However, direct doping with Mg was not successfiis is not very surprising, since
in the case of GaN doping in MOCVD, it has been destrated that Magnesium — Hydrogen
complex are formed, which are not electrically \aetilt is then necessary to remove the
hydrogen by annealing the samples. A lot of expenits were conducted to first incorporate
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Mg in InN, then to characterize it optically ancedtically, and then to establish proper
annealing treatments to activate Mg in InN, by remg the passivating hydrogen.

Using CpMg as a precursor, Mg was incorporated in InN irffigent quantities, as
demonstrated by SIMS measurements. Mg concentsatiprto 16°cm® were achieved. We
noted that the incorporation yield is between 2 #&8d, depending upon experimental
conditions. This is much less than in the case gfddping of GaN, but it can be understood
by considering the low growth temperature of Ind5%00°C), which probably results in a
moderate decomposition rate of Fy.

The as-grown InN:Mg already demonstrates an op#ctvity of Mg : in the figure below,
the photoluminescence of a highly magnesium dopetpte of INN has been plotted versus
sample temperature, in the range 9 — 300K. A sigikieature is that a blue-shift of the
luminescence is observed (peak displacement tohigteer energies), which does not reflect
the variation of the material bandgap with tempeetwhich would cause red-shift.
Another mechanism has to be present in the sammueisarelated to magnesium. Further
studies are ongoing to obtain more details on Xaetenature of the mechanism, but it clearly
demonstrates that optical properties of InN arecéd by the presence of Mg.

. blue shift!

PL Intensity(a.u)

[Mg] = 6.10"%cm’®

500 700 800 900
Energy (meV)

Fig. 9: Photoluminescence versus temperature of a highlyagnesium doped sample of
INN. A blue-shift of the PL with temperature is obsrved.

Then, detailed systematic experiments were conduittefind proper annealing conditions
that can activate the magnesium dopant, as inake af GaN:Mg. The difficulty here is that
successful annealing leading to a dissociationhef Mg-H complex occurs in GaN at a
temperature of 700°C. Here, such an elevated teathperwould degrade the material. After
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many experiments, we observed that a long annestamperformed at 550°C gives the best

results as illustrated on figure 10 below.
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Fig. 10 77K photoluminescence of highly magnesium dopeaN samples annealed in
various conditions. A strong increase of the PL sial is observed after an optimal
annealing of 30 minutes at 550°C, accompanied byshift of the peak energy at lower
values.

0,80 0,85

A shift of the luminescence peak towards lower giesris observed, along with a
strong increase of the intensity, for optimized ealimg conditions (30 min. at 550°C). This
can be interpreted as described in fig. 11: Theealimg treatment removes the hydrogen
which is passivating Mg, and allows for the emengeaf an acceptor level above the valence
band. The observed luminescence is the changingtire, from a band to band transition to
e-Ao transition in the doped activated sample. fifagnitude of the shift is 60 meV, which
corresponds clearly to the activation energy of iMdnN, as reported by Japanese groups
(Yoshikawa et al. Appl.Phys.Lett. 90 (2007) 201913)

Although p-type doping was successful, as dematestray PL results, it was not
possible to make accurate Hall effect measuremeintie hole concentration: a parasitic
conduction channel exists in the samples, corredipgno a n-type conduction, that masks
the p-type conduction.

Indeed, mobilities in the n-type material are higtypically by a factor of 10 to 40.
Electron densities can easily be achieved with eptration of an order of magnitude higher
than typical hole concentrations. The conductibigng the product of these last two factors,
any parasitic n-type conduction can easily mask phg/pe conduction in transport
experiments.
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Fig. 11 band structure of Mg doped InN explaining the diferent optical transitions

observed.

Different hypothesis may be invoked to explain fpasasitic n-type conductivity.

INDOT - Final Report

surface electron accumulation: this hypothesis is very popular in the
literature, and such phenomenon has already besanaa in small
bandgap materials like InAs. Although it has bedwaaced that it could
be an intrinsic feature of the InN band structutehas been recently
observed that some samples were clearly free df phenomenon. (Wu
et al. Phys.Rev.Lett. 101 (2008) 106803). Simplgodthesis may be
invoked that explain the results as well.

Conduction in the underlying GaN all the high quality InN samples are
grown on top of GaN in order to reduce the latticsmatch with the
sapphire substrate. GaN is residually n-type, tlais explain easily the
parasitic conduction observed, as the metallicacrgasily diffuse down
to this bottom layer. Growing InN without an ungem GaN layer
results in poor quality material, which is prone impurities
incorporation, also resulting in n-type material.

Conduction at grain boundaries the best InN samples at the state of the
art have all a mosaic structure. This is commomaterial grown on
mismatched substrates, and can be checked by ABbdking at the
surface morphology, and also by x-ray diffractioqperiments, where the
average grain size can be determined. From datiaeititerature, it was
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found that the best samples produced in the USANn&loUniversity)
have a grain diameter of 290 nm, while the INDOMmMgkes grown at
CNRS Montpellier have a grain size of 320 nm. Tdrgér the grain size
the less grain boundaries there are. These siezesypically 20 to 40
times less than in GaN. The existence of grain atias corresponds to
numerous crystal defects, where impurities easiliect. This may be an
important source of parasitic conduction and mesteoluced.

We have made a lot of efforts to try to reduce gh&in size. It appears that lateral
growth of InN is severely limited in the usual gtbwrocesses, be it in MBE or MOCVD.
This is the main reason for numerous grain fornmatgince surface diffusion remains very
limited, and no coalescence occurs, even at vergrackd stages of the growth. The resulting
material is highly 3D, and presents numerous gramgroving the surface diffusion by
increasing the growth temperature is a very limgellition, since INN decomposes readily.

Within INDOT, the collaboration between the parthénas resulted in a very
innovative solution, which consists in injecting €/ during growth, to modify the growth
mechanisms, and improve lateral growth. The idetoiform volatile halides of Indium,
which improve the mobility of existing species ohet growth surface. This major
breakthrough in the growth of high quality InN lkistrated in the two figures below: in
fig. 12, x-ray diffraction pattern exhibit interfance fringes, which are more pronounced as
the amount of CBrGl injected during growth increases. These fringespwn as
“Pendellosung” fringes, witnesses of a high in-planoherence of the sample, and
demonstrates that the morphology is now extrematydue to the addition of CBrgl

* | L I ¥ I
X-Ray diffraction :
Pendellosung fringes

CBrCI3/TMIn

INN/GaN/ALO,

i
= :
©
o
=
D 9.28
o 0.41
o
= 0.04
0.02
0.02
v
J T y T J T L T T T L T ¥ T L
15,0 15,2 15,4 15,6 15,8 16,0 16,2 16,4
®—20 Angle
Fig. 12 x-ray diffraction Patterns of InN grown in presence of increasing CBrC}
amounts.
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A direct evidence is provided in fig. 13, where ARMages of the InN surface are
given for increasing CBrCI3 amounts added in tlewgin ambient.

No CBI"C|3 CBPCI3/TMII’\ =0.02
h.rms = 40 nm h.rms = 25 nm

CBrcCl;/TMIn = 0.04 CBrCl;/TMIn = 9.28
h.rms = 6.8 nm h.rms = 1.6 nm

Fig. 13 AFM images and roughness values for InN grown undencreasing amounts of
CBrCl s in the gas phase.

This major breakthrough will enable us to get rfdoarasitic conduction occurring at grain
boundaries, and constitutes a major step towardsl@igp-doped InN for a device structure.
Further work is ongoing to take advantage of thignbining it with the use of high resistivity
GaN buffers.

INDOT - Final Report 18/45
Document Reference: Final Activity Report Datassiue: November 2008



I N D O T INDOT - Final Report — Version 1

2.1.4. Encapsulation of InN QD

The major problem that occurs in the encapsulatibinN quantum dots is that a
wider bandgap material has to be grown on top @finiN dots. The available materials of the
same family (GaN, AIN) are usually grown at muchar temperatures, and thus cannot be
deposited directly on top of the dots, without daghg it.

We investigated the possibility of lowering the \gtb temperature of the capping layer. First,
we have grown GaN at 600 °C, using \ib encapsulate the InN dots. The capping layer In
fig.14, a TEM (Transmission Electron Microscopy)aige is shown, on which the InN dot
and capping layer is clearly visible. A continuaapping layer is formed on top of the dot
(the dot height being 12 nm). Although the cappsguccessful, the GaN cap layer quality is
moderate, due to the low growth temperature (optgnawth temperature for GaN, in our
equipment: 1090 °C). The capping process in itbaléyever, is not harmful to the InN dots,
as demonstrated by fig.15, where a X-ray diffracpattern is shown. The contribution of the
INN dots is clearly detectable after capping withNG and shows no additional broadening,
compared to uncapped dots. In addition, a locamited analysis was performed during TEM
imaging by EDX, which showed no quantitative intusion between the InN dot and the
capping layer. Thickness was targeted to be imahge of 25 nm.

GaN 600°C

!

InN QD

GaN HT

Fig. 14 Low resolution TEM cross section image showing amN quantum dot (12 nm
high) grown on GaN (high quality — grown at 1090 °Q;, and capped with low
temperature GaN grown at 600 °C, using Nl
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Fig. 15 X-ray diffraction pattern of GaN capped InN dots. The capping layer was grown
using NH; at 600 °C.

The dot crystal quality is unaffected by the cagpiprocess However, no
photoluminescence emission attributable to the @ais measured in these samples. This can
be attributed to the low crystalline quality of tBaN encapsulation layer, which is grown at a
temperature (600 °C) far too dissimilar from itdiom@l growth temperature (1090°C). This
probably induces defects at the interface, whiap &lectron/holes and induce non-radiative
recombination. These results demonstrate thatdéompéerature growth of GaN will not be the
easiest solution.

In order to overcome this difficulty, we decidedtton to InGaN encapsulation, since
the results demonstrated that InGaN could be obtamt low temperature (550 °C) with
similar crystalline quality as compared to InN.flg.16, we compare the x-ray diffraction
patterns obtained on three different samples:

* athin film (typically 25 nm) of lngsGa 1N grown onto GaN, as a reference
for the capping material.

* InN dots grown onto GaN and capped with a 25 nggdBay 1N film.

e The previous samples of InN capped at 600 °C waNG

From this figure, one notice that the diffractetemsity for the lggsGay 1A\ capped
dots is the result of two contributions: the dgGay 1N capping layer itself, and the InN dots.
We have fitted this data using two Gaussian coutioins centred on the alloy and InN
positions, and deduced that the intensity contigioutrom the dots capped witholgsGay 1N
iIs 10 times higher than the intensity diffracted the GaN capped dots. This result
demonstrate that ¢RGay. 1N capped dots have a much higher crystalline qualit
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Then we performed 77K photoluminescence measurententhe lpssGay 1N capped dots.
The result is displayed in fig. 17, along with theK PL of the 13gsGa 1N alloy thin film
used as a reference.

1000

4 10000
1 In0_836a0_17N/GaN E

800

+ 1000
600

400 { 100

Intensity (cps)

200
410

‘ INNQD/GaN LT capping
15,0 15|,5

T T
16,0 16,5 17,0

Angle 6 (9

Fig. 16. w20 scans for InN dots capped with GaN and IfsfGag 1N, and for the capping
In0.83Ga0.17N film alone. The diffracted intensityfor the GaN capped sample is much
lower, corresponding to the logarithmic scale on té right side.

The PL emitted by the capped dots is shifted ahdrigenergy, and the alloy
luminescence is no longer detected. This is toXpeaed since a majority of the electron-
hole pairs will now diffuse into the InN dots aretombine there. The collected luminescence
is still weak, indicating that some defects/traps still present, giving rise to non-radiative
recombination.
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Fig. 17: 77K photoluminescence of IfgfGag 1N and InN quantum dots encapsulated
with In o gdGag 1N.

To summarize, successful encapsulation of the lots Has been realized both using
GaN and InGaN grown at low temperature, a contisucapping layer is deposited and
photoluminescence is emitted by the dots.

2.1.5. Demonstrator

The realization of a simple demonstrator structuas planned for the last six months
of the contract. However, many unexpected sciendifificulties were encountered, regarding
growth of InN, dots encapsulation. We also speiutaof efforts on the use of alternative
precursors (DMHy, TBuHy, signle source precursantaming N and In simultaneously) to
reduce the growth temperatures and improve groatésr However, we found that these
precursors were extremely inefficient when nitroganrier gas is used, which is mandatory
in the growth of InN. Still, they can be of greatdrest for the low temperature growth of
GaN, where hydrogen can be used as carrier gasleWlenstrated that good quality GaN can
then be obtained at low temperatures.

Also, although p-type doping was successfully adde as demonstrated by
photoluminescence, huge problems of parasitic B-tygnduction were encountered. When
spent a lot of efforts in analyzing these effeatd &inding a solution to improve growth in
order to increase grain size and improve surfacetstre.

All these difficulties have resulted in delays, although we are now very close to
achieve our goal, we have not been able to produwmple device in time. However, due to
all the successful achievements made during IND@4& ,will continue the work after this
contract terminates.

2.1.6. WP7 Wide range Temperature Control System
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Leader: AIXTRON
Objectives

* Improvement of the MOCVD equipment control systenoider to be able
to make growth both at low temperatures and highperatures (250°C to
1200°C)

Description of WP activities and progress towards Ilgections, deliverables and
milestones (devided by tasks)

Task 7.1: Design of the Temperature Control System (TCS)

In its original design the temperature control egst(TCS) of the MOCVD reactor in
Montpellier was optimized for the high temperatgeowth of Group-llI-N. The
temperature in the reactor chamber is measured aniifjht pipe (pyrometer) from the
bottom of the susceptor. The output of the lighgepis connected to a detector in the
Accufiber readout. The commonly used Si detectaraies at temperatures between
400°C and 1900°C. The output of this Si detectdied into the Eurotherm controller
and is used to control the susceptor temperatuce.allow also the control of
temperatures below 400 °C the Accufiber was upglradé an additional low band gap
detector made from InGaAs. The InGaAs detector aipserin the lower temperature
range between 100°C and 1000°C. In the new detfigmutput of the light pipe is split
and connected to the two detectors in the Accufibadout to cover the temperature
range between 100 °C and 1900 °C. The control soévad to be modified in a way
that for the low temperature range the signal cgnfiom the InGaAs detector is used by
the Eurotherm controller. For the high temperanamege still the Si detector output is
used.

Task 7.2: Optimization of the Temperature Control System

The new designed TCS has been implemented in th&004RF-S reactor in
Montpellier. The new system was calibrated usingeeond pyrometrical temperature
measurement from the top side of the susceptor.PTBeparameters were adjusted and
optimized for the precise control of temperaturesMeen 250 °C and 1200 °C. Finally
the new system was extensively tested. The resilte heat tests can be seen in fig. 18.
After a short stabilization phase the temperatanesvery constant with time for the
whole range between 250 °C and 1200 °C. The maximmimmum deviation was less
than £ 0.5 °C.
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Fig. 18: Long term temperature measurement for tempratures between 250 °C and 1200 °C using
the new TCS. Temperature deviation is less than £B °C after short stabilization phase.

Basis for all optimizations in Montpellier was tbettom temperature measured on a
single spot in the middle of the susceptor. As ghathis temperature was very stable
after the TCS optimization and the daily work witte system in Montpellier showed
also an excellent run to run reproducibility. Bigoathe temperature homogeneity across
the whole wafer will be a key factor for the laf@oduction of hanophotonic devices.
The “on wafer” temperature homogeneity influenca®ally the material uniformity
across the wafer and thus the yield of the prodactMainly kinetically driven growth
processes, like the QD deposition, are influencgdiballest temperature deviations.
Therefore a similar MOCVD system (AIX 200/4 RF-3) the one in Montpellier was
used at AIXTRON to optimize also the “on wafer’” teemature homogeneity.
Responsible for the homogeneous temperature distsibacross the wafer is the design
and the materials of the susceptor (cup, centds, dsver ring) shown in fig. 19. The
whole set was iteratively optimized to ensure dasm temperature distribution at high
as well as at low temperatures. The low temperangasurement across the half wafer
area with the optimized set-up can be seen in2flg.The temperature deviation (max-

min) across the wafer is < 0,25 °C.
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Fig. 19: Substrate holder and susceptor parts of aAlX200/4RF-S MOCVD reactor.
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Fig. 20: AIX200/4RF-S on wafer temperature homogeriy measured from top site using a pyrometer.

Final goal of InDot was to have production type MECequipment available for the
deposition of InN based materials. Therefore AIXTR@ansferred the InDot results
into the optimization of its commercial productiOCVD technology. AIXTRON's
state of the art portfolio of commercial multi wafeactors consist of horizontal flow
Planetary Reactofsand vertical flow Closed Couple Showerhead (CC&d®rs. Both
technologies had to be adapted to the special feetise growth of InN-based materials
to exploit the InDot results. First a Planefafigeactor was adapted with respect to the
low temperature growth of InN based materials. Adow to the InDot results the TCS
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of a Planetary reactor was improved to allow the precise contfothe required low
growth temperatures. Also the reactor hardwareniypane susceptor, was improved to
achieve sufficient temperature homogeneity on laageas. Current state of the art
multiwafer Planetaly Reactors for the production of GaN-based matewals2-inch
substrates have a capacity of 42 2-inch waferschwlare arranged on six 6-inch
satellites - see fig. 21. Thus, the homogeneousnmahtdeposition requires a very
uniform temperature distribution across the wholadh satellites.

Fig. 21: Planetary Reactofin its 42 x 2-inch configuration. The Temperature ®ntrol System as
well as the reactor hardware was optimized for théow temperature deposition of InN-based
materials.

To evaluate the improved TCS and the adapted haed(maainly susceptor, gas inlet)
AIXTRON performed numerous heating tests and measents. Fig. 22 shows the
temperature distribution across all six 6-inch lkigge for a mean temperature of 491°C.
The temperature deviation across one satellitesisow as +0,5 °C, from satellite to
satellite only £1,4°C.
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Fig. 22: Temperature distribution across all six 6inch satellites for a mean temperature of
491°C

2.1.7. WP8 Adaptation/optimization of gas lines and reactodesign

Leader: AIXTRON

Objectives

» Development and test of MOCVD equipment for theaegal growth of InN
based materials

» Specific gas lines for new precursors and alteveatarrier gas

* Gas injection and reactor optimization

Description of WP activities and progress towards lgections, deliverables and
milestones (devided by tasks)

Task 8.1: Design of the 2 lines optimized for precursors#1 and #2 provided by
SAFC

In the frame of task 8.1 AIXTRON has designed aedlized two new lines for
alternative nitrogen precursors. AIXTRON servicgierers have installed the new lines
in the MOCVD system in Montpellier (fig. 23). Towgatravel costs and time AIXTRON
decided in accordance with CNRS to up-grade theesysat the same time with a new
dilution line for CpMg to be used as p-type dopant later in the projeee first line was
equipped with mass flow controllers (MFC) and spkceals for the new nitrogen
precursors DMHz and TBHz. The second line for preau#3, the single source, was
first delivered and installed without MFCs due e fact that the nature of precursor #3
was not fixed at that time. The dimension and sgatif the MFCs depends strongly on
the chemical properties of the precursors. Aftergshngle precursors have been defined
by SAFC and CNRS, AIXTRON delivered and installedable MFCs.
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Beside the installation of the hardware (tubing,38Fpressure controller (PC), diverse
valves, thermo bathes, etc.) the work included fications on the control and safety

software of the MOCVD equipment.

Fig. 23: Two new lines for alternative N-precursorsand a dilution line for Cp,Mg. All lines were installed
into the AIX200/4RF-S reactor in Montpellier.

Task 8.2: Continuous optimization of the linesfor precursor and carrier gas

Initial experiments at CNRS have shown that anrrdiieve carrier gas might be
necessary. Therefore AIXTRON has designed an additicarrier gas line for Ar just at
the beginning of the project. The new design alldavsise only one of the three gases
(H2, N2, Ar) or to use mixtures of;H Ar or N; + Ar, see fig. 24. The new carrier gas
system was installed at the same time as the ttreeeprecursor lines.
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Fig. 24: Installation of third carrier gas line (Ar) into the AIX200/4RF-S reactor in Montpellier. Thethree
carrier gases can be switched individually or cand mixed.

At the beginning of the second year the new sipgéeursor was defined by SAFC and
CNRS. Due to its large legants this precursor hacerg low vapor pressure which
makes the mass transport into the reactor difficDhe possible solution to overcome
this problem was to heat the line between sourceraactor inlet. But this would have
required an additional temperature control systech special heat resistant MFCs, PC
and valves. Thus, the realization would have beea &nd cost consuming. The second
possibility was to use MFCs with high mass flow aafy. The drawback of this simple
solution is, that it might be, that the carrier ga#l not saturate with the precursor.
Nevertheless all partners agreed to start withstheond approach to investigate the
general suitability of the single precursor. If esgary the growth results would have
been promising, it was planned to up-grade the MOGYstem with the line heating to
increase the growth rates. But finally the resuligng the single precursors were not as
good as with the individual precursors. Thus, isviae right decision, to perform first
the basic studies without the expensive reactagrape.
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Task 8.3: Gasinjection and reactor optimization

During the whole project duration AIXTRON and CNR&ve continuously monitored
and analyzed the growth experiments with respettirtber optimization potential of the
reactor hardware and software.

In the 29 half of the project many reactor optimizations daveen developed by
AIXTRON to improve the reliability of the reactona to increase the reproducibility of
the growth experiments. In detail the followingatea parts have been improved:

= The susceptor design was optimized to improve émeperature homogeneity
across the wafer and to solve rotation problems.

= The design of the separation plate in the gas ihidstbeen optimized to improve
the exact and reproducible positioning of the plaide separation plate
influences significantly the gas flow behavior ihetreactor and thus, the
deposition homogeneity.

= The Liner tube design was changed to allow thegnatéon of a quartz ceiling,
which significantly reduces the reproducibility améintenance efforts.

The complete set of up-grades and optimizations smasessfully tested at CNRS. The
reliability of the MOCVD equipment and the reprothility of the experiments were
significantly improved. Also the time, spend forinmtanance could be reduced. All these
were important aspects regarding the later prodagiotential of the technology.

Task 8.4: Final configuration of the MOCVD growth equipment

All reactor modifications developed during the InDwoject have been successfully
tested at CNRS. Finally the remaining process ehgks concerning the p-type doping
were not related to the MOCVD reactor design of @¥RS equipment. Thus, the

existing MOCVD reactor state of the art at CNRSh&t end of the project has been
defined as “final MOCVD system design for InN / la& quantum dot structures

growth” which was a milestone of the project. Usihg new equipment CNRS was able
to handle all new precursors in an efficient mana#érexperiments were reproducible
and the reliability of the MOCVD system under thxdeme conditions given by the InN

growth process was significantly reduced.

As far as adaptable, the MOCVD equipment relaté&btrresults have been transferred
into Planetray and CCS production reactors. Thiscems so far mainly the improved
TCS. In future the InDot results will be used tatlfier improve the production type
MOCVD equipment with respect to the growth of dseecompound materials requiring
low growth temperatures. The optimized productiqaiement will not be limited to the
growth of InN-based materials.

2.1.8. WP9 Mapping of characterizations

Leader: AIXTRON
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Objectives

e Qualifying the equipment design through the deteation of the sample
uniformity
» Verification of the reproducibility of the growtlrgcesses

Description of WP activities and progress towards lgections, deliverables and
milestones (divided by tasks)

Task 9.1: Photoluminescence and sheet resistance mapping on 2 inch wafers

To verify the improved susceptor design - see t&Rf8.3 — CNRS has grown thick
GaN, InGaN and InN layers on 2-inch sapphire sabesrusing the old susceptor set-up
and the new set-up, respectively. All wafers detdeby CNRS have been characterized
in detail using sheet resistance mapping, room ¢eatpre (RT) PL, white light
interference and X-ray diffraction. The experimeatsCNRS have been performed
without special uniformity tuning for the proce3his was true for the new as well as
for the old susceptor set-up because the priavityhiformity studies was low compared
to the challenge to achieve the p-type doping lectioe end of the project.

The sheet resistance of all samples was compafablkbe old and the new susceptor
set-up. The uniformity values for all samples, peledent of the material and the set-up
were between 3 and 5% across the 2-inch waferstufad processes and optimized
equipment uniformity values below 2% are possible.

Only the GaN samples showed RT-PL activity. Witthbget-ups state of the art material
could be grown in terms of PL intensity and linedihi (FWHW ~ 7eV for both
samples).

The uniformity of the layer thickness was deterrdinesing white light interference
measurements. Fig. 25 shows as an example the ragat on the InGaN samples
grown with the old (a) and new (b) set-up.

Avge :1.197

Median: 1.186

Std Dev: 4.577 %
(0.055)

Fig. 25a: Thickness mapping on a thick InGaN Fig. 25b: Thickness mapping on a thick
layer grown with the old susceptor set-up. InGaN layer grown with the old susceptor
set-up.
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The InGaN sample grown with the new set-up hasight§f more homogeneous
thickness distribution. This is due to the factatthhe growth rate of the ternary
compound is more sensitive on temperature devigtioan the binary materials InN and
GaN. For GaN the thickness uniformity was the saime)nN the sample grown with
the new set up was much better compared to theyven with the old set-up. But this
result could be explained by the inaccuracy ofrtteasurement for the InN. Due to the
low refractive index of the InN the approximately Jum thick layers showed only half
of an oscillation which could causes a huge faiforethe thickness determination from
this whit light reflection measurement.

In summary, the layer properties of the materiaisagited with the new susceptor set-up
were not significantly better than the propertieshe layers grown with the old set-up.
But this was more due to the not tuned depositimtgss than due to not optimized
equipment. The temperature uniformity measurempeat®rmed on the new set-up in
the AIXTRON laboratory demonstrated the potentiéltlee improved equipment to
enhance the material homogeneity and process negifmlity.

To evaluate the improved TCS and the adapted haedwathe 42x2-inch Planetary
Reactof (fig. 26) as well as in the 30x2-inch Close CodpBhowerhead (CCS) reactor
(fig. 27) AIXTRON has investigated the growth ofdaN MQW structures containing
In-rich material. The experiments at CNRS have shivat the increased Ga-content in
the InGaN has only a minor influence on the maltegislity. Therefore AIXTRON
decided to test the reactor hardware and the ne® ihGhe production type reactors
using InGaN material emitting in the green spectesige. This gave AIXTRON the
opportunity to embed the material into existing LEBDuctures which are easy to
characterize using PL mappings. In addition, theaey material is much more sensitive
against temperature inhomogeneities than the bidalN. Thus, AIXTRON has
performed several full loaded runs for the deposibf InGaN MQW structures in both
types of production reactors and has characteaftedafers by RT PL mappings.

Fig. 26: Production type Planetray® MOCVD Reactor Gl HT in its 42x2-inch configuration.
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Fig. 27: Production type CCS MOCVD Reactor CRIUS inits 30x2-inch configuration.

Fig. 28 shows the InGaN MQW wave lengths unifornaityone single wafer taken from
the 42x2-inch Planetary reactor. The average wagédteis 527 nm, the standard
deviation across the wafer only 1,2 nm which fldfithe material requirements of M16
but in a material with higher Ga-content. The wdeagth spread (maximum to
minimum) from run to run for 3 executive runs watyc4,4 nm.

Fig. 28: RT PL mapping from an InGaN MQW structure. The single wafer has been taken from
a full loaded run in an 42x2-inch Planetray ReactorAverage wavelength is 527 nm, the
standard deviation across the wafer 1,2 nm.
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The same InGaN MQW structures have been grown enntbdified 30x2 inch CCS
reactor. In the 30x2-inch reactor the wafers arargred on three rings - see fig. 27 - 4
on the center ring, 10 on the middle ring and 16then outer ring. Fig shows the PL
mapping from one wafer of each ring. The averageswangth for all wafers is 509 nm.
The standard deveations on the sngle wafers aret &om, the wave length spread
between maximum and minimum value only 4,6 nm. &heag excellent values for the
ternary InGaN material emitting in the green spaatinge.

center ring middle ring outer ring

Peak Lambda __—————_
"l - - nm

Pl i By 515.7

7 i 5144

4 514.0

Peak Lambda_————

R \ [F]s13 5106
# i || js1z3 509.2
| “— s114 075
' : ! {5108 506.5
\ . 509.7 5051
g 508.8 5087
Run1_10 Run1_20 Run1_30
Average : 511.6 nm Average : 508.9 nm Average : 507.0 nm
Std dev: 1.358 nm Std dev : 2.407 nm Std dev : 1.689 nm

Fig. 29: 3 wafers with InGaN MQW structures of a ful loaded run in an 30x2 inch CCS production
MOCVD reactor.

The experiments in the different production typacters verified the reproducibility of
the growth processes and thus qualified the equipihesign through the determination
of the sample uniformity which was the objectivalag WP.

2.1.9. Purifier design

Leader: SAES
Objectives

» Development of specific purifying package for InMGaN and quantum
dots MOCVD growth:

* In- process qualification and validation (purityetime, ...)

e Ammonia purification

* Organometallic precursors

» Carrier gases (standard : N2 and alternative :Aj), H

Description of WP activities and progress towards Ilgections, deliverables and
milestones (divided by tasks)

This Work Package was focused on providing reliadld-ppb gas quality for the
process gases used in the growth of InN and otierfitms. On site tests to monitor the
gas purity were carried out during the project bgams of trace gas analyzers or a new
off-line batch analysis method.
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At CNRS, the process gases come from high pressilirelers with a degree of purity
not adequate for the purpose of the research; demsg the flow rate during film
growth, gas specifications and the duty cycle ritjet set of purifiers was identified and
supplied to guarantee a content of oxygen and wafavur consistently below 1 ppb.
The figure below shows the set of bulk purifierstalled at CNRS and used throughout
the duration of the project. The purifiers are nmtednon the wall next to the Aixtron
reactor; from left to right it is possible to idéptthe hydrogen, the argon and the
nitrogen purifiers.

The gas purity at the outlet of the hydrogen aricbgen purifiers was checked with the
highly advanced Delta F DF-760 suitable for thetewous monitoring of oxygen and
water vapour in bulk gases down to concentrati@ievb 1 ppb.

The results confirmed the efficiency of the purii¢o remove the impurities of interest.
Since the above instrument or others with equitalspecifications are highly
sophisticated and expensive, their use for the toong of gas purity at the point of use

INDOT - Final Report 35/45
Document Reference: Final Activity Report Datessiue: November 2008



I N D O T INDOT - Final Report — Version 1

is not practical; thus the development of a mettowff-line batch analysis has been a
target of the project. A sensitivity of 10 ppb filve contribution of oxygen and water
vapour has been considered a reasonable target.

A dedicated study was carried out in the laboratiorydevelop a device capable to
concentrate oxygen and water vapour from a samgsdeagd then release both impurities
in controlled conditions in order to be able to maékeir quantification.

The method was first developed and tested in therédory and proved to be very solid
with sensitivity in the very low ppb range, deperglion the quantity of sample gas
passed through the concentration device.

The method was then validated by testing the n#mogurity upstream and downstream
the getter purifier at CNRS. Four collection desicpreviously used for the laboratory
testing, were mounted at CNRS, two in parallel befine purifier and two in parallel
after the purifier.

Since SAES personnel were on site for the samgleation, it lasted about 24 hours;
longer collection time can be applied to incredsedsensitivity of the method.

The following table summarises the gas specificatiat purifier inlet and outlet together
with the results obtained in the laboratory aftee telease of the oxygen containing
impurities from the collection devices.

GAS SPECIFICATIONS SAES RESULTS
Oinlet: SN Oinlet: O2 equivalent

O ©2: <2 ppm O 1.7 ppm

O H20: <3 ppm O 1.8 ppm
OOutlet: purifier specifications LOutlet:

[0 O2< 1 ppb O <2(1.4) ppb

O H20< 1 ppb O <2(1.5) ppb

The results are given in oxygen equivalent becthesenethod cannot distinguish
between water vapour and oxygen.
It can be observed that the reproducibility of thgults, even if limited to 4 analyses, is
guite good and the estimated oxygen content i®rg good agreement with the
specifications.
To summarize, the results in the field confirmeel times obtained in the laboratory; the
main features of this new off-line batch analyses a
= excellent dynamic range: the method allows to adjuer a very broad range of
gas purity changing the collection conditions, ratrme and sample flow rate
= excellent sensitivity: 1 ppb is doable allowing &ek of sample collection or with
flow rates higher than 1 I/min
= |ong shelf life: the impurities desorption from tb@lection devices has been
carried out about 20 days after sample collection
= no analytical expertise is required for sampleestibn
= the collection device is compact and light

2.2. Summary of main achievements

Precursor development
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Objectives of the development of new precursorschviaire suitable for the growth of
high quality InN QD and In-rich InGaN layers were énsure a reliable fabrication
process and to guarantee the potential for scakymiimesis and purification procedures
to production level.

The first series of compounds developed in theegtoyvere alternative N sources to
access lower growth temperatures followed by comgswontaining both In and N to
enhance stoichiometry control and finally improvaccompounds to fully optimise the
deposition parameters accessible. Having detedrtime best source combinations for
the matrix deposition a range of dopant materiaés wleveloped to enable device
structures to be targeted. The progress in ideatibn, synthesis, characterisation,
purification and supply of samples followed therplad sub task schedule with all
milestones and deliverables met in a timely fashidhe experimental processes
employed have been refined and proven to yieldiigh purity materials in a reliable
and scaleable fashion. This new combination otymsors is now ready for launch as
suitable for InN based device fabrication to thghleist standard.

MOCVD equipment developmern

The objective of the equipment development wasmarove the MOCVD equipment for
the low temperature growth of InN and InN-based poumds. The final equipment
should allow the growth of InN-based materials ungl®duction conditions. Thus, the
optimized equipment had to enable stable, reprtiieind efficient MOCVD processes.
In a first step the R&D MOCVD reactor at CNRS wasgraded accordingly. A new
temperature control system has been developedpto the low temperature growth on
the InN-based materials and new precursor line® l@en implemented to handle the
new precursors provided by SAFC. In a second shep MOCVD equipment was
optimized to enhance the process stability, reprility and efficiency. Main
components which have been optimized were therdess the design of the inner quartz
tube (liner) and the susceptor set-up regardinggdeand used materials. After the
successful testing of the new equipment at CNRS,different production type reactors
in the AIXTRON laboratory have been adapted acowigito test the new equipment
and processes under production aspects. In bottoreaa 42x2-inch Planet&rReactor
as well as a 30x2-inch Close Coupled ShowerheadSjCReactor InGaN MQW
structures have been grown with excellent unifoyradlues for the material quality. In
full loaded runs the MOCVD equipment was validabgdexcellent homogeneity values
on all wafers of the same run as well as on allevgdf three consecutive runs with the
same process recipe. All deliverable and milestonglated to the equipment
development have been fulfilled. The main InDotiaebment related to the MOCVD
equipment development is the availability MOCVD tptgpe equipment, for R&D as
well as for industry, which can be used for thedomaiion of advanced InN or In-rich
InGaN based devices. But the new technology idinoted to these materials and can
also be used for the deposition of other compouatenals requiring low deposition
temperatures like chalcogenides (e.g. GeSbTe) widsle a huge marked potential as
basis for phase change memories.

Gas purification and analysis equipment

Objective of this task was the development of acifigepurifying package for InN,
InGaN and quantum dots MOCVD growth. SAES has daged and delivered several
gas purifying systems for bulk gases. In particaldwanced purifiers for 5 Ar and NH
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were installed into the MOCVD system in Montpellidhe purifier package has been
tested for the growth of the nitrides thin filmsdawith off-line batch analysis method.
The off-line batch analysis method has been deeeldp measure oxygen containing
molecules in gas at single ppb detection limit. phecedure was used to validate the
Monotorr nitrogen purifier efficiency at CNRS maming the purity upstream and
downstream. The test demonstrated both the goodegify of the purifier and the
capability of the off-line batch analysis to momitow ppb impurities concentration.

Status on MOCVD process development for InN and Imich InGaN layers

Using the new precursors and the optimized equipf@&RS has developed MOCVD
processes for the deposition of INN QD and InGdidiat low temperatures. The QD
density could be increased up to 1Xt&? and In.,GaN alloys have been realized in
the whole composition range envisaged in the fraftehe project (x < 0,15) and in
exceed of that up to 0,67. The high temperaturamndation of InN QD with GaN
failed but the alternative approach of using ImritcnGaN grown at moderate
temperatures was successful. To achieve this,gpmducible growth process of high
quality InGaN, with composition up to 40% was saddi The use of TMGa was
preferred for compositions above 15%, while TEGavpd more suitable below this
limit. The best crystalline quality was obtained Ioyering the growth temperature to
500°C, compared to the standard growth temperaitire50°C used before. N-type
doping of these alloys with silicon was succesgfalthieved. For p-type doping, Mg
was used, and the incorporation of Mg into InN wakbrated. Annealing procedures for
activating the magnesium dopant were establishad, the effectiveness of p-type
doping was demonstrated by photoluminescence. Hemearasitic n-type conduction
prevented the determination of the p-type dopingllén Hall effect experiments. The
possibility of parasitic conduction channels atigraoundaries was evidenced, and a
breakthrough was made in improving the lateral ginoaf InN, by using the CBrGl
precursor developed by SAFC to modify the growthcina@ism of InN in MOCVD.
Extremely flat surfaces were obtained, which pawe way to strong improvements of
the grain structure of InN (seen in all sampleslawide). This should enable CNRS to
get rid of the parasitic conduction, but necess#tdtirther studies to be combined with
the use of low temperature buffer layers to overedne lattice mismatch problem.

The InDot consortium has launched a new FET Opepqgsal to further investigate the
potential of improving the lateral growth of InNy lusing the CBrGlor equivalent
compounds to improve the structural propertieshef inN and to achieve electrically
active p-type doping.
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3. Dissemination and Use

Indium nitride and Indium nitride nanostructures!wiost
probably take an important place on the nitride
semiconductor business and science. The partnetisisof
project are directly involved in the design, reafian and
marketing of MOCVD related technologies and the ofse
the results of this project place them ahead ofpm=inors.

Number of publications

The figure on the left shows the evolution of the

bibliography about InN semiconductor during thetlas

. decades. One clearly sees an exponential incrézaia (

o e oo ez e?<t'rdact()ed from Web Of Science, for the search "hridl
nitride").

The development of a MOCVD technology for the prithn of InN-based devices will

expand the market for multiwafer epitaxial systemasnufactured by AIXTRON that

expects a significant increase in demand for egiesys designed for nitrides with high
In-content, developed and tested in the frame efRioject. AIXTRON will use the

project outcome to improve its CVD equipment widispect to the production of InN-
based new devices. This will directly strengtherXFRON's position as European
world leading manufacturer of CVD equipment andl walsult in the creation of new
jobs at AIXTRON as well as on the end user site.

With regards to the actual production of the soumegerials in large scale SAFC Hitech
has experience in-house for taking lab scale psasesp to multi tonne capacity plants
without compromise of purity. Investment in apprafely sized equipment will be
performed as the market-need increases after tjegbthas been completed. Due to the
large number of areas the technology could be used is difficult to estimate the
volumes that could be needed but a target is toal@s$o multi kg pa capacity equipment
within 5 years of the end of a successful project.

SAES purifiers, standard or specifically developed the application, have been
qgualified as an essential part of the process ewmgmp to reliably grow InN films.
Especially in a production environment where sosirgk contamination are numerous
(backdiffusion, virtual leaks, outgassing, permaati) point of use purifiers will allow
to deliver consistent oxygen free process gases.

The statutory CNRS goals are: the advancementrafaimnental knowledge with the aim
of economic, social and cultural progress as weltcatake care of result's valorization
and application. This is exactly what CNRS doeshim context of InDot: InN, related

alloys and dots are quite an unknown system and ofakeir fundamental properties
still have to be measured thoroughly. However tifierfew which is known, this system
is extremely promising in terms of practical apations. InDot will allow to develop the

growth knowledge and to establish the requireduwess in order to be able to supply
industrial and scientific community with appropdasamples. This should impulse a
European dynamic toward this new promising techgyldo be able to compete with

USA and Asia similar efforts.
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Overview table
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. . Timetable
E)r(lrc))lvc\)/lltaa dbg;i plfc))(glljc::l;[?sglir Sector(s)of for Patents or other Owgg:tfe(r)(g)ler
o application | commercial| IPR protection .
(description) measure(s) use involved
Advanced MOCVD Compound 2008 AIXTRON
temperature equipment semiconductor | onwards
control system industry/Comp
for low ount
temperatures semicondiuctor
based research
Gas mixing MOCVD Compound 2008 AIXTRON
systemfor the | €quipment semiconductor | onwards
simultaneous use industry/Comp
of different ount
carrier gases semi condiuctor
based research
Ceiling for tube | MOCVD Compound 2008 AIXTRON
reactors equipment semiconductor | onwards
industry/Comp
ount
semicondiuctor
based research
Improved MOCVD Compound 2008 AIXTRON
Hardware for equipment semiconductor | onwards
MOCVD R&D industry/Comp
reactors ount
semicondiuctor
based research
Improved MOCVD Compound 2008 AIXTRON
Hardware for equipment semiconductor | onwards
industrial industry
MOCVD
reactors
InN MOCVD Compound About 2010 | Patented in CNRS
nucleation/dots | process semiconductor July 2006
densitiesusing parameters industry
rare gases
New precursors | Novel source(s) Compound 2008 Secret know SAFC Hitech
for InN QD combinations | Semiconductor| onwards how
fabrication by and increased
MOCVD purity
Ar, N2 and H2 | Gas purifiers Compound 2008 SAES
purifiers semiconductor | onwards
qualified for and silicon
MOCVD industry
Development of | Analytical Compound 2008 SAES
an off-line Certifications | semiconductor | onwards
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Usually, the MOCVD equipment for the depositionGroup-IlI-N-based materials is
optimized for a high temperature growth regime bt the InN deposition low
temperatures are required. The temperature inelhetar chamber is measured with a
light pipe (pyrometer). The commonly used Si deteciperates at temperatures
between 400°C and 1900°C. The output of the Sictlmtes fed into the Eurotherm
controller and is used to control the susceptormptmature. To allow the control of
temperatures below 400 °C the the temperature @osystem was upgraded with an
additional low band gap detector made from InGalAk® InGaAs detector operates in
the lower temperature range between 100°C and TO0Df the new developed
equipment the output of the light pipe is split asmhnected to the two detectors to
cover the temperature range between 100 °C and 2X®00he control software was
modified in a way that for the low temperature martge signal coming from the
InGaAs detector is used by the Eurotherm controler the high temperature range
the Si detector output is used.

The new temperature control system can be explaitedll up-coming MOCVD
systems for the deposition of InN based materalsalso for MOCVD equipment for
all other kind of materials requiring growth proses running at extremely low and
high temperatures within one deposition processantptes are the MOCVD
deposition of high quality ZnO or chalcogenide mate like GeSbTe.

Recent R&D results have shown that a very low gnotemperature at the substrate
ZnO interface significantly improves the materiakfity and the same is true for the
deposition of GeSbTe for applications based onpih@se change behavior of this
material.

Today MOCVD systems are equipped with one or twoieagasses, which are used
separately for different deposition processes. i&& gas mixing system allows the
use of three carrier gasses and the use of a migfutwo of them at the same time.
The new gas mixing system offers much more flekibitompared to the standard
equipment which is of particular importance for ttevelopment of new material
systems and thus, will be exploited in AIXTRON R&AMOCVD reactors.

To improve the temperature homogeneity acrossuhstsate the materials as well as
the design of the wafer carrier was significanthproved. The improved design will
be exploited in all AIXTRON R&D MOCVD reactors fahe growth of Group-111-N
based materials.

Currently the Liners of tube reactors must be etcfiem time to time to remove
depositions. Usually the Liner is only coated abtive wafer position but, due to
practical reasons, the whole Liner has to be etchduch results in significant
maintenance effort. In contrary AIXTRON has profduexperience in the use of
“ceilings” as the top reactor wall in productionaPétary Reactofs These ceilings
can easily be exchanged, which improves the repibtity and reduces the
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maintenance time. Therefore AIXTRON worked on aproved Liner design for tube
reactors like the AIX200/4 RFS to adapt the ceHuogcept.

All new equipment has been qualified in the franfethe projects and prototype
equipment is running on CNRS site (R&D) reactorvedl as in the AIXTRON
laboratory (industrial multiwafer reactors). AIXTROsees the direct exploitation for
the new equipment for the production of InN andibti InGaN based devises only on
a mid to long-term timescale because the final @rovp-type doping is missing and
this is a prerequisite for the realization of opéc&onic devices. But the last years
have shown, that there is a world wide increasmerest in research on these kinds of
materials which gives AIXTRON the opportunity topéit the improved R&D
MOCVD reactors from now on. The breakthrough in frecess development at
CNRS at the end of the project and the world witgdasing research activities make
AIXTRON sure, that the last process related prokleil be solved within the next 5
years and first InN-based devises will be produmedn industrial scale.

With GeSbTe (GST) a second compound material iseckn jump from R&D to
production for the realization of phase change mmeaadPCM). Today this material
is already used for the production of PCMs. Butrenir devices consist of a simple
structures and bases on sputtered GST. The nesraem of these devices will
require more sophisticated deposition techniquesM@®CVD has been proven to be
suitable. The deposition of GST requires comparablgépment properties as for InN-
based materials. Therefore the InDot results caexpited also for this new class of
materials, too. This exploitation path was not $een at the start of InDot but has
much even higher potential for mid term commereiglloitation of the new MOCVD
equipment optimized for the low temperature growth.

One patent application has been deposited on D¢,y CNRS. It deals with the
improvement of INN nucleation/dots densities usiage gases. This application has
been extended to Europe, USA and Japan accorditige tetandard CNRS procedure,
on July 2007.

The main exploitation foreseen by CNRS for thisutewill be to sell an exploitation
licence to an industrial interested in producingides using a process based on the
patented results.

Further work is still ongoing within the Indot peaj. Appropriate IPR protection
measures will be taken when and if necessary bintlwved partners.

To date a number of sophisticated analytical teques have been optimised in-house
by HITECH to allow good sensitivity to be achievéok the new compounds
developed. In-house methods have been used iy patirces to ensure that impurity
levels are low and do not affect electronic perfance. As the chemicals themselves
are know patent protection can only be sought Heirtspecial use in the developed
processes. The results on the project have higkligthe process improvements that
can be achieved using different chemicals hentehbped to submit applications in
the future.

A new hydrogen purifier has been proposed to replae commonly used Pd purifier;
the analytical results have demonstrated that tiesv purifier has improved
performance at least for water vapour removal wbempared to the traditionally
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used Pd purifier. In addition other advantages hidf SAES regenerable purifier
compared to the palladium membrane technology are:

- power failure does not damage the on going pso@edl the purifier system itself

- full automation increases the reliability with rmdowntime and lower cost of
ownership

- low pressure drop

The qualification of the purifier in the frame ohet project will help in the
commercialization. CNRS activity has been esserfbalthe qualification of the
hydrogen purifier as well as qualification of #ts@monia, argon/helium and nitrogen
purifiers.

Thanks to the InDot study, it is expected a bernefihe sales of purifies also in the
more traditional application of GaN thin films. Atential new business in the range
of a few hundreds of thousands euro is expectddeiflnN film technology will be
used in the future.

The off-line approach for monitoring gas purity i@llow SAES to further support its

customers to issues related to gas purity. In otolgaropose to the market this new
approach, it will be necessary to engineer theecttin device optimised during the
research; an initial revenue in the range of a fems of thousands euro can be
expected.

Dissemination of knowledge

Overview table

Planned/a Size of Partner
ctual Type Type of audience | Countries . responsible
audience :
Dates addressed /involved
05/2006 AIXTRON User Research/Industry | Global 100 AIXTRON
meeting
09/2006 AIXTRON User Research/Industry | Global 150 AIXTRON
meeting
06/2007 AIXTRON User Research/Industry | Europe/Glo | 150 AIXTRON
meeting bal
08/2007 AIXTRON User Research/Industry | USGlobal | 150 AIXTRON
meeting
11/2006 Workshop Research/Industry | Europe 100 AIXTRON/C
NRSSAFC
HITECH/SA
ES
06/2008 AIXTRON User Research/Industry | Global 150 AIXTRON
meeting
09/2008 AIXTRON User Research/Industry | Europe/Glo | 100 AIXTRON
meeting bal
Ongoing Costumer Research/Industry | Global 50 AIXTRON /
information CNRS
12/2006 Project web-site General public Global CNRS/ all
Q1/2006 Company newsletter | Compound Global 5000 SAFC Hitech
semiconductor
Q3/2007 Company newsletter | Compound Global 5000 SAFC Hitech
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Planned/a Size of Partner
ctual Type Type of audience | Countries : responsible
audience .
Dates addressed /involved
semiconductor
when more | Company newdetter | Compound Global 5000 SAFC Hitech
results Direct mailing semiconductor
available | New product launch
(2008)
when Direct mailing Compound Global SAES
results Exhibitions semiconductor and
available silicon industry
(2008)
ongoing Customer Compound Global 50 SAES
information semiconductor and
silicon industry
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AIXTRON contributed on 4 user meetings to the cigsation and exploitation of the
MOCVD equipment related results. Usually the AIXTR@ser meetings are held in
conjunction with important MOCVD conferences andhibkions to address the key
audience. In 2006 two user meetings were held. iyakéki, Japan on 22nd May at
the occasion of the International Conference on aMéDdrganic Vapor Phase
Deposition as well as in Hsinchu and Tainan, Taiwan28th and 29th September,
respectively. The two user meetings in 2007 wetd heconjunction with the 12th
European Workshop on Metalorganic Vapour Phaseafkpit(EW-MOVPE) in
Bratislava (03 - 06 June), Slovakia and with 15tteinational Conference on Crystal
Growth + 13th International Conference on Vaporvaloand Epitaxy in Salt Lake
City, Utah, USA (12 - 17 August).

The two user meetings in 2008 were held in conjoncivith the international
conference on MOVPE (IC MOVPE) in Metz, France {0&. June 2008) and with
the 7" European Conference on Silicon Carbide and Relktaterials (ECSCRM
208) in Barcelona, Spain (07.-11. September 2008).

In November 2006 Dr. Giesen has presented the IpBpect and first project results
on the MONA (SSA, Contract No 017255) Symposium daBmapping Workshop on
Nanophotonics Processes, Materials and Devicesthéfurinformation and the
symposium report can be found on the MONA web pab#p:/www.ist-
mona.org/documents/grenoble.asp

CNRS has provided process information which carused by AIXTRON for the
commercialization of the new MOCVD equipment in tih@me of direct costumer
contacts.

An internet/intranet server dedicated to the prtoas set up to ensure proper
circulation of information and results between pars, as well as to present the public
information. The server has a part with passwoalgated access, where management
information and results are accessible to the pestand the EC. Another part is
publicly available, to present the project, thesmtium and the key results.

The public part of the website will be accessibhel anaintained well beyond the
lifetime of the project, to ensure a broad dissetiam of the results generated by the
consortium.
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In September 2007, Dr Bernard Gil has presentedes@sults obtained within the
Indot project on the'7 International Conference on Nitride Semiconduc{eENS-7,
http://www.tms.org/Meetings/specialty/icns7/Homeht), held in Las Vegas. The
slides are available on the Indot website.

From the beginning of the project, 2 publicatioasdbeen accepted and published:

- Applied Physics Letters Vol. 90, page 153102 {200

- Phys.Stat.Sol.RRL 1, vol.6, p.268, 2007)

Since the beginning of the project a lot of works Haeen done and nice results
obtained, although we wanted to keep the know-hewelbped confidential for a
while. In this last period, we will write some jeid publications showing these results.

A strong participation to the international sympmwsion nitride growth, to be held in
japan in july 2008 is foreseen, since this is thstlplace to expose the Indot results to
the world wide community.

The launch of the project has been detailed in SAH@ch’'s newsletter that is
distributed to a world wide customer base in thenfound Semiconductor industry
of around 5000 contacts. Furthermore it is avéalab exhibitions at conferences and
trade shows. The plan to use this medium as thi@limethod to raise awareness of
new products and/or combinations of sources thate hachieved improved
performance in the area of InN QD fabrication by ®D has been followed with a
second article dedicated to project results issndlde Q3 newsletter. The chemicals
highlighted. It is planned to use this medium asithtial method to raise awareness
of new products and/or combinations of sources thate achieved improved
performance in the area of InN QD fabrication by ®ND. These chemicals will be
made available to the market place and dedicatstbmers targeted to generate
interest followed by a full product launch if deaineecessary to ensure complete
exposure of the project results.

It is also planned to publish joint papers withtpars to disseminate the scientific
advances of the consortium.

Once the results will be available, disseminatibthe information will be through the
web site, the participation to conferences andlatbns like CS ManTech, Semicon
and joint papers.
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