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SUMMARY

Today Blu-ray disk players, Playstations, flat screen TV’s and LED lighting are almost
taken for granted. However, all these items would not be possible without the invention
of light emitting materials covering the blue part of the visible spectrum. The creation
of efficient blue light emitting sources (e.g. LEDs or lasers) was a challenging problem
in semiconductor research over many decades. The reports of efficient red and green
LEDs made from the combination of elements from group IIT and V in the periodic
table in the early 1960’s led to the believe that the III-V combination of nitrogen and
gallium would have the right characteristics to form a blue light emitter. Chapter 2
of this thesis introduces the properties and applications of gallium nitride (GaN), the
material which solved the blue light problem in the mid-1990’s and resulted in the
Nobel prize in physics in 2014.

After three decades of research, efficient GaN-based blue light emitting sources became
available. However, the yield of the manufacturing methods was low due to the low
quality of the grown GaN. To increase the yield, the quality of the GaN had to be
improved. Chapter 3 describes several methods which were developed to make GaN
crystals of increasingly better quality. These efforts now result in very high quality sin-
gle crystal GaN wafers which are ideal for device production. Nevertheless, the world’s
production of GaN-based blue light emitters is still depending on lower quality starting
materials since the availability of the high quality GaN wafers is low. In addition, the
use of high quality GaN as seed crystal, intended to rapidly increase the stock of high
quality GaN, is contractually prohibited. Consequently, the optimization of the crystal
quality obtained with currently employed methods is still important.

If one could investigate the crystal growth at the atomic scale in-situ (during growth
of new material), optimization of the crystal growth process could be performed much
faster than the currently used tedious trial and error investigations. Chapter 4 de-
scribes surface X-ray diffraction, the technique to perform such investigations. After
decades of GaN growth research the use of surface X-ray diffraction can address the
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fundamental understanding of the growth which can ultimately result in more efficient
growth procedures and better quality GaN crystals in a much faster way than the stan-
. dard trial and error methods have done so far.

The measurements, in which the atomic geometry of the GaN surface and its growth
medium (liquid gallium) are determined, are, however, far from trivial. The measure-
ments require a complicated sample environment able to withstand high pressures and
high temperatures to closely follow the growth procedures of GaN from liquid gallium.
In addition, the measurements require high energy X-rays since not only the whole
sample environment has to be penetrated but also the GaN surface is buried under
a column of liquid gallium. In chapter 5 the sample environment developed for the
investigations is discussed. A brief introduction on the used synchrotron beamline is
given after which the chapter focusses on the sample environment itself. The purposely
built furnace is the first high pressure, high temperature device equipped with a car-
bon fiber X-ray window accessible over a range of 336 degrees that, by using X-ray
diffraction, can facilitate in-situ GaN growth investigations at relevant pressures and
temperatures. At the same time the use of inconel steel prevents corrosion by hot
pressurized ammonia gas and attack by hot liquid gallium. The chapter subsequently
describes a test experiment in which GaN is grown from a liquid gallium-sodium mix-
ture in contact with 50 bar of nitrogen gas. This proves that the sample environment
is capable of properly performing its job.

The rapid oxidation of liquid gallium causes a thick skin of gallium oxide on top of it.
This skin prevents a full contact between solid GaN and liquid gallium. By working in a
glovebox and starting all experiments with liquid instead of solid gallium the influence
of the oxide skin can be minimized, but this is not enough to form a connection between
solid and liquid. To create a proper connection the GaN surface has to be heated so
high that it partly decomposes. This creates the interface but unfortunately it also
creates a rough crystal surface with which surface diffraction experiments become very
difficult. By increasing the nitrogen pressure to 10-20 bar and increasing the tempera-
ture even more, the crystal’s surface roughness reduces rapidly to create a smooth GaN
surface in contact with liquid gallium. The whole procedure is described in chapter
6. The same chapter describes the successful measurement of a crystal truncation rod
(CTR) with high in-plane momentum transfer. Such a CTR signal is sensitive to only
the long range ordered part of the interface. The absence of long range order in a liquid
means that such a CTR can be exploited to easily analyze the surface roughness of the
solid even in contact with liquid is made.

Varying only the topmost atom’s in-plane Debeye-Waller factor to account for its ther-
mal motion, the whole CTR is fitted with a surface roughness of 0£0.1 A, indicating
that the repair successfully resulted in a smooth surface. Furthermore, the width of
the C'TR diffraction signal parallel to the crystal surface indicates that steps on the
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surface are present with a spacing of at least 750 A. Ex-situ analysis shows that nu-
merous crystallites are formed on the GaN surface when the crystal is removed from
the liquid. These are most likely caused by a shut-off effect as they were not observed
during the in-situ investigation. The in-situ analysis can therefore help to create a
suitable interface for continued investigations while ex-situ analysis might obscure this
result.

The full interface structure is the subject of chapter 7. When kept in-situ, the inter-
face is suitable for surface X-ray diffraction studies in which parameter changes can be
studied to gain detailed atomic scale knowledge of the interface and its change due to
the applied ambient. The effects of two parameters have been investigated, pressure
and temperature. The effect of the pressure is small, mainly due to the relatively lim-
ited pressure range over which it can be changed in the experiment and over which the
liquid metal is not expected to change much. However, the variation in temperature
shows some surprising results.

So called “layering” of the liquid is observed and up to the highest temperatures inves-
tigated 9 layers of liquid gallium are distinguished at preferential distances from the
crystal surface. In addition, the 3 layers closest to the crystal also occupy preferential
in-plane positions above the crystal surface. In fact, for all investigated temperatures
the preferential in and out-of-plane positions support the presence of gallium dimers
formed by atoms in the first and third liquid layer. Since also the occupancy of the
first and third layer in the liquid is approximately equal, it is concluded that gallium
dimers are present in the hollow site of the GaN crystal structure.

These results deliver a full 3D atomic scale model of the solid-liquid interface which
can be used to explain some of the difficulties encountered in GaN growth from the
liquid phase. At the highest temperatures investigated in this thesis GaN growth is
slow, but possible, even without the addition of catalysts. The high degree of ordering
of the liquid and especially the formation of a gallium dimer close to the solid GaN
can hinder incorporation of new material and its decreasing occupancy for increasing
temperature facilitates faster growth if the nitrogen pressure can be increased enough
to compensate for the changing growth kinetics.

The main conclusion of this work is that the structure of the interface between liquid
gallium and solid GaN has been determined. This opens the road for fast optimization
of growth parameters of the promising Na-flux growth technique, possibly paving the
way for the creation of low cost but high quality, contractually non-limited GaN able
to compete with the current GaN used for large scale device fabrication.





