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ZINCBLENDE STRUCTURE GROUP III-NITRIDE

BACKGROUND TO THE INVENTION

Field of the invention

The present invention relates to the formation of layers of zincblende structure group IlI-
nitride, e.g. GaN, AlGaN, InGaN, InAIN and more generally InAl,Ga1.x,N. Disclosed
herein are characterizations of such layers and methods for their formation. These
materials have particular, but not necessarily exclusive application, in the field of
semiconductor structures and devices, such as light emission applications, e.g. LEDs,

lasers, and other devices such as transistors, diodes, sensors.

Related art

The group-Ill nitride semiconductors offer a wide range of optoelectronic applications
such as multiple quantum well (MQW) LEDs and laser diodes emitting in the blue and
green spectral region. Such devices are commonly grown along the c-direction of the
hexagonal wurtzite phase, in which strong internal electrical polarisation fields across the
qguantum wells result in a reduction of the radiative recombination rates, and current
density-dependent emission wavelength [Miller et al (1985); Fiorentini et al (1999);
Hammersley et al (2015)]. Although these effects are somewhat mitigated by the use of
thin QW layers (typically 2-4 nm thick) long radiative recombination lifetimes and
relatively low internal quantum efficiencies are observed for green light emitting
structures [Nippert et al (2016); Hammersley et al (2016)]. QW structures grown along
non-polar axes of the wurtzite GaN phase, e.g., the a-plane and m-plane, have been
designed to avoid the polarisation fields and related limitations. Although the non-polar
wurtzite devices show very short radiative lifetimes [MarcinkeviCius et al (2013); Dawson
et al (2016)] and wavelength characteristics independent of current density [Detchprohm

et al (2010)], their quantum efficiencies have never surpassed those of polar c-plane
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structures [Dawson et al (2016)]. A possible explanation for the underachievement of
green-emitting non-polar wurtzite devices could be the fact that indium-richer QWs are
required to achieve green emission, in the absence of the polarisation field-related
quantum confined Stark effect (QCSE) [Fiorentini et al (1999)]. Apart from the increased
interfacial strain with the GaN buffer and barrier layers, the lower indium incorporation
efficiency of non-polar growth planes compared to the polar growth plane requires low
process temperatures for indium-rich layer growth [Zhao et al (2012)]. This potentially
results in high densities of impurities and point defects, which act as non-radiative
recombination centres and further decrease the efficiency of non-polar wurtzite MQWs

[Chichibu et al (2005)].

Hence, GaN-related structures in the cubic zincblende phase have re-emerged as a
promising approach to achieving improved efficiencies for green-wavelength LEDs after

strong initial interest in the mid 1990s.

Cubic zincblende InGaN/GaN MQW structures grown on the (001) plane may be
polarisation field free, as in the zincblende phase these fields are only induced by shear
stresses [Hanada (2009)], which are not present in (001) oriented films. Therefore,
compared with c-plane hexagonal structures, the electron-hole wavefunction overlap is
increased, which should lead to increases in the radiative recombination rate.
Furthermore, InGaN has a narrower bandgap in the cubic phase than in the hexagonal
phase for a given indium content [Schormann et al (2006); Compean Gargcia et al
(2015)], allowing green-wavelength emission to be achieved at lower indium contents
than in non-polar wurtzite structures. However, as zincblende GaN and InGaN are
metastable under most growth conditions, it is possible that zincblende films will contain
inclusions of the more stable wurtzite polytype, and therefore have a substantial content
of wurtzite-like stacking faults and lamellae [Trampert et al (1997); Shen et al (2003); Wu
et al (1997); Yang et al (1996)].
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US 2016/0247967 discloses suitable substrates for growing cubic GaN layers. These
substrates comprise a single crystal silicon wafer with spaced-apart monocrystalline
silicon carbide layers formed on the silicon wafer, with amorphous or polycrystalline
silicon carbide layers formed between the monocrystalline silicon carbide layers. The
monocrystalline SiC is in the form of the 3C-SiC polymorph. GaN is formed over the SiC
layer, with epitaxy allowing monocrystalline GaN to form over the monocrystalline SiC
and polycrystalline GaN forming over the polycrystalline/amorphous SiC. The effect of
this is to provide stress relief for the monocrystalline GaN regions. Other approaches to
control stress in the GaN layer are possible, for example the introduction of lattice
mismatched layers, such as compositionally graded AlGaN, which induce compressive
stress during growth to counteract the tensile stress introduced by the thermal expansion
mismatch. This approach has been used for the growth of conventional GaN on Si
structures [Zhu et al (2013)]. US 2016/0247967 does not provide substantial detail of
how the GaN should be grown, or any explanation or quantification of the content of
wurtzite-like regions of GaN in the monocrystalline GaN. In this regard, the disclosure of
US 2016/0247967 is limited to stating that the GaN layers can be formed using a Metal
Organic Vapour Phase Epitaxy (MOVPE) process using a temperature less than 1000°C,
preferably between 800°C and 950°C.

SUMMARY OF THE INVENTION

In order to achieve single phase epitaxial films with reasonable crystal quality, it is
necessary to support the growth process by a powerful structural characterisation

technique.

The present invention has been devised in order to address at least one of the above
problems. Preferably, the present invention reduces, ameliorates, avoids or overcomes

at least one of the above problems.
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Accordingly, in a first aspect, the present invention provides a method of manufacturing a
semiconductor structure comprising a substantially (001) oriented zincblende structure
group lll-nitride layer, the method including the steps:

providing a silicon substrate;

providing a 3C-SiC layer on the silicon substrate;

growing a group llI-nitride nucleation layer;

carrying out a nucleation layer recrystallization step; and

depositing and growing the zincblende structure group Ill-nitride layer by MOVPE

at temperature T3 in the range 750-1000 °C, to a thickness of at least 0.3um.

The present inventors have found that these steps provide a zincblende structure group
Ill-nitride layer of improved crystalline quality, in particular with respect to the reduction of

the formation of wurtzite structure group Ill-nitride inclusions.

In this disclosure, some numerical ranges are expressed in terms of open ended ranges
with upper or lower limits, or in terms of closed ended ranges with upper and lower limits.
It is expressly stated here that preferred ranges are disclosed herein that are

combinations of upper and/or lower limits from different ranges for the same parameter.

Preferably, before growing the group lll-nitride nucleation layer, the 3C-SiC layer is
subjected to a nitridation step at a temperature T1 in the range 800-1100 °C. This step is
considered to be advantageous in terms of ensuring the plentiful availability of N for
subsequent group llI-nitride formation. The use of temperature T1 outside this range is

considered to reduce the PL NBE peak intensity and broadens the emission FWHM.

We now consider the conditions for deposition and growth of the group llI-nitride
nucleation layer. Preferably, the group lll-nitride nucleation layer is grown at temperature
T2 in the range 500-700 °C. More preferably, the temperature T2 is in the range 550-650
°C. The growth rate may be at least 0.1 nm/s. The growth rate may be up to 1 nm/s.

The thickness of the nucleation layer may be at least 3 nm, but is more preferably greater
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than 3 nm. More preferably, the thickness of the NL may be at least 10nm. The
thickness of the nucleation layer (NL) may be up to 100nm. Preferably, the thickness of
the NL may be up to 50nm. More preferably, the thickness of the NL may be up to 40nm.
Preferably, the chosen temperature for T2 lies about 40-60 °C above the temperature
where the growth rate deviates from a constant value to a lower value, entering a regime

in which the ammonia flow determines the growth rate.

Following the growth of the nucleation layer, there is the nucleation layer recrystallization
step. In this step, preferably the temperature is ramped up at a rate of between 0.1-

10 °C/second. More preferably the temperature is ramped up at a rate of between 0.5-
5 °C/second. This is found to be a suitable approach for satisfactory nucleation layer

recrystallization, permitting subsequent high quality epilayer deposition.

The group llI-nitride nucleation layer is preferably a zincblende structure group Ill-nitride

nucleation layer.

In the step of depositing and growing the zincblende structure group lll-nitride layer on
the recrystallized nucleation layer, the reactor pressure is preferably not more than 500
Torr. More preferably, the reactor pressure is not more than 300 Torr. More preferably,

the reactor pressure is not more than 100 Torr.

In the step of depositing and growing the zincblende structure group llI-nitride layer on
the recrystallized nucleation layer, the V-to-Ill ratio is preferably in the range 10-300.
More preferably, the V-to-Ill ratio is in the range 20-150. More preferably the V-to-lll ratio
is is in the range 50-100. During this step, the growth rate is preferably in the range 0.1-
1 nm/second. A growth rate of about 0.5 nm/second has been found to be suitable, for
example. Careful selection of the V-to-lll ratio within the preferred ranges shows
improvements in the surface morphology, the zincblende phase purity and XRD rocking

curve peak widths.
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In the step of depositing and growing the zincblende structure group lll-nitride layer on
the recrystallized nucleation layer temperature T3 is preferably in the range 800-920 °C.
More preferably, temperature T3 is at least 810 °C, more preferably at least 820 °C, more
preferably at least 830 °C. Temperature T3 is preferably at most 910 °C, at most 900 °C,
or at most 890 °C. A particularly suitable range for T3 is found to be 845-880 °C. Careful
selection of temperature T3 within the preferred ranges shows improvements in the
surface morphology from Nomarski images, XRD rocking curve peak width and PL. For
example, samples grown in the range 860 -880 °C shows a relatively smooth surface and
corresponding NBE PL peak is the strongest, although also the broadest in the data
presented here. At higher growth temperature, it is found that the surface roughens, the

PL NBE peak narrows significantly but also the yellow band increases in intensity.

Changes in surface roughness with growth temperature were confirmed from AFM. The
phase purity, as determined by XRD shows that it is possible to very substantially reduce
the amount of wurtzite inclusions when T3 is 900 °C or lower. When T3 is higher than
900 °C the XRD analysis shows an increasing contribution of reflections due to the
wurtzite lattice, indicating incorporation of hexagonal inclusions in the cubic zincblende

matrix.

It has been found in this work that it is possible to widen the preferred conditions of
temperature T3 and IlI-V ratio by carrying out epilayer growth at relatively low pressure.
In one exemplary set of conditions for growing zincblende GaN epilayers by MOVPE at a
constant pressure of 100 Torr, T3 can be in the range 850 and 890 °C, with a V/III ratio of
38 to 150. This results in a relatively smooth film with a wurtzite contamination of less
than 1%. The preferred thickness of the NL is in the range 10-50 nm, for example about

22nm.

Preferably, the group lll-nitride layer is an In,AlyGa1.«yN based layer, where 0sx<1,

Osy<1.
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The silicon substrate has a diameter of at least 100mm. Different substrate diameters
are possible. It is notable that the growth processes described here are easily scalable
to substrates of any suitable size, such as at least 150mm, at least 200mm or at least

300mm.

In a second aspect, the present invention provides a semiconductor structure comprising
a zincblende structure group lll-nitride layer, wherein:
the group lll-nitride layer has a thickness of at least 0.5 ym; and
the group llI-nitride layer is monocrystalline zincblende structure group lll-nitride
to the extent that when the group lll-nitride layer is subjected to XRD
characterization, the intensity /10.11 attributable to wurtzite structure group Ill-
nitride 10-11 reflections and the intensity ko, attributable to zincblende structure
group lll-nitride 002 reflections satisfy the relation:

110—11 < 0.05

002

Features of the first aspect of the invention may be combined with features of the second
aspect of the invention, either singly or in any combination, unless the context demands

otherwise.

Preferably, at least one of the following relationships applies:

Lo
201 < 0.04

002

110—11 < 0.03

002

110—11 <002

002

]10711 <001

002
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More preferably, the intensity /o.11 attributable to wurtzite structure group Ill-nitride 10-11
reflections and the intensity /oo attributable to zincblende structure group Ill-nitride 002
reflections satisfy the relation:

110_‘11<0005

002

It is possible for the intensity /.11 attributable to wurtzite structure group IlI-nitride 10-11
reflections and the intensity /o2 attributable to zincblende structure group Ill-nitride 002
reflections to be determined by two dimensional reciprocal space mapping, to form a
measured reciprocal space map, encompassing the expected reflections of zincblende
structure group lll-nitride 002 and wurtzite structure group llI-nitride 10-11. Reciprocal
space mapping is a technique that is well known to the skilled person and allows an
efficient capture of a large amount of data to indicate the crystal phases present in the

film.

The intensity /10-11 located at a position in reciprocal space attributable to wurtzite
structure group lll-nitride 10-11 reflections may be caused by stacking faults formed on
{111} facets of zincblende structure group llI-nitride, evidenced by elongate streaks in the
measured reciprocal space map between the reflections of zincblende structure group ll1-
nitride 002 and the expected wurtzite structure group llI-nitride 10-11 reflections. In this
way, it is possible for there to be measurable reflected x-ray intensity at the defined
location in reciprocal space, but this does not necessarily mean that wurtzite structure
group lll-nitride inclusions are present. Rather, the x-ray intensity may be provided by
reflections from stacking faults. The presence of hexagonal stacking faults is considered
to be less problematic to the performance of the group Il nitride layer than the presence

of wurtzite structure inclusions.

In the third aspect, the present invention provides a zincblende structure group Ill-nitride
layer, wherein:

the group lll-nitride layer has a thickness of at least 0.5 ym; and
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the group llI-nitride layer is monocrystalline zincblende structure group lll-nitride
to the extent that when the group IlI-nitride layer is subjected to XRD
characterization, the relative volume proportions of zincblende structure group IlI-

nitride Vz» and wurtzite structure group lll-nitride V., satisfy the relation:

1%
—Z < 0.05
Vzb

where Vy; is assessed on the basis of wurtzite structure group lll-nitride 1-103 reflections
and V is assessed on the basis of zincblende structure group lll-nitride 113 reflections

according to:

|1:113|>2
_ a3 14 c05(20113) 2-sin(61-13) - cos(01-13) (Vuczb

Lz 1+c05%(20,_43)  2-sin(By13) - c05(0113) (|F1_13|)2

V‘U.CWZ

Yz
Vzb

where:

Vuezb is the volume of the zincblende structure group IlI-nitride unit cell

Vucwz is the volume of the wurtzite structure group IlI-nitride unit cell

F113 is the structure amplitude of the zincblende structure group lll-nitride 113 reflections
F1.13 is the structure amplitude of the wurtzite structure group lll-nitride 1-103 reflections
20113 is the 20 angle for the zincblende structure group llI-nitride 113 reflections

20113 is the 26 angle for the wurtzite structure group IlI-nitride 1-103 reflections

l113 is the integrated intensity of the zincblende structure group Ill-nitride 113 reflections

l1.13 is the integrated intensity of the wurtzite structure group lll-nitride 1-103 reflections.
Features of the first aspect of the invention, and/or features of the second aspect of the
invention may be combined with features of the third aspect of the invention, either singly

or in any combination, unless the context demands otherwise.

Preferably, at least one of the following relationships applies:

1%
22 < 0.04
Vzb

v

—Z <0.03

N
=



10

15

20

25

WO 2018/178315 PCT/EP2018/058250
10

1%

—Z <0.02
Vzb

1%

—Z <0.01
Vzb

14

—Z < 0.005
Vzb

Preferably, the zincblende structure group IlI-nitride layer of the semiconductor structure

of the second and/or third aspect is substantially (001) oriented.

The zincblende structure group lll-nitride layer of the semiconductor structure of the

second and/or third aspect may have a thickness of at least 0.3 pym.

In any of the first, second or third aspects, the zincblende structure group lll-nitride layer
of the semiconductor structure of may have a thickness of at least 0.4 ym, at least 0.6

um, at least 0.8 ym, atleast 1 ym, at least 1.5 ym, or at least 2 um.

The zincblende structure group lll-nitride layer may have a reflective layer interposed
between the zincblende structure group llI-nitride layer and a substrate. This is useful for

the structure in use as a device, particular in a light emitting device.

The zincblende structure group llI-nitride layer may have dimensions, in two directions
orthogonal to each other and to the thickness direction, of at least 1mm. More
preferably, these dimensions may be at least 2mm, at least 3mm, at least 4mm or at

least 5mm.

However, it is to be understood that for some useful devices the zincblende structure
group lll-nitride layer may have dimensions smaller than those indicated above. This

may be the case, for example, where the structure is diced for use in particular devices.
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The present invention also provides a semiconductor device incorporating a
semiconductor structure according to the second or third aspect, wherein the
semiconductor device is selected from the group consisting of: a light emitting diode

(LED); a laser; a diode; a transistor; a sensor.

Further optional features of the invention are set out below.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described by way of example with reference to
the accompanying drawings in which:

Fig. 1 schematically illustrates the beam path and different goniometer motions in X-ray
diffraction characterization.

Fig. 2 schematically explains the measurement geometry to map a texture in reciprocal
space and its projection onto a two-dimensional map.

Figs. 3, 6, 9 and 12 provide Nomarski microscopy images showing the effect of
nitridation temperature on the surface morphology of the zincblende GaN film.

Figs. 4, 5,7, 8, 10, 11, 13, 14, 16 and 17 show changes in optical properties from
photoluminescence (PL) versus nitridation temperature.

Fig. 18 shows the nucleation layer (NL) growth rate against the growth temperature and
V/I ratio.

Figs. 19-27: Figs. 19, 22 and 25 show changes in surface morphology from Nomarski
microscopy images with growth temperature (845, 860 and 880 °C). Figs. 20, 21, 23, 24,
26 and 27 show changes in optical properties from PL versus growth temperature (845,
860 and 880 °C).

Fig. 28 shows the changes in surface roughness from atomic force microscopy (AFM)
(open circles symbols) and hex-to-cubic ratio (filled circles symbols) versus growth
temperature.

Fig. 29 shows changes in XRD 002 and 004 rocking curve FWHM versus growth

temperature.
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Figs. 30-41: Figs. 30, 33, 36 and 39 show changes in surface morphology from Nomarski

images with V-to-lll ratio (23 to 152 range) at a constant growth temperature of 880 °C.

Figs. 31, 32, 34, 35, 37, 38, 40 and 41 show changes in optical properties from PL with

V-to-lll ratio (23 to 152 range) at a constant growth temperature of 880 °C.

Figs. 42-50: Figs. 42, 45 and 48 show changes in surface morphology from Nomarski

images with growth pressure (100, 300 and 500 Torr). Figs. 43, 44, 46, 47, 49 and 50

show changes in optical properties from PL with growth pressure (100, 300 and 500

Torr).

Figs. 51-56: Figs. 51 and 54 show changes in surface morphology from Nomarski

images with layer thickness (examples for 600 and 750 nm layer thicknesses are shown)

grown at T=860 °C, P=300 Torr and V/IlI=80. Figs. 52, 53, 55 and 56 show optical

properties from PL with layer thickness (examples for 600 and 750 nm layer thicknesses

are shown).

Figs. 57-62 show changes in surface morphology from Nomarski images with silane flow

rate for 500nm thick films grown at T=860 °C, P=300 Torr and V/II|=80.

Figs. 63-68 show changes in optical properties from PL with silane flow rate.

Fig. 69 shows the Si concentration in GaN films as measured by SIMS, based on the

silane flow rate.

Fig. 70 shows the morphology from Nomarski imaging of a typical green QW structure

according to an embodiment of the invention, taken at the centre of an individual mesa.

Figs. 71 and 72 show optical properties from PL of the green QW structure in Fig. 70 at

high and low laser power, respectively.

Figs. 73-65 show pole-figures for different wurtzite and zincblende reflections of GaN

grown on (001) oriented 3C-SiC/Si-templates.

Fig. 76 illustrates the crystallographic arrangement of the wurtzite and zincblende GaN

phases.

Fig. 77 and Fig. 78 show measured two dimensional reciprocal space maps (RSMs) of

zincblende GaN samples grown under (Fig. 77) non-optimised conditions which promote

wurzite inclusion formation, and (Fig. 78) improved conditions which gives close to 100%
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pure zincblende GaN with stacking fault streaks (SF), detector streak (DS), crystal
truncation rod (CTR), and Bragg-ring (BR).

Fig. 79 shows a plot of XRD peak width of an optimised zincblende GaN sample
displayed in a traditional Williamson-Hall plot with fits for Lorentzian (n = 1) and Gaussian
shape peaks (n = 2).

Fig. 80 shows extrapolated peak width Bnu-|Gnk| in reciprocal space as a function of polar
angle ¢ and scattering vector magnitude |Ghkl| estimated from a series of skew-
symmetric w-scans. The circles show the measured reflections, used for the
extrapolation.

Fig. 81 shows a plot illustrating the decrease of the XRD w-linewidth (FWHM) with
increasing film thickness for oriented zincblende GaN grown on relevant substrates 3C-
SiC, GaAs, MgO, and Si.

Figs. 82 and 83 show an example for a XRD wafer bow analysis of a 4" 3C-SiC/Si
template, revealing a convex curvature of -51.5km-".

Fig. 84 shows a plot of PL emission wavelength and integrated PL intensity against QW
thickness.

Fig. 85 shows a flow chart showing the process for forming a GaN layer according to an
embodiment of the invention.

Fig. 86 shows a schematic cross sectional drawing showing the as-formed GaN layer on
SiC/Si.

Fig. 87 shows a schematic cross sectional drawing showing the GaN layer transferred to
a different substrate for use as a semiconductor device (e.g. LED).

Figs. 88-93 show Nomarski optical micrographs showing the surface of GaN epilayers
grown over the temperature range of 850 to 910 °C at a constant V/IIl of 76 and a
pressure of 100 Torr. The temperature used for each is indicated on the respective
images.

Fig. 94 shows the wurtzite fraction from XRD for GaN epilayers grown as a function of

temperature at a constant V/IIl of 76 and a pressure of 100 Torr.
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Figs. 95-102 show Nomarski optical micrographs showing the surface of GaN epilayers
grown over the V/III range of 15 to 1200 at a constant temperature of 875 °C and a
pressure of 100 Torr. The V/III ratio used for each is indicated on the respective images.
Fig. 103 shows the wurtzite fraction from XRD for GaN epilayers grown as a function of
V/III ratio at a constant temperature of 875 °C and a pressure of 100 Torr.

Figs. 104-108 show Nomarski optical micrographs of GaN epilayers grown at 875 °C,
100 Torr and V/III of 76 as a function of the GaN nucleation layer (NL) thickness. The
nucleation layer thickness used for each is indicated on the respective images.

Fig. 109 shows the wurtzite fraction from XRD for GaN epilayers grown at 875 °C, 100
Torr and V/III of 76 as a function of the GaN nucleation layer (NL) thickness.

Fig. 110 shows the XRD 002 rocking curve integrated intensity for GaN epilayers grown
at 875 °C, 100 Torr and V/III of 76 as a function of the GaN nucleation layer (NL)
thickness.

Figs. 111 and 112: Wurtzite fraction determined by XRD in zincblende GaN epilayers
grown at reaction pressures of 100 and 300 Torr as a function of temperature (Fig. 111)
and V/Ill ratio (Fig. 112). The temperature-dependent samples in Fig. 111 were grown at
a constant V/IIl of 76. The V/lll-dependent samples in Fig. 112 were grown at 875 °C
(100 Torr) and 880 °C (300 Torr).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS, AND FURTHER

OPTIONAL FEATURES OF THE INVENTION

Solving the green gap problem is a key challenge for the development of future LED-
based light systems. A promising approach to achieving higher LED efficiencies in the
green spectral region is the growth of llI-nitrides in the cubic zincblende phase.

However, the metastability of zincblende GaN along with the crystal growth process often
lead to phase mixture with the wurtzite phase, high mosaicity, high densities of extended
and point defects, and strain, which can all impair the performance of light emitting
devices. X-ray diffraction (XRD) is the main characterisation technique to analyse these

device-relevant structural properties, as it is very cheap in comparison to other
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techniques and enables fast feedback times. In this disclosure we present various XRD

technigues to identify the phase purity in predominantly zincblende GaN thin films, to

analyse their mosaicity, strain state, and wafer curvature. The different techniques are

illustrated on samples grown on pieces of 4” SiC/Si wafers via MOVPE or MOCVD

(Metal Organic Vapor Deposition.

X-ray diffraction (XRD) is a suitable method for the purposes explained above, as it is
non-destructive, well established and provides detailed information on the structural
properties of crystalline materials quickly. Here we illustrate how XRD techniques can be
used to identify textures, phase purity, crystal orientations, and to quantify the mosaicity
of thin cubic zincblende films. We used the presented techniques to characterise
epitaxial GaN thin films grown on low cost, large area (001) cubic 3C-SiC/Si templates in

order to give fast feedback for further growth optimisation.

Crystallographic properties of llI-nitrides

The group-lll nitride materials AIN, GaN, InN, and their alloys, AlxGai«xN, InyGaiyN
InAlyGa«yN, where 0=x<1, 0<y<1, can crystallise in the wurtzite, zincblende, and
rocksalt structures, of which the first two are the most commonly observed phases in
epitaxial thin films [Ambacher (1998); Hanada (2009)]. The hexagonal wurtzite phase
and cubic zincblende phase of GaN-based semiconductors are two different polytypes of
the same material. In both structures the bonds between the metal ions and the nitrogen
ions are tetrahedrally coordinated, and the inter-ionic distances within the close packed
planes are approximately the same. The two structures mainly differ in the stacking
sequence of these planes, which in the wurtzite structure is ...AaBbAaBbAaBb... for
(0001) planes, while in the zincblende structure it is ...AaBbCcAaBbCc... for (111)
planes, where Aa, Bb, and Cc denote different metal-N bilayers. The distance between

crystal planes in the wurtzite structure is given by

1 4 (h2+hk+k2) 12
— = (——
pra 3

+<  (Ea.1)

a?

and in the zincblende structure by
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L=h2+k2+12 (Eq.2)

Az a?
[Cullity (1978)]. Here a and ¢ are the individual lattice parameters of each structure, and
h, k, and / are the Miller-Bravais-indices of the crystal plane. The crystallographic
similarities of both polytypes, and the fact that the formation energy for both phases is
similar [Yeh (1992)], make it possible that fractions of both polytypes form during the

growth process of imperfect material.

Note that, as is well known, cubic structures can be described by the three Miller index
notation (h, k, I) and hexagonal structures can be described by the Bravais-Miller index
notation (h, k, i, I). However, in the Bravais-Miller index notation, i = - (h + k), and so it is
also permissible to describe crystal planes and X-ray reflections of hexagonal structures

completely via the three Miller index notation (h, k, ).

Experimental description and basics of X-ray diffraction

X-ray diffraction (XRD) is one of the most often used methods for the characterisation of
crystalline samples. The method is based on the measurement of X-ray reflections,
whose pattern represents a Fourier-transformed image of the crystal structure in
reciprocal space. The diffraction angle (26) of the hk/ reflection and the spacing dn. of
(hkl) planes are related with each other via Bragg'’s law:

2dpp -sin@ =4 (Eq. 3)
For the X-ray characterisation of our cubic zincblende GaN thin films we used two
different standard laboratory diffractometers with Cu-Kas sources (A= 1.54056A). High
resolution measurements were performed on a Philips X'Pert diffractometer, in which the
radiation from the X-ray tube was filtered by an asymmetric 4-crystal Bartels
monochromator. Thereafter, an adjustable crossed slits collimator further shrank the
beam in size and reduced the divergence to a few arc-seconds before it hit the sample at
the incident angle w. X-rays scattered by 26 from the sample were then measured with a
gas-proportional point detector either directly (open detector configuration) or after
passing through an additional monochromator (triple axis configuration) for high

resolution analysis. The samples were mounted on an Eulerian cradle, which allows
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rotation about the sample normal (¢), as well as tilt of the sample with respect to the

beam-path-plane (bpp) (x). By changing the x- and y- position of the sample stage and

reducing the illuminated area different regions on the sample surface were in focus and

could be analysed. Fig. 1 illustrates the beam geometry and the different motions of the

sample stage.

Reciprocal space maps were measured with a PANalytical Empyrean diffractometer
equipped with a 2-bounce hybrid monochromator, 1/4°-slit, Eulerian cradle, and a PIXcel
solid state area detector. This configuration guarantees high intensity, and allows very

fast and precise measurement of large maps in reciprocal space.

As correct alignment is an important factor for the accurate evaluation of the Bragg
reflections and lattice properties, the goniometer 26-angle was calibrated on the primary
beam before each measurement session. Then the sample was moved into the primary
beam path (z-movement) until half of the intensity was blocked, following the best-

practice approach suggested in Fewster and Andrew (1995).

The measurements were performed on predominantly zincblende GaN thin films, which
were grown by metalorganic vapour phase epitaxy (MOVPE) on pieces of 4” (001) cubic
3C-SiC templates deposited on Si substrates, discussed in more detail below. In order to
relieve strain in the large area templates, the 3 ym to 8 um thick SiC layers were etch-
patterned with a polycrystalline square grid to create millimetre-length mesa structures.
The present invention is not limited to the use of substrate of this size, but it is noted that
the embodiments of the present invention permit the use of large area substrates, which

allows for efficient growth and device processing.

Suitable SiC/Si substrates are disclosed in US 2016/0247967.

The SiC layer is polished by chemical mechanical polishing (CMP) to reduce the surface

roughness (as measured by AFM) from about 5-10nm to less than about 1nm.
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Manufacture of films

The growth of zincblende GaN and InGaN using MOVPE is described below. A so-called
two-step growth method was used consisting of a substrate cleaning and nitridation step
at elevated temperature (800<T1<1100 °C), the growth of a thin GaN nucleation layer at
low temperature (500<T2<700 °C), a nucleation layer recrystallization step and the

deposition of the GaN layer at elevated temperature (750<T3<1000 °C).

The temperatures cited here are emissivity-corrected pyrometry values as measured
using the in-situ monitoring tool EpiTT supplied by LayTec AG. The values are calibrated

against a Si/Al eutectic wafer.

Fig. 85 shows a flow chart showing the process for forming a GaN layer according to an

embodiment of the invention.

Fig. 86 shows a schematic cross sectional drawing showing the as-formed GaN layer
and active devices on SiC/Si. The thickness of the layers is not to scale. Silicon
substrate 100 has a 3C-SiC layer 102. A GaN nucleation layer 104 is formed over the
3C-SiC layer 102. A cubic GaN buffer layer 106 is formed over the GaN nucleation layer

104. Next, the active device layers 108 are formed.

Fig. 87 shows a schematic cross sectional drawing showing the GaN layers formed in
Fig. 86 transferred to a different substrate for use as a semiconductor device (e.g. LED).
A reflective p-contact 110 is first formed on the active device layers 108. At this point
buried n-contact layers may also be formed if required (not shown). Then a bonding
layer 112 (including optional diffusion barrier(s)) is used to bond the device structure to a
silicon handling wafer 114. Following bonding, the original Si/SiC substrate is removed to
prevent light absorption. The nucleation layer 104 and cubic GaN buffer layer 106 may

either be left in place as illustrated and utilised as part of any light extraction structures,
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or they may also be removed leaving only the active device layers 108 bonded to the
silicon handling wafer 114 for further device processing.
The films are characterized by the well-known technique of photoluminescence (PL), in
which the film is illuminated with a laser (266nm Q-switched) above the bandgap of the
GaN material. This promotes the formation of a substantial number of electron-hole pairs
which recombine to emit light. The emission spectrum is captured. Note that cubic GaN

has a bandgap of about 3.2eV and hexagonal GaN has a bandgap of about 3.4eV.

Substrate nitridation:

For 360s the substrate is exposed to a flow mixture of ammonia and hydrogen (ratio:
3/17) at a reactor pressure of 100 Torr and a temperature of 960 °C. Using a lower or
higher temperature than 960 °C reduces the PL NBE peak intensity and broadens the
emission FWHM, as shown in Figs. 4, 5, 7, 8, 10, 11, 13, 14, 16, 17..

Nitridation of the surface partially removes oxide from the SiC surface and populates the

surface with N atoms ready to form GaN when Ga becomes available.

In an alternative embodiment, it is possible to fully remove the oxide thermally, but this

would require a treatment temperature of about 1400°C.

Nucleation layer deposition:

About 40 nm of GaN is deposited at a reactor pressure of 500 Torr and a temperature of
575 °C using a TMG flow rate of 93 micromol/min, an ammonia flow of 0.15 slm. The
growth rate is about 0.3 nm/s. The chosen growth temperature lies about 40-60 °C
above the point where the growth rate deviates from a constant value to a lower value,
entering a regime in which the ammonia flow determines the growth rate. Fig. 18 shows

the nucleation layer (NL) growth rate against the growth temperature and V to Ill ratio.

It is considered that the nucleation layer formation step forms relatively small GaN nuclei,

in view of the low temperature.
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Note that it is possible to provide a buffer layer between the SiC layer and the GaN layer,
if desired, in order to manage the thermal expansion mismatch between these layers.
This buffer layer could consist of an AIN layer or an AlxGa1«N layers where the
composition is varied in a stepwise fashion or is continually graded or a combination of a

AIN/ALGa1xN layers.

Recrystallisation:

The temperature is ramped at a rate of 1 °C/sec to an epilayer growth temperature at a
pressure of 100 Torr and an ammonia flow of 0.5 slm, a hydrogen flow of 20 sim. The
dwell time is 30 secs. Alternatively, a higher ammonia flow rate may be used, which it is

found helps to prevent or reduce roughening of the nucleation layer.

The recrystallization step is intended to allow the crystal quality of the nucleation layer to
be improved by smoothening the layer surface and preventing the formation of surface
facets, which can lead to wurtzite-like inclusions. During the recrystallization step a
supply of N (from NHs) at the GaN nucleation layer surface is provided, in order to reduce

or avoid the decomposition of the GaN nucleation layer at high temperature.

Epilayer growth:

GaN deposition is carried out at a reactor pressure of 300 Torr and a temperature of 860
°C using a TMG flow rate of 140 micromol/min, an ammonia flow of 0.25 slm, giving a
growth rate of about 0.5 nm/s. The changes in surface morphology from Nomarski
images and PL observed when varying the growth temperature between 845 and 880 °C
at a fixed V to Ill ratio (see Figs. 19-27) shows the optimum growth temperature is
around 860 °C; the sample grown at 860 °C shows a relatively smooth surface and
corresponding NBE PL peak is the strongest but also the broadest. At higher growth
temperature, the surface roughens, the PL NBE peak narrows significantly but also the
Yellow Band (YB) increases in intensity. The temperatures quoted are based on in-situ

real time measurements using an emissivity corrected pyrometer. The pyrometer may be
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calibrated with reference to either the Al/Si eutectic temperature or a calibrated light

source such as the AbsoluT system supplied by LayTec AG. The calibration procedure

for such emissivity corrected pyrometer systems should be well known to those skilled in

the art of MOVPE.

Changes in surface roughness with growth temperature were confirmed from AFM (see
Fig. 28) while the phase purity determined by a hex-to-cubic XRD peak ratio shows that
no significant hexagonal inclusions exist in the cubic film grown at a temperature of 860
°C or lower. At higher growth temperature than 860 °C, in the growth conditions reported
here, the XRD analysis shows an increasing contribution of reflections due to the wurtzite

lattice, indicating incorporation of hexagonal inclusions in the cubic zincblende matrix.

The narrowing of the PL NBE peak with increasing growth temperature may be
correlated with the same trend shown by the FWHM values of the 002 and 004 XRD

rocking curves (see Fig. 29).

The changes in surface morphology and PL spectra observed when varying the ratio of

ammonia input flow to the Ga-precursor TMG input flow rate (V-to-1ll ratio, see Figs 30 to
41) show an improvement of the surface morphology with higher ammonia flows, as well
as an increase in the PL NBE peak intensity and its FWHM, while the intensity of the YB

decreases.

The changes in surface morphology and PL observed when varying the growth pressure
from 100 to 300 to 500 Torr (see Figs. 42-50) are similar in effect (from a surface
morphology and PL perspective) to a corresponding increase in growth temperature of

about 15 to 30 °C.

The surface morphology and PL spectra when increasing the layer thickness show a
roughening of the surface but an increase in the PL NBE peak intensity and a decrease

of the FWHM. Examples for 600 and 750 nm thick layers are shown in Figs. 51-56.
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N-type doping:

When incorporated into the GaN lattice, Si acts as an electron donor making the GaN n-
type. We used as the Si precursor silane (SiH4) diluted to 50 ppm in hydrogen. Other n-
type dopant sources are possible, such as disilane (SizHs), germane (GeH), digermane
(Ge2Hs), or oxygen-containing precursors. N-type conductivity was observed for Si
doped layers and good quality Ohmic metal contacts have been demonstrated on the Si-
doped GaN. The surface morphology of the layer and the PL NBE peak and yellow
luminescence band are largely unaffected for silane flow rates up to 70 sccm (see Figs.
57-61). At higher flow rates, surface pits appear (see Fig. 62). Optical properties of the

Si-doped GaN are shown in Figs. 63-68, with the silane flow rates also indicated.

The silane input flow scales linearly with the Si concentration measured in the bulk using

SIMS (see Fig. 69).

InGaN/GaN Quantum wells:

InGaN deposition occurred at a reactor pressure of 300 Torr and a temperature of
between 700 and 800 °C using a TMG flow rate of 8.2 micromol/min, TMI flow rate of 9.7
micromol/min, an ammonia flow of 446 mmol/min culmination in a growth rate of about
0.8 nm/min). For the GaN barrier growth the same conditions were used except for the

TMI flow.

The InGaN growth temperature to achieve a PL peak at 450nm for a nominal Quantum
Well (QW) width of 2nm is very similar to that used for a standard wurtzite c-plane
structure with the same well width. However by increasing the QW width to 10nm the

emission wavelength can be extended to 540nm at the same growth temperature.

Fig. 70 shows an optical micrograph of a typical green QW structure and Figs. 71 and 72
show the PL spectra take at high and low laser excitation power, respectively. The

strong, broad InGaN peak at 521nm shifts to 540 nm as the excitation density is
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increased. The structure includes 5 quantum wells nominally 10nm thick formed at 300

Torr. It was observed that for a constant laser excitation power the peak emission

wavelength increases approximately linearly with increasing well width up to a thickness

of 8nm when saturation commenced, as demonstrated in Fig. 84. The PL peak intensity

shows a small decrease as the well width increases, but much less than might be

expected in wurzite GaN Q-wells due to the green-gap. .

Texture analysis

Polytype identification

The phases and orientations present in a GaN thin film can be identified by XRD texture
analyses, where one uses the different selection rules for the appearance of a reflection
in both the zincblende phase and the wurtzite phase. While for some diffraction angles
20 reflections from both phases are superimposed, there are other, particularly suitable
diffraction angles for which reflections from only one of the two phases are observable at
once. For example, the wurtzite 0002 and zincblende 111 reflections, which both occur
for 26 of about 34.5° are unsuitable, as are the wurtzite 11-20 and the zincblende 220
reflections (26 of about 57.8°). Herres et al (1999) proposed the use of the cubic 200 (26
of about 40.0°) and the hexagonal 10-12 (26 of about 48.1°) reflections for predominantly
(111)2 and (0001)w, oriented films respectively, which has been shown to give
reasonable results. However, for predominantly (001) oriented cubic films one should
rather use different zincblende reflections, as the {100} reflections from the site facets are
often very weak and superimposed by surface scattering effects, making the
identification of the in-plane relations of the films difficult. There are several other
suitable reflection combinations, from which we use for texture analysis for example the
1132 reflections (26 of about 69.0°) and 1-103.. (26 of about 63.4°), as they are well
separated in reciprocal space and as the characteristic diffraction patterns are relatively

simple to interpret.
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Texture mapping

For XRD texture analysis, the angular distribution of selected reflections in reciprocal
space is measured by mapping the surface of a hemisphere with radius given by the
particular Bragg condition (see Fig. 2). For this purpose, the sample is rotated around its
surface normal (¢-scan), and stepwise tilted towards the beam path plane (x-steps) after
each scan. The measured intensities are visualised as a polar projection (radius = x) or
as a stereographic projection (radius = tan (x/2)). In a so-called pole-figure, the centre
represents the direction of the surface normal, while poles at the edge of the plot (x =

90°) represent directions within the surface plane.

To determine the phase purity, the main orientation and the crystallographic relation
between different textures of the nitride film, the measurement of at least two texture

maps is necessary — one for each phase.

Figs. 73, 74 and 75 show the texture maps collected at 26 = 34.5°, 26 = 68.9°, 20 =
63.4°, respectively, for a GaN epilayer grown on a 3C-SiC/Si template under non-
optimised conditions. In Fig. 73 four intense reflections at x of about 57° are clearly
visible. As seen from the four-fold symmetry these reflections likely represent the 111,
reflections of the zincblende phase. However, this result alone does not prove the
absence of the wurtzite phase. The measured reflections in Fig. 73 can also represent
the 0002, peaks originating from four different twins of the hexagonal wurtzite
component growing on {111} facets of 3C-SiC, even if no cubic phase is present at all. In
the more likely case that a mixture of the two phases has been grown, there will be

contributions to the measured reflections from both phases.

To examine this further, we measured the distribution of the zincblende 113, reflections
(Fig. 74) and the wurzite 1-103y; reflections (Fig. 75), which do not overlap with

reflections of the other phase. The pattern of the 113, reflections (Fig. 74) show a four-
fold symmetry, in which three reflections (2x at x of about 72°, 1x at x of about 25°) are

arranged about a common 111, pole. This confirms categorically that the main
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orientation of the cubic film is (001), which is equivalent to the SiC/Si template
orientation, represented by the weak 004 Si reflection in the centre of the pole-figure. In
Fig. 75 the {1-103}w: facets of wurtzite phase cause a number of reflections, which form
distorted hexagonal patterns around their common central 0001 pole (not visible). The
result indicates that the hexagonal wurtzite phase is present in the GaN film too, but that
it is the minority phase, resulting in much weaker reflection intensities in comparison to

the cubic zincblende reflections.

The phase purity of the GaN mixture can be estimated by integrating the intensities of the
reflections of each phase, and determining the ratio of these values. This might be
sufficient enough to give fast feedback for optimisation purposes in a crystal growth
campaign, as suggested by Herres et al (1999). However, for a more accurate
quantification of the volume fraction of zincblende and wurtzite GaN phase an additional
correction is needed to take the different scattering efficiencies of both the structures and
their crystal planes into account. Since the zincblende and wurtzite phases have the
same absorption coefficient, it is sufficient to consider only the different structure factors
Fn, the volumes of the unit cells Vyc, and a geometric correction known as the Lorentz-
polarisation (LP) factor. Ignoring smaller correction factors, such as absorption
correction and temperature correction, the integrated intensity of a single reflection hk/is

proportional to the materials volume amount Vpnase, given by:

F 2
Ipjy < LP - (l thll) : Vphase (EQ- 4)

uc

with the Lorentz-polarisation factor

1+cos%(20)

P= 2-sin(0)-cos(6) ¥ (Ea.d)
and the structure amplitude

Fua = 3, f; - €2+ 412 (Eq. 6) [Cullity (1956)]

The factor w depends on the diffraction angle for powder samples (@ = sin-(8), while it is
constant for single crystals [Reynolds (1986)]. The coordinates x;, yj, z; are the positions

of each atom in the unit cell and are listed in Table 1. The atomic scattering factors £, of
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Ga and N are proportional to the electron number per atom, but also have a complex
dependence on the diffraction angle and wavelength. Details of the correlation are
described in literature [Cullity (1956); International Tables for Crystallography, Volume C
(2004); Waasmaier and Kirfel (1995)] and in online databases [Cromer-Mann

coefficients: hitp://www.ruppweb.ora/Xray/comp/scatfac.htm

and hitp://www.ruppweb.org/new comp/scatiering factors.him and DABAX library

(ESRF)

hitp://tx.technion.ac.il/~katrin/f0_CromerMann.ixt]. With these corrections the {113}, and

{1-103} reflections in Figs. 74 and 75 reveal a volume portion of around 69%vol
zincblende GaN in this sample. The detection precision under which we collect the data
here is a few volume percent, and is mainly influenced by the large variation in integrated

intensity for reflections in the different crystal directions.

Thus, when the group lll-nitride layer is subjected to XRD characterization, the relative
volume proportions of zincblende structure group llI-nitride V., and wurtzite structure

group lll-nitride V. are:

Zoz(Eq.7)

Vzb
where V; is assessed on the basis of wurtzite structure group IlI-nitride 1-103 (i.e. 1-13
in conventional Miller index notation) reflections and V is assessed on the basis of

zincblende structure group llI-nitride 113 reflections.

Rearranging the equations already presented:

) ) (IF113|>2
Vwz _ Ii—1z  14c057(26113)  2-5in(61-13)-c0S(61-13)  \Vyezp
Vb I3z 14c052(201-13)  2-5in(B113)-c0s(6113) (M)z
Vucwz

(Eq. 8)

where:

Vuezb is the volume of the zincblende structure group IlI-nitride unit cell

Vuewz is the volume of the wurtzite structure group IlI-nitride unit cell

F113 is the structure amplitude of the zincblende structure group llI-nitride 113 reflections

F1.13 is the structure amplitude of the wurtzite structure group lll-nitride 1-103 reflections
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l113 is the integrated intensity of the zincblende structure group Ill-nitride 113 reflections

l1413 is the integrated intensity of the wurtzite structure group lll-nitride 1-103 reflections.

The crystallographic relation between the zincblende and the wurtzite phase can be
obtained by combining the pole-figures in Figs 63-65, and is found to be (111) ||
(0001)wz, with [11-2]z || [-1010]wz and [-110]x || [1-210]w- for two of the four unequal
{111} facets in zincblende GaN. This unit cell arrangement is illustrated in Fig. 76, and it
is unsurprising, since the closed-packed planes of each structure are parallel to each
other and differ only in the stacking sequence. Other groups observed a similar
arrangement of the two phases by XRD [Qu et al (2001); Tsuchiya et al (1998)] and
transmission electron microscope measurements [Trampert et al (1997)], and it was also
found that the zincblende and wurtzite phases arrange as alternating zb-wz-lamellae [Wu
et al (1997)]. As our example in Fig. 75 indicates, (0001) wurtzite GaN is not necessarily

formed with equal probability on each of the four inequivalent {111},, facets.

Table 1: Atomic positions in the ideal wurtzite and zincblende unit cell.

wurtzite structure zincblende structure

Ga®* | 0,0,0; '3, % "; |0,0,0; 15,0, 'z
2, Y5, 0; 0, ', 13
N3 10,0, Y, 23, Tlg; | 3la, 3lay 3la; V4, 3la, Vs

3/s; Ya, Ya, 3la;  3la, Vs, Vg

In samples grown under optimised conditions to maximise the zincblende phase, the X-
ray intensity in the expected positions of the wurtzite phase reflections is negligible, i.e.
only slightly above the background noise level. In these cases it is very likely that the
signal originates not from diffraction by hexagonal wurtzite inclusions in the epilayers, but
from diffuse scattering on planar defects, such as stacking faults. This can be shown by

measuring a two-dimensional reciprocal space map as described later.
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Besides wurtzite inclusions, zincblende GaN thin films could also contain twinned
zincblende regions. Similar to stacking faults, these are introduced by stacking errors of
a single (111) plane, but in contrast to stacking faults, the zincblende matrix continues
with a different stacking sequence ...AaCcBbAaCcBb... . With respect to the
surrounding GaN matrix, the zincblende twins are tilted by approximately 70.4° around
the [1-10] axis, so that twin and matrix have the relation (111)win || (115)matix [Tsuchiya et
al (1998)]. Such zincblende twins, and possibly twinned wurtzite-like material with a
similar relation, cause the weak 111 reflections at x of about 15° (circled in Fig. 73), and
possibly at x of about 83° (out of range in Fig. 73). Their volume portion is in the low

percentage range.

Reciprocal space maps for texture analysis

Two-dimensional reciprocal space maps (RSMs) — a combination of w-26-scans with a
stepwise change of the w-angle after each scan — of suitable zincblende and wurtzite
phase reflections can be used to analyse the phase purity of GaN samples, as well as
several other structural properties. Suitable reflections include 0022z and 10-11wz, as
shown in Figs. 77 and 78 for two different samples with and without hexagonal
inclusions. In both reciprocal space maps the 002 reflections of zincblende GaN and 3C-
SiC are clearly visible by their high intensities. The low intensity streaks running along
<111> through the 002 reflections are caused by diffuse scattering from {111} stacking
faults in the structure, where diffracted X-rays suffer an additional phase shift between
both sides of a stacking fault. Stacking faults may also lead to a small shift of the GaN
reflections out of the ideal position. Another feature passing through the 3C-SiC
reflection on a 26-arc is the detector streak (DS), caused by the instrument function of
the diffractometer. The streak intersecting the 002, GaN reflection normal to the surface
is the so called (X-ray) crystal truncation rod (CTR), whose shape is influenced by
surface structures in agreement with observations from atomic force microscopy. The
partially visible Bragg ring in the RSMs (with 20 of about 35.6°) stems from
polycrystalline SiC deposited on the etched grid of the 3C-SiC/Si templates, and is

neither related to the SiC mesa regions nor to the GaN epilayer. As the GaN epilayer is
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much thinner than the SiC template, similar Bragg rings from GaN grown on the etched
grid are much weaker and often not visible. In the presence of wurtzite-like inclusions in
the zincblende GaN thin film (Fig. 67) two additional 10-11. reflections of the wurtzite
GaN phase appear, which are absent in the sample without these inclusions (Fig. 78).
Since the stacking fault streak overlaps with the wurtzite phase reflections, these streaks
can be easily misinterpreted as signal of small amounts of hexagonal inclusions in

texture maps.

In comparison to texture mapping, discussed in the section above, reciprocal space
maps are much faster to perform even with high integration times by using a CCD
detector. This increases the signal to background noise ratio, and hence allows the
guantification of even relatively low proportions of wurtzite-like GaN inclusions. However
this method presumes a fixed epitaxial relation and provides no additional information on

the presence of cubic twins.

Mosaicity analysis

Due to the lack of suitable homo-substrates, cubic zincblende GaN-based nitrides are
typically grown heteroepitaxially on foreign cubic substrates, such as GaAs [As et al
(2000); Yang et al (1996); Shen et al (2003); Qu et al (2001); Tsuchiya et al (1998)], SiC
[Wu et al (1997); Chichibu et al (2003)], Si [Lei et al (1991)], and various other cubic
materials (e.g. GaP [Cheng et al (1995)], MgO [Compean Garcia et al (2015)]). The
lattice mismatch between the different materials results in a high mosaicity and the
formation of defects at grain boundaries in the epilayers. In general, mosaicity should be
avoided as it negatively influences the physical properties of the sample, e.g. causes
high electrical resistances at grain boundaries [Fuijii et al (2010)]. And hence, mosaicity

should preferably be quantified for crystal growth optimisation.

In a simplified model originating from powder diffractometry, the thin film consists of

mosaic blocks (grains), which differ slightly in their finite size and orientation relative to
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each other. The spread in size, tilt, and twist, together with microstrain and
compositional inhomogenities (in the case of alloys) lead to broadening of the X-ray
reflections in reciprocal space. Mosaic tilts lead to an angular broadening of reflections
perpendicular to the surface, while twists result in an azimuthal spread around the
surface normal. Hence for both mosaic tilt and twist, the absolute broadening in
reciprocal space AGnw increases linearly with the magnitude of the scattering vector
|Gna|- The finite lateral size of mosaic grains causes a broadening parallel to the
interface, being inversely proportional to the average real space size L and independent
of the scattering vector magnitude (AGng = 211/L). The effects of tilt, twist and finite grain
size convolute to the spread of a reflection hkl measured by w-scans in skew-symmetry

as follows:

2n/L
|Ghril

" €a9)

[Brki]™ = [Brite - cos xI™* +[Bewise - sinx]™ + [

[Lee et al (2005)]. Here B denotes the integrated breadth, and the exponent n takes
values between 1 and 2 depending on the Gaussian n and Lorentzian (1 - n) contribution

to a Pseudo-Voigt fit (n = 1 + n2) (See appendix in Srikant et al (1997))).

The measured peak broadening is then a combination of this mosaic broadening of the
sample and the instrument function (without a sample). The latter one can be neglected
as long as it is much narrower than the mosaic broadening. Experimentally, the peak
broadening effect due to lateral size and tilt can be separated by measuring a series of
w-scans of different order symmetric reflections 00/, and plotting "-G" versus G"in a
modified Williamson-Hall plot (not shown). The slope of the line is related to the tilt
component (B:") and the ordinate offset is related to the average grain size ((21r/L)").
Unfortunately only the symmetric 002 and 004 zincblende GaN reflections are accessible
with the commonly used Cu-Ka radiation, which significantly limits the accuracy,
especially of the finite size determination. Fig. 79 shows the linear behaviour of Bn" in a
traditional Williamson-Hall plot for which typically Lorentzian broadenings (n = 1) are
taken, even though Lorentzian profiles often do not fit very well to measured profiles. In
comparison with the curve for Gaussian fits (n = 2), this results in a much larger value for

the finite size L, as also pointed out by Lee et al (2005). As X-ray intensity profiles can
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be empirically described as a convolution of Gaussian and Lorentzian functions, the real
lateral finite size is within these two extremes, depending on the portion of both profiles.
Usually one gets the Gaussian and Lorentzian ratio from profile fitting, but they might
vary for different reflections of a series. However, as the Lorentzian portion is often very
small in such fits, mosaic block sizes estimated from pure Gaussian fits give a relatively

good estimate.

The azimuthal spread around the surface normal due to mosaic twist can be determined
from off-axis reflections with large polar angles x measured in screw-symmetric
geometry. ldeally one would use one of the in-plane reflections (x of about 90°), but
those often exhibit only very low intensities and are generally difficult to measure. For
(001) oriented zincblende GaN films the 331 reflection (x of about 76.7°) may be better
used instead. Alternatively, the integrated breadths of a series of different off-axis
reflections extracted from skew-symmetric w-scans can be extrapolated with Eq. (9) to

determine the twist component.

Fig. 80 shows such an extrapolation, for which we converted Eq. (9) to Bnu":|Gnil", and fit
this function (for n = 2) to the measured peak broadenings of an optimised cubic GaN
sample by using the tilt and finite size values from the Williamson-Hall plot in Fig. 79.
The circles mark the measured reflections, and the contours are provided to indicate the
extrapolated peak width in reciprocal space Bnx|Gnk| as function of polar angle x and
scattering vector magnitude |Gnu|. The contours represent constant peak width. The
profile at x= 0° was already shown before (Fig. 79 ) and is only influenced by the tilt and
the finite size of the mosaic blocks. With increasing polar angle x the broadening
gradually increases, revealing a slightly higher mosaic twist (x = 90°) of 0.864° than tilt (x
=0°) of 0.755°. This trend is not much pronounced as tilt and twist are very similar, but it
becomes more apparent for larger scattering vectors |Gn| as the contribution of the finite

size to the peak broadening decreases.
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Defect densities

In general mosaic tilt and twist are assumed to be associated with the formation of
threading dislocations at grain boundaries in the thin film. Hence the XRD peak
broadening is sometimes used to estimate the defect density in a thin film, by following
different mosaic tilt models discussed in literature. According to these models the

threading dislocation density D1p in a well oriented mosaic film is proportional to Briwwist

Dyp = Btite/twist (Eq. 10)

T 21 |brplL
[Fewster (1989)], while in poorly oriented films with randomly oriented grains and strictly
statistically spread Burgers and line vectors, the threading dislocation density is

proportional to Biwewist

_ Buejwist
Drp = (Eq. 11)

2mbZp-In2
[Dunn and Koch (1957)]. Here the parameter L is the average lateral finite size of the
grains, while brp denotes the Burgers vector of the dislocation with a value of

azp/V2 ~ 3.189 A in the case of perfect dislocations in zincblende GaN.

In contrast to wurtzite GaN material, where the threading dislocation line vector
propagates predominantly along the [0001] c-direction, the threading dislocations in
zincblende GaN run along multiple <110> directions. Thus, the equations above do not
allow separating between edge-type, mixed-type, or screw type dislocations in
zincblende GaN. However it is well known that, the dominating threading dislocation
type in zincblende like structures are 60°-type perfect dislocations [Blumenau et al

(2000)].

In an intensive comparative study using XRD and transmission electron microscopy
(TEM) to estimate the defect densities in wurtzite GaN films, Metzger et al (1998) found a
good match with the random distribution model (Eq. xy), even though the assumptions of
the model are not fulfilled at all in oriented epitaxial thin films. Contrary to expectations,
the model for oriented mosaic films revealed threading dislocation densities which were

more than a magnitude lower than the values estimated from TEM. Lee et al (2005)
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came to similar conclusions and noted that large differences in the measured dislocation
densities between TEM and XRD are common. In general XRD seems to slightly
overestimate the threading dislocation density when the twist component is used, and
underestimate the density when the broadening due to tilt is used [Lee et al (2005)].
Furthermore it should be noted that for very thin films XRD also samples the tilts
associated with misfit dislocations at the GaN/SiC interface. If the Burger's vectors of the
dislocations are randomly oriented, the associated strain fields will tend to cancel out as
the film thickness increases, however if the Burger's vectors are not random the tilts can
persist. This discussion shows that there are still some limitations on the current
understanding of even the measurements of the more widely studied wurtzite GaN, and
that defect densities estimated by XRD need be handled with care. This is especially the

case when comparing samples of different layer thickness.

The influence of layer thickness

Typically the intensity spread of X-ray reflections is not constant but decreases with
increasing film thickness, as shown in Fig. 81 by the full width at half maximum (FWHM)
of the 002 reflection in w-scans. Itis also evident that zincblende GaN (lattice constant
GaN: a = 4.50597 A) grown on low lattice mismatch substrates, like 3C-SiC (lattice
constant SiC: a = 4.3596 A, therefore 3.4 % compressive) and MgO (lattice constant
MgO: a = 4.213 A, therefore 7.0 % compressive), exhibit a lower mosaicity than similar
thick cubic GaN films grown with much larger mismatch on Si (lattice constant Si: a =
5.4311 A, therefore -17.0 % tensile) or GaAs (lattice constant GaAs: a = 5.65352 A,
therefore -20.3% tensile). Moreover, Fig. 81 shows that MOVPE grown zincblende GaN
(our data) compares well with state-of-the-art cubic GaN films grown by MBE [Kemper et
al (2015); Martinez-Guerrero et al (2002)]. The decreasing intensity spread of the
reflections with increasing film thickness is commonly associated with an overall
reduction in defect density and an improvement in material quality for thicker epitaxial
films. Transmission electron microscopy investigations reveal a strong reduction in
stacking fault density with increasing layer thickness by reactions between pairs of

stacking faults under formation of perfect edge dislocations or partial threading
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dislocation. Martinez-Guerrero et al (2002) observe a nearly exponential decay of the
stacking fault density from 5 x 10% cm to 3 x 10% cm2 in the first 500 nm of zincblende
GaN growth. In our MOVPE grown cubic GaN films TEM measurements have revealed
that the stacking fault density reduces from 107 cm= directly at the template interface to 3
x 10* cm close to the surface of 1200nm thick films. However, the stacking fault density
affects foremost the shape and intensity profile along the SF-streak in reciprocal space
(as shown in Barchuk et al) for basal plane stacking faults in wurtzite GaN and in Dupraz
et al (2015) for stacking faults in face-centered cubic (fcc) nano-crystals), but w-scans of
the symmetric 00225 reflection have almost no overlap with the stacking fault streak
profile. Hence the observed peak narrowing with increasing layer thickness as shown in

Fig. 71 cannot be directly related to the stacking fault reduction.

Several reports in the literature (see the references indicated in Fig. 81) suggest that the
trend in Fig. 71 is due to a reduction in threading dislocation density with increasing film
thickness, as a result of threading dislocation reaction, but TEM evidence for this
assertion is scarce [As (2010); Kemper (2015); Rusing (2016); Lischka (1997)].
Theoretical models predict that the threading dislocation density is inversely proportional
to the film thickness t [Ayers (1995)]. Combining these models with the reflection
broadening due to mosaicity reveals a decrease in the intensity spread by a factor of t
or t'2, depending on whether an oriented thin film (Eq. (10)) or a powder sample (Eq.
(11)) is assumed. As one can see from the dashed lines in Fig. 81 the experimental data
do not follow the predicted trend. Instead the observed decay is much weaker, following
approximately a t'® dependency. This may be explained by the generation of new
threading dislocations, when stacking faults react with each other, and which to the best
of our knowledge is not considered in current models. Furthermore one should consider
that the models predict a threading dislocation density reduction after a certain thickness,
while XRD is an integration method, which provides a weighted average value over the
whole layer thickness. It should also not be forgotten that there is a natural reduction in

the width of the X-ray reflections with increasing layer thickness, as the number of
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scattering atoms increases. This all makes a comparison of the material quality of

samples with different thickness difficult.

Material parameter for the strain analysis

The lattice parameters for zincblende IlI-nitrides are not yet well established
experimentally, since such thin films suffer from stacking disorder, undoubtably a high
density of line defects and wurtzite inclusions, resulting in local strain variations and
relatively broad reflections. Furthermore, most X-ray diffraction experiments on
predominantly zincblende GaN films are focussed on phase purity analysis, rather than

high resolution lattice parameter measurements.

Our own measurements of the zincblende GaN lattice parameter using high-resolution
20-w-scans of 8 on- and off-axis reflections and a least squares fit give a value of
(4.50597+ 0.00038) A, which is in good agreement with experimental data by Novikov et
al (2010), and can be used as reference data for strain analyses in zincblende GaN thin

films.
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Table 2 —Lattice parameters and elastic constants of wurtzite and zincblende GaN, InN,

and AIN
GaN InN AIN
wurtzite
aw: (A) 3.18940 [Paszkowicz | 3.5446 [Strite et al 3.11197 [Paszkowicz et
et al (2004)] (1992)] al (2004)]
Cuz (A) 5.18614 [Paszkowicz | 5.7034 [Strite et al 4.98089 [Paszkowicz et
et al (2004)] (1992)] al (2004)]
zincblende
an (A) 4.4913 1 4.9393 *1 4.3136 1
4.5105 *? 5.0128 *2 4.4010 *2
45041 *3 4.9882 *3 43717 *3
4.510 £ 0.005 5.01 £ 0.01 4.373 £ 0.002 [As et al
[Novikov (2010)]*4 [Schormann et al (2010)
(2006)]*
4.50597+ 0.00038*° 5.02 + 0.005 -
[Compean Garcia et
al (2015)] *4
C11 (GPa) | 293 *6 187*6 304+6
Ci2 (GPa) | 1569 *¢ 125*6 160*6
"1 V3ey,/2

*2; \/anz
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*3:3\/ 2z = 3, \/gcwza\%vz

*4: experiment
*3: this work (experiment)

*6: recommended by Vurgaftman and Meyer (2003)

But, to the best of our knowledge, no experimentally determined accurate lattice
parameters are mentioned in the literature for zincblende InN and AIN. In these cases it
is therefore necessary to derive the values from the well-established wurtzite lattice

parameters a., and c.,. However, in wurtzite-like IlI-nitrides strong internal electric fields

lead to a distortion of the unit cell from the ideal shape, with a cw./aw--ratio of \/7 x
1.633. In reality cw is typically smaller and aw. slightly larger than in the ideal case, and
hence the estimated zincblende parameter of nominally unstrained Ill-nitrides can differ
substantially, as one can see from the values in Table 2. As aw:is less affected by the
wurtzite unit cell distortion than ¢, this parameter gives reasonably good values for the
natural lattice constant of the zincblende phase az,. Alternatively, the lattice parameters
derived from the unit cell volumes (a,, = 3/V,, = 3/2¥,,) can be used. Presumably, the
natural unstrained lattice constants of zincblende nitrides are somewhere between these
theoretical values, and this assumption is in good agreement with the experimental data

known so far.

Table 2 also contains the elastic constants C11 and C12 for the zincblende Ill-nitrides as
stated in Vurgaftman and Meyer (2003), and which can be used for stress and strain

calculations.
Strain
During the growth of thin films on foreign substrates and during the heterostructure

growth of alloys with different compositions, the films are subjected to varying stresses,

which often result in an elastic deformation of the crystal lattice. Such lattice strains have
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a significant impact on the physical properties and the performance of semiconductor
devices. Hence, the understanding and monitoring of these strains during device
development are of high importance. In the following sections we will discuss the
different sources of strain, and describe how the strain in a thin zincblende GaN film can

be measured.

Lattice mismatch strain

In epitaxial thin films the lattice mismatch between the thin film and the underlying
template produces biaxial in-plane strains, when the size of both lattices are forced to
match each other. Three different states are commonly used to describe the thin film
deformation. The thin film is fully strained when its lattice matches the dimensions of the
template lattice at the common interface, while the film is fully relaxed when its lattice is
undistorted and has its natural dimensions. The state between both extremes is called

partially relaxed.

In reciprocal space the lattice mismatch strain results in a shift of the reciprocal lattice
points (RLPs) of the GaN thin film from their expected position and with respect to the
RLPs of the substrate. The relative separation between layer and buffer peaks can be
either measured in several individual w-26-scans, or more commonly by collecting a
reciprocal space map in asymmetric geometry. The latter generally gives a better
overview of the relationship between the X-ray reflections of the different layers, but a
correction of the sample miscut by a second scan is required for the lattice mismatch
strain evaluation. Moreover, one should take into account that the layer used as
reference may be affected by the substrate as well, which lowers the accuracy of this
method. Ideally one should use a substrate peak as reference, but there can be a large
separation in reciprocal space for systems with a large mismatch.

The strain in a certain direction of the thin film is then given as follows:

ai—Qo

& =a—0 (Eq 12)

where aop is the natural lattice constant, and a; is the measured constant in the same

direction. Due to the relatively low material quality often found in zincblende nitride
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materials there are currently no accurate reference values for the natural lattice
parameter available in the literature, as discussed in the previous section. For GaN one
can use the experimentally determined values we provided in Table 2. For other group-
Il nitrides we recommend using the values which are derived from the wurtzite a-
parameter or from the wurtzite cell volume (see Table 2), as the wurtzite lattice

parameters are well known.

Assuming that the thin film is stress-free in the growth direction (commonly labelled as z),

the strain of a (001) oriented film in the growth direction is given via Hooke’s law as

g,=—2.(g,+¢,) (Eq.13)

Ci1
where ¢, and ¢y are the strains in the two in-plane directions, and C11 and C12 are the
materials’ elastic constants (see Table 2) [Dunstan (1997)]. In the case of isotropic in-
plane strain (ex = ) this can be further simplified. The strain relations for other
orientations differ from the equation above, and are published elsewhere in literature,

such as in Dunstan (1997).

Thermal mismatch strain & growth induced strain

The small strain in an epitaxial thin film originates from the thermal mismatch between
the used substrate and epilayer, or is formed in the early stage of growth. It is typically
much smaller than strain due to lattice mismatch, but can be large compared to the

residual mismatch strain in a partially relaxed film.

As GaN has a larger thermal expansion coefficient than SiC and Si [Wahab et al (1994);
La Via (2012); Okada and Tokumaru (1984)] the remaining thermal strain after cooling
down from the growth temperature leads to a tension in the GaN film at the interface to
the substrate. For typical zincblende GaN growth temperatures in the range between
700°C and 1000°C, the theoretical thermal strain is between 1.1 x 103 and 1.6 x 103

when a Si substrate is used.
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Growth-induced strain occurs due to island coalescence during nucleation on the
substrate in the early stages of growth. Its magnitude is given by the smallest possible
gap between two islands A and the average island size sisian¢ in the particular in-plane

direction

£, =—— (Eq.14)

24 Sisland

[Hoffman (1976)].

Relative lattice parameter measurements as described above are insufficiently accurate
to determine such small strains, as the resolution is often low and as the substrate itself
may also be influenced by the strain. Instead analyses of very small strains require
absolute measurement of the lattice parameters, using high resolution 26-w-scans of a
larger set of different reflections. Then the as measured plane spacings d; are matched

by the plane spacings of a model crystal using a least-squares fit:

¥, WP (ds, — d;i?)" - min.  (Eq. 15)
To increase the accuracy of the method a weighting factor W; such as 26;/A(26;) [Roder
et al (2006)] or diZ/A(di?) = 0.5 - tan(6;)/A(26;) (this work) is sometimes used, to take the

imprecision of the measurement A(26;) into account.

Often it is necessary to choose a suitable coordinate system, which describes the
geometry of the problem better than the natural lattice. The following example illustrates
this. Table 3 lists 26 values for different reflections, which were measured from a
zincblende GaN film grown on a 3C-SiC/Si template with 4° miscut in [110] direction.
The Bragg angles of all reflections tilted in the miscut direction hhl are significantly
smaller than the similar reflections tilted away from the miscut h-h/, indicating a difference
in the lattice dimensions for these two directions. In consequence the natural crystal
lattice is slightly sheared within the growth plane. This can be simplified by using a new
coordinate system x', y’, z' with X’ (y’) parallel (perpendicular) to the sample miscut, and
Z pointing in the growth direction. Note that by this coordinate transformation the new
unit cell is v2 x ¥/2 x 1 larger than the unit cell in the natural lattice. Using this approach,

the least squares fit (see above) together with Bragg’s law give a unit cell size of X’ =
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(6.39566 + 6.7 x 104) A, y’ = (6.38465 = 5.5 x 104) A, and z’ = (4.49236 + 3.2 x 104) Ain
the new coordinate system, and an anisotropy of the in-plane strain of ¢’ = (3.65 £ 0.11)

x 10 resp. gy’ = (1.92 £ 0.09) x 103.

Table 3 - Reflections in the natural coordinate system (hkl) and rotated coordinate

system (h’k’l') of a zincblende GaN-sample, with 28 and A(26) derived from high-

resolution 26w-scans.

Reflection hkl in Reflection h’k’l Measured FWHM
natural lattice in X'y’z’ lattice 20 (°) A(20) (°)
002 002 40.0871 0.2452
004 004 86.6495 0.5002
1-13 023 69.2284 0.3132
2-24 044 114.0130 0.6891
3-31 061 96.1246 0.4233
113 203 69.1963 0.3690
224 404 113.8499 0.7261
331 601 95.9402 0.5198

It is known that a substrate miscut can lead to strain relaxation in epitaxial thin films via
alignment of threading dislocations [Young et al (2010); Chen et al (2007)], but then the
zincblende GaN layer would be less strained in the miscut direction (&’) than in the
perpendicular direction (g,). Since we observed the opposite case, we can rule out this
relaxation mechanism for this sample. Instead the results indicate that the strain
anisotropy is probably due to the coalescence of islands with different size in the two in-

plane directions, which has been observed in atomic force microscopy images.

Wafer curvature analysis

In heteroepitaxial thin films stress above a certain level can be relieved by the formation

of defects, or in the case of tensile surface stress by the formation of cracks. Moreover
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the stress in the thin film can be lowered by bowing of the whole sample. This is often

the case in thick, medium stressed epilayers, such as templates and buffer layers.

Thermal strains can also lead to a significant wafer bowing. This is especially a problem

with large area templates with diameters up to 8%, where even small bows lead to

significant deviations in uniformity during growth and processing. Hence, control and

management of strain and wafer bowing are of significant interest.

The bow of a wafer can be determined with XRD by measuring the incident beam angle
wj for the symmetric reflection at different positions of the sample x;. In bowed samples
the lattice planes are also curved with the bow of the wafer. In consequence the incident
angle needs to be corrected for different positions along the diameter of the wafer.

Wafer curvature and radius of bow R are then given by the relative change of wjand x;:

_ 1 tan(Aw) Aw

R Ax Ax (Eq. 16)
[Inaba (2014)]. Since the reflections of the zincblende GaN epilayer are often relatively
broad, it is more suitable to use a narrower symmetric reflection of the underlying
template. By using larger range of measurement positions, and a beam mask to reduce
the irradiated area on the sample surface, the resolution of the measurement can be
further improved. Figs. 82 and 83 show such a curvature measurement for a 4“ 3C-
SiC/Si template, where the 002 SiC reflection was used. The curvature of the wafer
along the measured direction can be easily determined graphically by linear interpolation
of the measured incident beam angles. A positive (negative) slope corresponds to a
concave (convex) bow of the wafer. The example in Figs. 82 and 83 gives a convex bow
of -51.5 km™' (respectively R = -19.4 m). It should be noted however that this technique
measures the curvature of the substrate planes. If the substrates already contain a high
density of dislocations or a grain structure then the planes in the substrates may already
be curved before layer growth and therefore the measured bow may not give an accurate
reflection of the residual stress in the wafer. For this reason there may also be
discrepancies between the bow measured by X-ray and optical techniques. We find that
for the high quality templates used in these studies the discrepancy between the

curvature measured by X-ray diffraction and optical techniques is negligibly small.
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Further studies

Following on from the experimental work reported above, further studies have been
carried out to investigate the effect of reaction pressure (and other parameters and

conditions) on the growth of cubic zincblende GaN films.

In summary, cubic zincblende GaN films were grown by metalorganic vapour-phase
epitaxy (MOVPE) on 3C-SiC/Si(001) templates and characterized using Nomarski optical
microscopy and X-ray diffraction. In particular, the surface morphology and material
quality were assessed as a function of the low-temperature nucleation layer thickness
(between 3 and 44nm in these experiments), the epigrowth temperature (in the range of
850 to 910 °C in these experiments) and the V/III ratio (from 15 to 1200 in these
experiments) for a reaction pressure of 100 Torr. The reduction in reaction pressure
from 300 to 100 Torr as presented here forms the main difference with the earlier results
reported above. In this particular case, a window for particularly suitable MOVPE growth
conditions was identified between 850 and 890 °C with a V/Ill ratio between 38 and 150,
resulting in relatively smooth, zincblende GaN films with a wurtzite impurity content of

less than 1%.

The effect of a reduction in the epilayer reaction pressure from 300 to 100 Torr on the
zincblende phase purity is illustrated in Figs. 111 and 112. These graphs show an
equally low or lower wurtzite fraction for the 100 Torr data set under similar conditions of
temperature and V/III ratio. Hence, the MOVPE growth window for the good zincblende
GaN material quality is substantially widened under reduced reaction pressure

conditions.

All samples were grown in a Thomas Swan 6x2” close-coupled showerhead MOVPE
reactor on 3-SiC/Si templates. The SiC templates consisted of an about 3 um-thick 3C-

SiC layer on a Si (001) substrate with a thickness of between 0.75 mm and 1 mm and a
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misorientation of 4° towards [110]. For the GaN growth, trimethyl gallium (TMG) and
ammonia were used as Ga- and N-precursors, respectively, while hydrogen was used as
the carrier gas. The total gas flow was kept constant at 20 standard litres per min (slm).
The growth procedure comprised of a high-temperature thermal anneal of the substrate
followed by a low-temperature nucleation layer deposition and finally the growth of the
epilayer proper at high temperature. The temperatures quoted are those recorded by a
Laytec EpiTT in-situ optical monitoring system, calibrated against an Al/Si eutectic wafer.
The thermal annealing step of the template took place at 960 °C in a mixture of hydrogen
and 3 slm ammonia. The GaN nucleation layer (NL) was grown at 600 °C, 500 Torr, and
a V/lll ratio of 720 to a thickness of 44 nm for sample sets A and B (see below). The
epilayer growth pressure was maintained at 100 Torr while the epilayer thickness was
kept constant at 300nm. Two sample sets were prepared in which the variables were the
epilayer growth temperature (sample set A) and the V/IlI ratio (sample set B). For set A,
the epilayer growth temperature was varied between 850 and 910 °C at a constant V/III
ratio of 76 in the gas phase. For set B, the V/llI ratio during epilayer growth at 880 °C
was varied between 15 and 1200 by changing the ammonia flow rate at a constant TMG
flow rate of 145 pmol/min. All GaN epilayers were doped with Sito a nominal
concentration of mid-10'® cm- using silane (50 ppm SiH4 in Hz). Finally, a third sample
set (sample set C) consisted of 300nm thick GaN epilayers grown at 875 °C, 100 Torr
and V/IIl of 76 on low-temperature nucleation layers that varied in thickness between 3

and 44nm.

XRD phase analysis was performed using a PANalytical Empyrean diffractometer
equipped with a Cu-Ka1 source (A = 1.54056 A), 2-bounce hybrid monochromator, 1/4°-
slit, Eulerian cradle, and a PlXcel solid-state area detector. Reciprocal space maps
(RSMs) around the 113 zb-GaN and 1-103 wz-GaN reflections were measured parallel
and perpendicular to the miscut direction of the substrate. The intensity profile along the
SF streak between the 113 and 1-103 reflections were extracted from the RSMs and
subsequently fitted with a maximum of three Pseudo-Voigt functions for the zincblende

and wurtzite phases and a third, ill-defined, hence defective phase probably related to
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stacking faults. The integrated intensities of the fitted profiles were used to quantify the
wurtzite fraction of the GaN epilayers. The residual peak intensity assigned to stacking
faults was not quantified in this work. The 002 peak broadening was measured with a
Philips X'Pert diffractometer equipped with an asymmetric 4-crystal Bartels
monochromator (A = 1.54056 A), 5x5mm?2 cross slit collimator, Eulerian cradle, and gas
proportional point detector without further secondary optics. The intensity profiles of

open detector w-scans were fitted with Pseudo-Voigt functions.

Sample set A — temperature series

The first set of samples (set A) to be discussed consisted of six samples in which the
epilayer growth temperature was varied between 850 and 910 °C, in steps of 10 to 15 °C.
In this series of experiments, the V/IIl ratio was kept constant at 76 which represented an
intermediate value within the range of values explored in sample set B (see below). The
surface morphology of the samples grown below 895 °C is characterized by elongated
features or striae, as shown in the Nomarski optical micrographs in Figs. 88-93. The
striae are aligned along the [1-10] direction, i.e. in the direction perpendicular to the
substrate’s miscut indicating an in-plane anisotropy. The elongated features shorten to a
few micrometers in length with increasing temperature. At 895 °C and above, the surface

becomes more granular and roughens further with increasing temperature.

The XRD analysis of sample set A reveals that the wurtzite fraction measured
perpendicular to the miscut increases gradually with increasing growth temperature but
remains below 1% as shown in Fig. 94. The measurements obtained parallel to the
miscut indicated no wurtzite inclusions along that direction and hence are not shown in

the graph.

Sample set B —V/III ratio series
The second series of samples (set B) consisted of eight samples in which the epilayer
growth temperature was kept constant at 875 °C, i.e. an intermediate value of set A,

while the V/III ratio was varied from 15 to 1200, with a factor of about 2 between each
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value. The Nomarski optical micrographs in Figs. 95-102 show the variation in surface

morphology with increasing V/III ratio from granular to striated and again coarsening.

The results of the XRD phase analysis of sample set B indicates a small increase of
wurtzite inclusions from 0% at V/III of 15 to 1% at V/III of 300, as is shown in Fig. 103
when measured perpendicular to the miscut. At the highest V/III values of 600 and 1200,
the wurtzite fraction increases more rapidly to 3 % and finally 11%. No significant
presence of the wurtzite phase was found in all samples when measured parallel to the

miscut and hence is omitted from the graph.

Sample set C — NL thickness series

The third series of samples (sample set C) comprised of five samples in which the
nucleation layer thickness was increased from 3 to 44nm by a factor of about 2 in each
step, while the epilayer growth conditions was kept constant at a temperature of 875 °C,
a pressure of 100 Torr and a V/III ratio of 76. The Nomarski optical micrographs in Figs.
104-108 show the variation in surface morphology with changing NL thickness. Of the
five samples, the only one that looks unusual is the one grown with the thinnest (3nm) NL
showing large pits in the epilayer. Other than that, the surface striae seem to coarsen

with increasing NL thickness.

The XRD phase analysis of sample set C (see Fig. 109) indicates that the sample with
the 3nm-thick NL has the greatest wurtzite fraction at about 3%, while the other samples
have less than 1% of wurtzite phase. The integrated intensity of the 002 rocking curves
for sample set C are shown in Fig. 110. The changing peak intensity indicates an
improvement in material quality with increasing NL thickness and the peak intensity

saturates at a NL thickness of 22nm or greater.

Discussion of sample sets A, B and C

The structural data of sample set A (varied temperature at a constant V/III ratio of 76)

reveal that a growth temperature below 895 °C yields relatively smooth film surfaces (see
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Figs 88-93) with a wurtzite-fraction of less than 1% (see Fig. 94). At the higher growth
temperatures, the surface degrades marginally and the wz-GaN fraction edges towards
1%. Hence, the preferred growth temperature is below about 890 °C at a V/III of 76 and

reaction pressure of 100 Torr.

A constant growth temperature of 875 °C (i.e. within the most favourable temperature
window) was used for sample set B while the V/Ill ratio was varied between 15 and 1200
with a factor of about 2 between each value. At the lower and higher ends of this range
(see Figs. 95-102), the surfaces are more granular. The flattest surface is probably
observed for the samples grown at a V/III ratio between 38 and 150, as far as the
Nomarski micrographs allow for a qualitative ranking. The wz-GaN contamination
remains very small for the samples up to V/III of 300, despite their differences in surface
morphology (see Fig. 103). The fast rise in wurtzite contamination at a V/III ratio above

300 is accompanied with a slight worsening of the surface morphology.

It is worth pointing out that sample set A was grown at a V/III ratio of 76, which falls in the
range of V/Ill ratios established to be most favourable from the study of sample set B.
Similarly, sample set B was grown at an epilayer growth temperature of 875 °C, which
falls in the temperature range established to be most preferred from the study of sample
set A. Therefore, the surface and material properties of the zincblende GaN films should

vary little across this MOVPE growth window.

The study of the low-temperature nucleation layer thickness (sample set C) indicates that
the preferred thickness is around 22nm. The use of a thinner GaN NL yields a loss of

material quality while a thicker NL causes the surface morphology to coarsen.

In conclusion, considering the collective data of surface morphology and phase purity of
samples sets A to C, the preferred MOVPE growth conditions for zincblende GaN
epilayers at a constant pressure of 100 Torr are found within a small parameter window

of temperature between 850 and 890 °C and V/III ratio of 38 to 150, resulting in a
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relatively smooth film with a wurtzite contamination of less than 1%. The preferred

thickness of the NL is around 22nm.

kkkkkkkkkkhhkkkkkkrrhrrhhrhhkkhkkkkikkikx

While the invention has been described in conjunction with the exemplary embodiments
described above, many equivalent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the exemplary embodiments of
the invention set forth above are considered to be illustrative and not limiting. Various
changes to the described embodiments may be made without departing from the spirit

and scope of the invention.

All references referred to above and/or listed below are hereby incorporated by

reference.
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CLAIMS

1. A method of manufacturing a semiconductor structure comprising a (001)
oriented zincblende structure group IlI-nitride layer, the method including the steps:
providing a silicon substrate;
providing a 3C-SiC layer on the silicon substrate;
growing a group lll-nitride nucleation layer;
carrying out a nucleation layer recrystallization step; and
depositing and growing the zincblende structure group Ill-nitride layer by MOVPE
at temperature T3 in the range 750-1000 °C, to a thickness of at least 0.3um.

2. A method according to claim 1 wherein the group llI-nitride nucleation layer is a

zincblende structure group IlI-nitride nucleation layer.

3. A method according to claim 1 or claim 2 wherein, before growing the group Il1-
nitride nucleation layer, subjecting the 3C-SiC layer to a nitridation step at a temperature

T1 in the range 800-1100 °C.

4. A method according to any one of claims 1 to 3 wherein the group IlI-nitride

nucleation layer is grown at temperature T2 in the range 500-700 °C.

5. A method according to any one of claims 1 to 4 wherein the group IlI-nitride

nucleation layer is grown to a thickness of greater than 3 nm and not more than 100nm.

6. A method according to any one of claims 1 to 5 wherein the group IlI-nitride

nucleation layer is grown to a thickness in the range 10-50nm.

7. A method according to any one of claims 1 to 6 wherein, in the step of depositing
and growing the zincblende structure group llI-nitride layer, the reactor pressure is not

more than 500 Torr.
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8. A method according to any one of claims 1 to 7 wherein, in the step of depositing
and growing the zincblende structure group lll-nitride layer, the reactor pressure is not

more than 300 Torr.

9. A method according to any one of claims 1 to 3 wherein, in the step of depositing
and growing the zincblende structure group lll-nitride layer, the V-to-lll ratio is not more

than 300.

10. A method according to any one of claims 1 to 9 wherein V-to-lll ratio is not more

than 150.

11. A method according to any one of claims 1 to 10 wherein temperature T3 is in the

range 800-920 °C.

12. A method according to any one of claims 1 to 11 wherein temperature T3 is in the

range 820-890 °C.

13. A method according to any one of claims 1 to 12 wherein the group lll-nitride

layer is a InAl,Gas«,N based layer, where 0<x<1, 0<y<1.

14. A method according to any one of claims 1 to 13 wherein the silicon substrate has

a diameter of at least 100mm.

15. A semiconductor structure comprising a zincblende structure group llI-nitride
layer, wherein:
the group llI-nitride layer has a thickness of at least 0.3 um; and
the group llI-nitride layer is monocrystalline zincblende structure group lll-nitride
to the extent that when the group Ill-nitride layer is subjected to XRD

characterization, the intensity /o-11 attributable to wurtzite structure group Ill-



10

15

20

25

62

nitride 10-11 reflections and the intensity lo2 attributable to zincblende structure
group lll-nitride 002 reflections satisfy the relation:

110—11 < 0.05

002

16. A semiconductor structure according to claim 15 wherein the intensity /io.11
attributable to wurtzite structure group lll-nitride 10-11 reflections and the intensity lho2
attributable to zincblende structure group lll-nitride 002 reflections satisfy the relation:

110—11 <001

002

17. A semiconductor structure according to claim 16 wherein the intensity /o-11
attributable to wurtzite structure group lll-nitride 10-11 reflections and the intensity lho2
attributable to zincblende structure group lll-nitride 002 reflections satisfy the relation:

11"_‘11<0005

002

18. A semiconductor structure according to any one of claims 15 to 17 wherein the
intensity lo-11 attributable to wurtzite structure group Ill-nitride 10-11 reflections and the
intensity lo2 attributable to zincblende structure group IlI-nitride 002 reflections are

determined by two dimensional reciprocal space mapping, to form a measured reciprocal
space map, encompassing the expected reflections of zincblende structure group llI-

nitride 002 and wurtzite structure group lll-nitride 10-11.

19. A semiconductor structure according to claim 18 wherein the intensity /o-11
located at a position in reciprocal space attributable to wurtzite structure group IlI-nitride
10-11 reflections are caused by stacking faults formed on {111} facets of zincblende
structure group lll-nitride, evidenced by elongate streaks in the measured reciprocal
space map between the reflections of zincblende structure group lll-nitride 002 and the

expected wurtzite structure group lll-nitride 10-11 reflections.
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20. A semiconductor structure comprising a zincblende structure group llI-nitride
layer, wherein:
the group llI-nitride layer has a thickness of at least 0.3 um; and
the group llI-nitride layer is monocrystalline zincblende structure group lll-nitride
to the extent that when the group llI-nitride layer is subjected to XRD
characterization, the relative volume proportions of zincblende structure group Ill-
nitride V. and wurtzite structure group lll-nitride V. satisfy the relation:

Ywz <0.05
Vzb

where V., is assessed on the basis of wurtzite structure group lll-nitride 1-103 reflections
and Vz is assessed on the basis of zincblende structure group llI-nitride 113 reflections

according to:

|F113|)2

@ _hoz 14 cos?(26413) 2 sin(61_13) * cos(61_13) _ (Vuczb
Vzb

Lz 1+c0s?(201-13) 2 sin(6113) - cos(6113) (|F1_13|)2

VU.CWZ

where:

Ve is the volume of the zincblende structure group llI-nitride unit cell

Vuewz is the volume of the wurtzite structure group llI-nitride unit cell

F113 is the structure amplitude of the zincblende structure group IlI-nitride 113 reflections
Fi.13 is the structure amplitude of the wurtzite structure group IlI-nitride 1-103 reflections
20113 is the 206 angle for the zincblende structure group llI-nitride 113 reflections

20+.13 is the 26 angle for the wurtzite structure group lllI-nitride 1-103 reflections

l113 is the integrated intensity of the zincblende structure group lll-nitride 113 reflections

l1.13 is the integrated intensity of the wurtzite structure group Ill-nitride 1-103 reflections.

21. A semiconductor structure according to claim 20 wherein the relative volume
proportions of zincblende structure group lll-nitride Vz and wurtzite structure group IlI-

nitride V.. satisfy the relation:

Ywz <0.01
Vzb
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22. A semiconductor structure according to any one of claims 15 to 21 wherein the

zincblende structure group llI-nitride layer is (001) oriented.

23. A semiconductor structure according to any one of claims 15 to 22 wherein the
zincblende structure group llI-nitride layer has a reflective layer interposed between the

zincblende structure group llI-nitride layer and a substrate.

24. A semiconductor structure according to any one of claims 15 to 23 wherein the
zincblende structure group llI-nitride layer has dimensions, in two directions orthogonal to

each other and to the thickness direction, of at least 1mm.

25. A semiconductor device incorporating a semiconductor structure according to any
one of claims 15 to 24, wherein the semiconductor device is selected from the group

consisting of: a light emitting diode (LED); a laser; a diode; a transistor; a sensor.
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