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HIGHLY TRANSPARENT ALUMINUM NITRIDE SINGLE CRYSTALLINE LAYERS AND
DEVICES MADE THEREFROM

FIELD OF THE INVENTION
The present invention relates to highly transparent single crystalline aluminum nitride (AIN)
layers, stacks comprising such layers, and light emitting diodes (LEDs) comprising such layers as

device substrates.

BACKGROUND OF THE INVENTION

Among the [II-nitride semiconductors, single crystalline AIN is a material that features a
direct bandgap of about 6 V. In addition, as AIN has a larger bandgap than other nitrides such as
GaN and InN, it is possible to engineer the bandgap energy through alloying of AIN with Ga or In.
As a consequence, I1I-nitride semiconductors enable short wavelength light emission in the
ultraviolet (UV) spectral range and are expected to be utilized for the fabrication of white light
LEDs, UV-LEDs for sterilization applications, lasers for high-density optical disc storage
applications, and light emitting sources for laser communications. To form semiconductor devices
such as light emitting devices, it is necessary to form a multilayer structure including active layers
between an n-type semiconductor layer electrically connected to an n-electrode and a p-type
semiconductor layer electrically connected to a p-electrode. It is important for all layers to have
high crystallinity, i.e., to have few dislocations and point defects that could adversely affect light
emission efficiency.

Sapphire substrates are often used for IlI-nitride based LEDs from the viewpoint of stable
supply, cost, and UV transparency. It is possible to obtain IlI-nitride semiconductor devices by
using highly transparent sapphire as a substrate. However, due to the fact that there is a difference
in lattice constant between the Ill-nitride LED device layers and the sapphire substrate, a large
density of dislocations of about 10° cm? is generated at the interface between the substrate and the
device structure, and it is a known problem in the art that this elevated dislocation density adversely
affects the light emission efficiency and the lifetime of LED devices. Therefore, it is desirable to
use AIN or GaN single crystals as substrates for ITI-nitride based LEDs, since the use of these
native III-nitride substrates minimizes the difference in lattice constant between substrate and
device layers. In addition, since dislocations present in the substrate tend to propagate into the
device layers, the use of IIl-nitride substrates with low dislocation density is desirable.

Furthermore, as AIN and GaN substrates possess high thermal conductivity, they help dissipate the

-1-
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Joule heat generated by the process of current injection in the light emitting layers. It is understood
that heat dissipation enhances device lifetime. In particular, the use of AIN as a substrate has been
reduced to practice.

The following production method is known for AIN single crystals with low dislocation
density, which are desirable for the aforementioned applications. First, an AIN substrate is
prepared from an AIN single crystal grown using a sublimation method, and then serves as a seed
crystal substrate. Subsequently, a single crystalline AIN layer is deposited on the AIN substrate by
hydride vapor phase epitaxy (HVPE). Thereafter, the HVPE-grown single crystalline AIN layer is
separated from the original substrate, and the HVPE-grown single crystalline AIN layer then serves
as a substrate for the fabrication of light emitting devices (see Japanese Pat. Appl. Pub. No. 2006-
16294).

The main incentive to form a semiconductor layer (e.g., an AIN single crystalline layer) on
a sublimation-grown AIN substrate by HVPE consists of the fact that the impurity levels can be
easily controlled during HVPE growth. For example, when an AIN layer is grown by HVPE, it is
relatively easy to reduce the level of impurities originating from structural elements of the reactor,
since the crystal growth temperature in an HVPE reactor is much lower than in a sublimation
growth reactor. As a result of lower contamination levels, it is possible to enhance the optical
transparency of single crystalline AIN layers. In addition, when the single crystalline AIN layer is
intentionally doped with dopants such as silicon in order to impart conductivity, the desired dopant
concentration can easily be controlled by supplying a source of dopants along with the precursors
for AIN.

When compared to generally similar vapor phase epitaxy methods, HVPE offers additional
advantages. For example, when compared with a vapor phase epitaxy process such as MOCVD
(metalorganic chemical vapor deposition), the HVPE method offers higher growth rates of single
crystalline AIN layers since higher concentrations of precursors for AIN can be supplied.

Therefore, by using the HVPE method, it is possible to deposit single crystalline AIN layers
with desirable optical properties and electrical characteristics at relatively high productivity levels.
However, according to the studies performed by the inventors, when producing semiconductor
devices (LEDs) according to Japanese Pat. Appl. Pub. No. 2006-16294, it was found that there was
room for improvement. In particular, when LEDs were fabricated on the single crystalline AIN
layers prepared according to the HVPE growth procedure described in Japanese Pat. Appl. Pub. No.
2006-16294, it was found that only part of the LEDs exhibited acceptable emission characteristics,

while other LEDs suffered from low optical output or device failure.
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In addition to the production method discussed thus far, a modified HVPE method for the
production of single crystalline AIN layers of higher crystallinity was devised. Specifically,
combining reactor heating from the outside with additional, local heating of the seed crystal
substrate enables higher growth temperatures, which, in turn, enable the formation of highly
crystalline AIN layers (see Japanese Pat. Appl. Pub. Nos. 2005-343705 and 2008-19130).
However, LEDs fabricated on single crystalline AIN layers obtained by this improved method still
showed some performance issues in terms of low optical output and device failure.

In comparison with the HVPE method described above, the sublimation method is known to
obtain highly crystalline and highly transparent AIN (see, for example, WO 2010/001803).
According to this method, it is possible to produce high-quality AIN with low dislocation density
and residual impurity level. However, AIN obtained by this method showed a high refractive
index, probably due to the production method, and thus is too highly reflective for use as a
substrate for LEDs. As a consequence, there remains room for imprbvement in terms of light
extraction efficiency. In addition, single crystalline AIN layers grown by this method showed as a
particular characteristic that the transparency becomes particularly poor as the refractive index
decreases.

Although the crystal described by Roskovcova et al. (Physica Status Solidi (b), 20, K29
(1967)) has lower refractive index than the AIN single crystal described in WO 2010/001803, there
is a strong absorption band between the band edge of AIN and a wavelength of about 300 nm.
Therefore, this AIN single crystal cannot be used as a substrate for UV-LEDs. Similarly, crystals
with lower refractive index than the AIN single crystal described in WO 2010/001803 are reported
by Jiang et al. (Optical Materials, 32, 891 (2010)). The AIN single crystals described by Jiang et al.
are films grown on the surface of sapphire substrates, and it is, therefore, straightforward to predict
that a large number of dislocations will have formed due to the lattice mismatch between the
sapphire substrate and the AIN single crystal. Furthermore, it appears that there is strong
absorption in the deep UV region, and thus this material cannot be used as a substrate for deep-UV
LEDs.

Accordingly, there remains a need in the art for highly transparent single crystalline AIN
layers that contribute to the improvement of optical light output and to the reduction of device
failure of light emitting devices, meaning the highly transparent single crystalline AIN layers are

useful as device substrates for LEDs.
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SUMMARY OF THE INVENTION

The inventors conducted extensive studies to solve the problems described above. First, the
inventors investigated correlations between the properties of single crystalline AIN layers formed
by HVPE on a substrate, and the observed device failures of the LEDs grown on these HVPE
layers.

In cases where optical power decline and LED device failure happened frequently, the
inventors found that the refractive index of the single crystalline AIN layers tended to be low.
Furthermore, the inventors found that the anisotropy of the refractive index tended to be small as
well. Then, when increasing the refractive index to some extent, it was found that the difference
between the average value of the in-plane lattice constant of the single crystalline AIN layer and
that of the substrate needed to be kept small in order to produce single crystalline AIN layers with
high transparency and low reflectance. In addition, it was found that single crystalline AIN layers
with lower refractive index and a large difference between the average values of the lattice
constants contained a high density of inclusions.

As a consequence, the inventors tried to determine the specific range of refractive index
values of single crystalline AIN layers required to obtain improved characteristics of LEDs formed
on these layers as underlying substrates. Furthermore, a method for reducing the amount of
inclusions formed during the growth of single crystalline AIN layers was found, and as a result, the
inventors completed this invention.

In one aspect, the present invention provides highly transparent single crystalline AIN
layers having a refractive index in the a-axis direction ranging from 2.250 to 2.400 and an
absorption coefficient lower than or equal to 15 cm™ at a wavelength of 265 nm. In certain
embodiments, highly transparent single crystalline AIN layers according to the invention, when
used as device substrates, lead to improved optical output and reduced failure of light emitting
devices. As a consequence, highly transparent single crystalline AIN layers of the invention used
as device substrates can lead to an improvement in device lifetime and operational reliability of
light emitting devices.

It is desirable that the highly transparent single crystalline AIN layers have a larger
refractive index in the c-axis direction than in the a-axis direction and that the difference between
both refractive indices be kept between 0.05 to 0.15 at a wavelength of 265 nm. Furthermore, it is
desirable that the highly transparent single crystalline AIN layers have a density of defects,
originating from inclusions with maximum outer diameter from 1 pum to 200 um, of less than or
equal to 50 cm™, that the principal surface area is larger than or equal to 100 mm?, and that the

layer thickness ranges from 0.05 to 2.0 mm. In addition, it is desirable that the highly transparent
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single crystalline AIN layers are of high purity such that the sum of Si, O, C, and B impurity

concentrations remains below or equal to 1x10" em™

. In preferred embodiments, the highly
transparent single crystalline AIN layer is formed by hydride vapor phase epitaxy.

In another aspect, the invention provides a layer stack formed of at least one highly
transparent single crystalline AIN layer according to the invention deposited on a base substrate
prepared from an AIN single crystal and having an AIN single crystalline surface. In addition, it
is advantageous for the average lattice constant of the AIN single crystal substrate and that of the

highly transparent single crystalline AIN layer, which are represented as a, and a,, respectively, be
characterized in that the value indicated by lal - 32’ /a, is less than or equal to 90 ppm.

Still further, the invention provides light emitting diodes comprising a highly transparent
single crystalline AIN layer of the invention as a device substrate.

In yet another aspect, the invention provides a method for growing highly transparent single
crystalline AIN layers. The method comprises supplying an aluminum chloride gas from a supply
nozzle and a nitrogen precursor gas from a supply nozzle to a reactor having walls, wherein a
portion of the walls of the reactor form a flow channel segment defined as the walls of the reactor
from 200 mm upstream to 200 mm downstream of the location of a tip of the aluminum chloride
gas supply nozzle; and reacting the aluminum chloride gas with the nitrogen precursor gas on a
substrate in the reactor in order to grow an AIN single crystalline layer on the substrate. During the
reacting step, the amount of aluminum contained in wall deposits formed in the flow channel
segment is maintained at a level lower than or equal to 30 % of the total amount of aluminum fed
into the reactor, and the wall temperature in the flow channel is maintained at less than or equal to
1200°C. The method can further include the steps of supplying a carrier gas to the flow channel of
the reactor and directing the carrier gas toward the substrate, the carrier gas being supplied around
the supply nozzles for the aluminum chloride gas and the nitrogen precursor gas. The carrier gas

preferably passes through a baffle plate comprising a plurality of holes.

BRIEF DESCRIPTION OF THE DRAWINGS
Having thus described the disclosure in general terms, reference will now be made to the
accompanying drawings, which are not necessarily drawn to scale, and wherein:
FIG. 1 is a 500X magnification bright field image of hillocks originating from inclusions in
a single crystalline AIN layer observed by Nomarski differential interference optical microscopy;
FIG. 2 is a 500X magnification bright field image of the surface area of a single crystalline

AN layer without inclusions observed by Nomarski differential interference optical microscopy;

-5-
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FIG. 3 is a schematic diagram of the structure of a horizontal HVPE apparatus suitable for
the deposition of the layers of the present invention;

FIG. 4 is a schematic diagram of a bulkhead modification as seen from the downstream side
of a horizontal HVPE apparatus;

FIG. 5 is a schematic process flow for fabrication of light emitting devices, including the
substrate, deposition of a single crystalline AIN layer, formation of light emitting device layers on
the single crystalline AIN layer, and removal of the original substrate;

FIG. 6 is a schematic process flow for fabrication of light emitting devices on a freestanding
AlN layer, including the substrate, deposition of a single crystalline AIN layer, removal of the
original substrate, and formation of light emitting device layers on the single crystalline AIN layer;

FIG. 7 graphically illustrates the wavelength dependence of the absorption coefficient and
the refractive indices of a single crystalline AIN layer;

FIG. 8 presents a summary of data from Practical Examples 1 through 4; and

FIG. 9 presents a summary of data from Comparative Examples 1 through 3.

DETAILED DESCRIPTION OF THE INVENTION
The present disclosure now will be described more fully hereinafter with reference to
certain preferred aspects. These aspects are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the disclosure to those skilled in the art. Indeed, the
disclosure may be embodied in many different forms and should not be construed as limited to the
aspects set forth herein; rather, these aspects are provided so that this disclosure will satisfy
applicable legal requirements. As used in the specification, and in the appended claims, the

TP INT;
a

singular forms “a”, “an”, “the”, include plural referents unless the context clearly dictates

otherwise.

L. Highly Transparent Single Crystalline AIN Layers

Highly transparent single crystalline AIN layers of the invention have a refractive index in
the a-axis direction ranging from 2.250 to 2.400 and an absorption coefficient lower than or equal
to 15 cm™ ata wavelength of 265 nm. In this invention, and in order to demonstrate suitability for
the fabrication of deep-UV LEDs, all references to the refractive index and the absorption
coefficient are understood to refer to a wavelength of 265 nm. Therefore, unless otherwise
specified, the refractive index and the absorption coefficient will be given at a wavelength of 265
nm in the following. The refractive index along the c-axis direction is given at 23°C and at a

wavelength of 265 nm.
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Refractive indices along a- and c-axis directions, as well as the absorption coefficient can be
measured by spectroscopic ellipsometry. More specifically, the following measurement equipment
and procedure is preferable. A J. A. Woollam Co., Inc, M-2000D high speed ellipsometer with
multi-incident angles and rotating compensator is preferably used as a spectroscopic ellipsometer.
Halogen and deuterium lamps are used as light sources to measure the spectral range from 200 nm
to 1000 nm. For these measurements, a rotating compensator is inserted in the upstream area of the
optical system. A linearly polarized light beam is created. It irradiates the sample to be measured
by condensing the incident light beam to a diameter of about 0.3 mm. The polarized light, which is
reflected from the sample, is received by a CCD detector and the amplitude ratio and phase
difference change is observed. The measurement is carried out for at least three incident angles
such as 65, 70, and 75 degrees, and at least two polarization angles such as 0 and 90 degrees. For
polarization angles, more preferably, four angles of 0, 45, 90 and 135 degrees are measured.

After measuring the sample by spectroscopic ellipsometry, an analytical model is applied to
the measured data, and simulations of the amplitude ratio and phase difference of the reflected light
are carried out according to the analytical model. This analysis compares the measured data to a
model of the wavelength dependence of amplitude ratio and phase difference, with the goal to fit
the model to the measured data over the entire wavelength region through optimization of the
model parameters for the optical constants (refractive indices of the c-axis and a-axis directions,
and the extinction coefficient) and the film thickness. The parameters that produce the closest fit
between the measured data and the model data are then taken as the optimal solution. The J.A.
Woollam Co., Inc. CompleteEase™ software can be used as analysis software.

In the analysis above, the analytical model considers a stack of three layers comprising a
single crystalline AIN layer, and rough layers on top and bottom of the substrate. Because fine
roughness, such as polishing scratches, exists on the measured sample surface, the refractive index
can be calculated more accurately by including a roughness layer in the model. The roughness
layer is assumed as a mixed layer of AIN and air at a ratio of 1:1. In the analytical model, the
thickness of this hypothetical roughness layer reflects the degree of surface roughness.

The surface of the sample is polished to an optical-quality finish in order to minimize light
scattering on the surface. The surface of the sample should be polished to at least a mirror-like
finish by mechanical or chemo-mechanical polishing. Samples with a mirror-like finish will yield a
modeled roughness layer thickness ranging from 0 to 15 nm.

In addition, in order to improve the accuracy of the results, the above analysis is
complemented by an independent measurement of transmittance using non-polarized light over the

same wavelength range as measured by spectroscopic ellipsometry.
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Although there are no particular limitations on the sample thickness, the sample thickness is
measured and typically ranges from 50 pm to 300 um. In addition, the a-direction of the sample
and the off-cut angle of the crystal axes with respect to the sample surface are measured in advance,
and these measurements are included in the analytical model. For c-plane substrates, the sample is
polished such that the off-cut angle is smaller than or equal to 1°. This preparation specification is
intended to render the optical analysis as accurate as possible.

The extinction coefficient (k) can be derived from the spectroscopic ellipsometry data as
has been mentioned above. When the extinction coefficient and the wavelength are k and A,
respectively, the optical absorption coefficient o of the single crystalline AIN layer can be

calculated by Equation 1 below:

o=4mk/A,

(Equation 1)

where a is the absorption coefficient used in the present invention.

If the refractive index of single crystalline AIN layers in the a-axis direction is lower than
2.250, the single crystalline AIN layer does not represent a substrate of preferred quality, since
LED devices will typically be affected by low optical light output or device failure. According to
the inventors’ research, single crystalline AIN layers with a refractive index lower than 2.25 in the
a-axis direction contain a high dislocation density and a large number of inclusions. When this
type of substrate is used for LED fabrication, it is thought that low optical light output and device
failures are caused by the presence of dislocations and inclusions. The presence of inclusions
causes additional adverse effects, which will be described in detailed below.

On the other hand, if the refractive index of single crystalline AIN layers in the a-axis
direction is greater than 2.400, optical reflectivity gets excessively high. This is not desirable as the
light extraction efficiency will be reduced.

Considering the achievable optical output, device stability and light extraction efficiency of
LEDs, the refractive index along the a-axis direction of single crystalline AIN layers preferably
ranges from 2.280 to 2.390, and more preferably, from 2.300 to 2.380.

The absorption coefficient of AIN formed according to the present invention is lower than
or equal to 15 cm™. Ifthe absorption coefficient exceeds 15 cm™, light extraction becomes
challenging and the optical light output is limited due to the lack of optical transparency.
Therefore, the absorption coefficient should preferably be lower than or equal to 15 cm™, more
preferably lower than or equal to 13 cm™, and even more preferably lower than or equal to 9 cm’™.

-8-
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Although it would obviously be desirable to achieve an absolute minimum value for the absorption
coefficient, 0 cm™, considering practically achievable industrial production, a low limit for the
absorption coefficient is 0.1 cm™, or even 0.2 cm™.

It is desirable that the highly transparent single crystalline AIN layers of this invention have
a refractive index along the c-axis direction that is larger than along the a-axis, and that the
difference between both refractive indices ranges from 0.05 to 0.15 at a wavelength of 265 nm.

The inventors found that, if the refractive index along the c-axis direction is within this range, then
the use of such AIN substrates for LED fabrication prevents low optical output and improves the
device yield, i.e., reduces device failures. The reason for the observed correlation is not yet entirely
clear, however, it is likely that moderately relaxed AIN is obtained if the refractive indices and their
difference fall within the aforementioned range. As aresult of the material’s structural quality, it is
thought that excellent device performance can be obtained. In order to further enhance this effect,
the refractive index of the c-axis direction should be larger than that of the a-axis and the difference
between both refractive indexes should preferably range from 0.08 to 0.12, and more preferably
from 0.09 to 0.11.

The main surface area of highly transparent single crystalline AIN layers should preferably
be larger than or equal to 100 mm? and the thickness should preferably range from 0.05 to 2.0 mm.
It is preferable that the density of defects originating from inclusions with maximum outer diameter
from 1 to 200 um be lower than or equal to 50 cm™ in the highly transparent single crystalline AIN
layers.

It should be noted that the main surface of single crystalline AIN layers refers to a surface
having the largest area in the single crystalline AIN layers. If the single crystalline AIN layers arc
used as substrates for the deposition of light emitting device layers, the main surface corresponds to
the plane on which the light emitting device layers are formed. Accordingly, the main surface area
refers to the area of the layer on which the light emitting device layers can be formed. The main
surface area does not include the edge bevel where polycrystalline deposition may be inevitable. In
addition, while the main surface area is preferably larger than or equal to 100 mm?, there is no
particular restriction to the upper limit value of the main surface area, as larger areas present
industrial advantages. However, considering industrial production viability, in order to satisfy the
requirements of the present invention, the practical upper limit of the main surface area is about
10,000 mm®,

The inclusions with a largest outer diameter of 1 to 200 um in single crystalline AIN layers
can be observed using a bright field optical microscope operated in Nomarski differential

interference mode, or using a confocal optical microscope, such as a laser microscope.
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The density of the defects resulting from inclusions relevant to this invention is observed by
Nomarski differential interference microscopy on the main surface of the single crystalline AIN
layers. Typical optical magnification used for these observations ranges from 100X to 500X. The
number of defects originating from inclusions with maximum outer diameter of 1 to 200 um is
counted. The density of these defects can then be quantified by dividing the number of counted
defects by the area of the microscope’s view field. These defects exist on the surface of single
crystalline AIN layers, as well as in the layers. The inclusions on the surface and inside the layer
can be observed by Nomarski differential interference microscopy for as long as the thickness of
the layer is 0.05 to 2.0 mm.

If there are inclusions in single crystalline AIN layers, they cause secondary nucleation
during growth. As a result of secondary nucleation, hexagonal growth features appear in the single
crystalline AIN layers in localized areas, as shown in Figure 1. The inclusions are observed as
being buried inside the single crystalline AIN layers. It should be noted that, as shown in Figure 2,
even in absence of inclusions, hexagonal faceting can still occur depending on the crystal growth
rate and the substrate off-cut angle. However, the presence of inclusions causing secondary
nucleation, as described above, can be easily identified by optical microscopy.

In addition, the maximum outer diameter refers to the maximum length of the inclusions.
The shape of the inclusions is generally indefinite; however, defects formed during growth at
relatively high temperature may also appear as columnar shaped crystals. Inclusions with a
maximum outer diameter smaller than 1 pum are not considered in this invention, since these
inclusions are not known to cause any adverse effects.

Although the origin of these inclusions remains unclear at present, it is possible that they are
the result of a gas-phase reaction between precursors and crystallized AIN deposited after these
gases resided in the reactor. Consequently, for larger and thicker single crystalline AIN layers, the
probability of deposition of inclusions on the AIN layers increases.

The area of AIN layers considered in the present invention is larger than or equal to 100
mm?, and the layer thickness ranges from 0.05 to 2.0 mm, while the density of defects originating
from inclusions with a size of 1 to 200 um is less than or equal to 50 cm™. By keeping the density
of mentioned defects below or equal to 50 cm™, the refractive index along the a-axis direction in
the single crystalline AIN layers can easily be kept in the range from 2.250 to 2.400.

In this invention, when the density of the defects exceeds 50 cm™, the refractive index along
the a-axis direction in single crystalline AIN layers is likely smaller than 2.250 and LEDs fabricated
on such layers used as substrates is likely to cause device failure. From the viewpoint of

improvement of device yield, the preferred density of aforementioned defects is lower than or equal
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to 35 cm™, and more preferably lower than or equal to 20 cm™. Generally, the lowest possible
defect density is preferred. In other words, the lowest possible value would be 0 cm™, i.e.,
complete absence of defects and inclusions. Chemical analysis carried out by the inventors
indicates that these inclusions were predominantly composed of Al, N and Cl.

Unlike voids, the inclusions have a significant impact during growth of the single crystalline
AIN layers. It is possible to remove voids from the single crystalline AIN layers through an
annealing process carried out even after the growth of AIN. By contrast, it is not easy to remove
any inclusions once they have been embedded in the single crystalline AIN layers.

The presence of aforementioned defects decreases the refractive index in a-axis direction
and the crystal quality of the single crystalline AIN layers. Finally, the performance of LEDs
fabricated on the single crystalline AIN layers used as substrates is thought to be inferior.

Although the influence of inclusions on light emitting devices has not been fully understood
to date, the inventors consider the following. First, as the density of defects in single crystalline
AIN layers exceeds 50 cm?, the refractive index in a-axis direction becomes lower than 2.250 and
the difference between the refractive indices in a-axis and c-axis directions decreases. If the
inclusions act as a source of light scattering, then the transparency will likely be reduced.

If single crystalline AIN layers with a low refractive index and low transparency are used as
substrates for LED fabrication, the probability of poor optical output or device failure increases.
The mechanism of the effect of inclusion-related defects on LED performance may be explained as
follows. Specifically, if the current flows through the light emitting device layers consisting of n-
type layer, active layer, and p-type layer formed on the single crystalline AIN substrate with a large
amount of inclusions, it appears that crystal defects exist vertically above the inclusions; it is likely
that the locations of crystal defects right above the inclusions coincide with the locations of current
leak paths in the light emitting device layers. It is believed that these crystal defects are
qualitatively different from dislocations that propagate from the AIN single crystal layers
(substrates) into the light emitting device layers. Even if the dislocation density in the light
emitting device layers is low, it is assumed that the crystal defects formed above the locations of
inclusions become the current leak paths and thus cause device failure. Therefore, the single
crystalline AIN layers with a low density of inclusions disclosed in this invention can be efficiently
used as substrates for light emitting devices.

The highly transparent single crystalline AIN layers of this invention preferably have
high purity, such that the sum of Si, O, C, and B impurity concentrations is less than or equal to
1x10" em™. It is possible to control the desired optical and electrical properties, such as optical

transparency and electrical conductivity, by satisfying the aforementioned condition on impurity
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concentrations. When the sum of impurity concentration is lower than or equal to 1x10" cm™, the
average lattice constant of highly transparent, single crystalline AIN layers is not influenced by the
residual impurities. The sum of impurity concentrations is more preferably lower than or equal to
5x10" cm™, and most preferably lower than or equal to 3x10'7 cm™. The impurity concentrations
can be determined by secondary ion mass spectrometry (SIMS).

As mentioned above, the order of inclusion formation is as follows. Minute particles
originated from AIN are formed in the gas phase above the substrate. Some of the minute particles
possibly arrive on the substrate surface by the gas flow. As a result, the minute particles arriving
on the substrate are responsible for the observed inclusions. Growth conditions that enhance the
growth rate of AIN single crystalline layers by supplying a relatively high concentration of AIN
precursors are preferable in the HVPE method. As a result, gas phase reactions are the likely origin
of the particles. Formation of substantial amounts of deposits in the reactor raises the probability of
undesired deposits falling on the substrates. This phenomenon becomes more prominent for the
growth of AIN single crystalline layers.

It is desirable that the highly transparent, single crystalline AIN layers of this invention have
high crystal quality, since these layers are used as substrates for light emitting devices.

Specifically, the full width at half maximum of x-ray rocking curves for the crystallographic (002)
plane of these layers is preferably narrower than or equal to 1500 arcsec, more preferably between
1 arcsec and 500 arcsec and most preferably between 5 arcsec and 200 arcsec. If the single
crystalline AIN layers have high crystallinity, the benefits of the present invention become more
substantial. The measurement of the aforementioned x-ray rocking curves is performed using a
four-bounce Ge monochromator.

The dislocation density of the highly transparent, single crystalline AIN layers described in

this invention is preferably lower than or equal to 10° cm™

, more preferably lower than or equal to
10" em™, and most preferably lower than or equal to 10° cm™. The use of such high-quality, single
crystalline AIN layers as device substrates for the fabrication of light emitting devices leads to
improved light output and a reduction in device failure. Methods to determine the dislocation
density are well known. Samples with relatively high dislocation density can be observed by plan-
view transmission electron microscopy (TEM). The dislocation density is calculated by dividing
the total number of dislocations by the area of the view field. If the sample has a relatively low
dislocation density, the mechanically polished surface is etched by a mixed solution of potassium

hydroxide and sodium hydroxide (1:1 ratio by weight) at 300°C for 5 to 10 min. After etching, the

etched surface is observed and the number of etch pits is counted by electron microscopy or optical
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microscopy. The dislocation density is then estimated by dividing the number of observed etched
pits by the area of the view field.

When the highly transparent, single crystalline AIN layers of this invention are used as
substrates for the fabrication of light emitting devices, the substrate surface should be prepared by
grinding, followed by chemo-mechanical polishing to reduce residual surface roughness. Details of
the polishing process are not particularly limiting to the present invention. It is also possible to
utilize planarization processing by dry etching. In order to form the light emitting devices, the
substrate before the growth should preferably have a very smooth and flat surface, consisting of
atomic steps.

The highly transparent, single crystalline AIN layers of the present invention are preferably
formed on the surface of a substrate fabricated from an AIN single crystal. In the following, stacks

of single crystalline AIN layers deposited on AIN substrates will be considered.

IL Layer Stacks

The layer stacks considered in this invention comprise at least one highly transparent, single
crystalline AIN layer deposited on at least a substrate surface consisting of a single crystalline AIN
layer.

The substrates included in these layer stacks should not be particularly restricted as long as
the substrate surface consists of a single crystalline AIN layer. These substrates may be produced
by sublimation, solution, or HVPE methods. It is possible to use single crystalline AIN substrates
produced by HVPE, as disclosed in W02009/090923 and W02009/090821, which are incorporated
by reference herein. It is also possible to use single crystalline AIN substrates, such as those
disclosed by Herro et al., Journal of Crystal Growth (Volume 312, Issue 18, 1 September 2010,
Pages 2519-2521). Naturally, the crystallinity of the substrates affects the quality of the single
crystalline AIN layers deposited thereon.

Therefore, in terms of the crystal quality of the substrates, the FWHM of x-ray rocking
curves for the crystallographic (002) plane should be preferably narrower than or equal to 1500
arcsec, more preferably between 1~500 arcsec, and most preferably between 5~200 arcsec.

The dislocation density of the substrate can be preferably lower than or equal to 10° cm?,
more preferably lower than or equal to 107 cm™, and most preferably lower than or equal to 10° cm™
2. The use of such high-quality AIN substrates improves not only the crystallinity of the single
crystalline AIN layers deposited thereon, but also enhances the benefits of this invention. Because
the single crystalline AIN substrates are not limited by any transparency requirements, the

substrates can be produced by the sublimation method. Frequently, single crystalline AIN
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substrates produced by the sublimation method exhibit absorption coefficients exceeding 100 cm™
at a wavelength of 265 nm.

The substrate diameter should be large enough to deposit single crystalline AIN layers of
practical use and sufficiently thick to be freestanding. Specifically, the diameter should be larger
than or equal to 5 mm, and up to 11 cm. The thickness should range from 0.1 mm to 1 mm, even
though the acceptable thickness depends on the substrate diameter.

The substrate preferably has an average a-axis lattice constant of 0.31107 to 0.31113 nm.
The average value of this lattice constant is the average of five lattice constant measurements
performed at the center of the substrate and at four additional positions. If the shape of the
principal substrate surface is circular with a radius r, then the four additional measurement
positions shall be equally distributed on a circle centered on the substrate surface center and of
radius 0.5 1, i.e., the angle formed by a line connecting a certain measurement point to the center
point and a line joining the neighboring measurement point to the center shall be 90°. If the shape
of the principal substrate surface is square, the four additional positions are defined as the mid-
points between the center and the corners of the square. A substrate will be deemed acceptable if
its average lattice constant satisfies the aforementioned range. In this case, the generation of cracks
in single crystalline AIN layers deposited on the substrate is efficiently suppressed. The average
value of the lattice constant is the value measured by the method mentioned in the example below.
Additionally, a substrate suitable for growth preferably has a flat surface featuring atomic steps.

The lattice constant at each measurement point is obtained by using Equations 2 and 3
below after measuring the spacing of (006) planes, dggs, and the spacing of (105) planes, d;s, for
single crystalline AIN.

c=0Xdy,
(Equation 2)

a=2cd,, |(3c¢* - T5d,)"°
(Equation 3)

As the (006) and (105) reflections in single crystalline AIN correspond to large 2-theta

angles in the x-ray diffraction measurement, the spacing of these planes can be measured

particularly accurately.
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The X-ray diffraction measurement is preferably carried out in the following way. A
Spectris Co., Ltd. X’Pert ProMRD is used as the X-ray diffraction instrument. The x-ray beam is
generated by operating a Cu anode x-ray tube at an acceleration voltage of 45 kV and a filament
current of 40 mA. The x-ray beam is filtered through a slit with 1/2 degree divergence, an x-ray
mirror, a Ge (220) four bounce monochromator, and a cross slit of 4mm width, and then irradiates
each of the sample positions defined above. The x-rays diffracted from the AIN single crystal are
detected using a Xe proportional counter tube after being passed through an analyzer crystal.
Furthermore, the 0 position of the 2-theta angle for the detector is preferably calibrated before the
measurement by adjusting the optics in order to guarantee a reproducible measurement of the lattice
constant.

The layer stacks considered here preferably satisfy the following equation:

’ a,—a, ’/a1 <90 ppm,

(Equation 4)

where the average lattice constants of the substrate and of the highly transparent single crystalline
AIN layer deposited on the substrate are represented By a, and a,, respectively, with a,being the
average value of five measurements. The measurement positions used to determine a, coincide
with the measurement positions used to determine a,. Furthermore, for the measurement of the
average value of the lattice constant, a,, the AIN single crystalline layer either has an as-grown
surface or a flat surface featuring atomic steps. As the penetration depth of x-rays is more than 1
pm for the measurement conditions used in this invention, the measurement is not influenced by
surface roughness resulting from polishing. As a consequence, the lattice constant for the AIN
single crystalline layers can be measured without influence from the surface roughness.

Satisfying the condition described by Equation 4 for the layer stack implies not only a small
number of inclusions in the crystalline layers, but also a small number of other features that would
adversely affect crystal growth, such as polishing scratches, surface oxides, or pits. As a result,
these highly transparent, single crystalline AIN layers are suitable as substrates for light emitting
devices. As the precursors of AIN have high reactivity in the gas phase, HVPE growth of AIN is
particularly challenging. The presence of any inclusions adversely affects the relation between a,
and a,, and furthermore, any other factors that adversely affect crystal growth need to be reduced
in order to obtain high-quality, single crystalline AIN layers that satisfy the relation between a, and

a,. In particular, when AIN single crystalline substrates are used that feature (002) x-ray rocking
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curves ranging from 1 to 1500 arcsec FWHM and a dislocation density lower than or equal to
1x10° cm™, and when the relation shown in Equation 4 is satisfied, then AIN single crystalline
layers can easily be produced such that their refractive index in a-axis direction ranges from 2.250
to 2.400 and such that the absorption coefficient is lower than or equal to 15 cm™ at a wavelength
of 265 nm.

In order to form highly transparent AIN single crystalline layers with high crystallinity

intended for use as substrates for light emitting devices, | a, —a, l/ a, <90 ppm is preferable,

‘ a —a, ‘/ a, < 80 ppm is more preferable, and ’ a, —a, l/ a, <60 ppm is most preferable.
Furthermore, as there are no particular limitations to the minimum value of ‘ a, —a, ‘/ a, in
principle a value of O (i.e., a, and a, being identical) would be preferable. However, a low limit
could be 5 ppm in terms of feasibility in industrial production.

The method of deposition of highly transparent AIN single crystalline layers on a substrate
is not particularly restricted. MOCVD and HVPE methods can both be used. The HVPE method is
preferably used since the incorporation of impurities can be prevented relatively easily. As a result,
HVPE grown AIN single crystalline layers are likely to show good optical properties such as
optical transparency and light emitting characteristics. The HVPE method can prevent impurity
incorporation from the reactor due to the lower growth process temperatures as compared to the
sublimation method. As aresult, the HVPE method can produce single crystalline AIN layers of
higher transparency. In addition, when electrical conductivity needs to be controlled, desired
dopant concentrations can easily be achieved by supplying the dopants along with the nitride
precursors. Furthermore, as the metal chloride used in the HVPE method can be supplied to the
reactor at a relatively high concentration, enhanced growth rates of single crystalline AIN layers

can be achieved. The production method for these layer stacks will be explained in the following.

III.  Production Method for Layer Stacks

When producing the layer stacks of the present invention, the highly transparent AIN single
crystalline layers are preferably formed using the HVPE method. In this method, it is preferable
that the growth surface of the substrate be flat with atomic steps prior to growth. A flat surface
featuring atomic steps typically has a root mean square roughness less than or equal to 1.0 nm, and
more favorably, less than or equal to 0.5 nm. In order for the surface to have atomic steps prior to
growth, the substrate surface is prepared using chemo-mechanical polishing (CMP). In addition, to
achieve best surface flatness, the substrate surface can be prepared by dry-etching, and a

combination of CMP and dry etching is also possible.
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For the layer stacks of this invention, the crystallinity of the overgrown single crystalline
AIN layers is determined by the crystallinity of the substrates. The crystallinity of the deposited
single crystalline AIN layers is likely to improve by increasing the layer thickness. However, for
thin single crystalline AIN layers, their crystallinity directly depends on that of the substrates.

Japanese Pat. Appl. Pub. No. 2006-16294 shows the formation method of HVPE-grown
AIN single crystalline layers on highly crystalline substrates produced by the sublimation method.
When the inventors followed the method disclosed in this document, deposited single crystalline
AN layers, and used these layers as substrates for light emitting device fabrication, the resulting
light emitting devices sometimes showed device failure. After investigating the cause, the
refractive index in a-axis direction for the single crystalline AIN layers was found to be below
2.250. This trend wés frequently observed in cases where the difference between the refractive
indices in a-axis and c-axis directions was less than 0.05 and inclusions were included in the AIN
single crystalline layers. After further investigating the origin of the undesired inclusion formation,
the growth condition described in the patent document was found to produce large amounts of
undesired deposits in the reactor, since gas phase pre-reactions above the substrate were likely to
happen under these growth conditions.

By adopting a production method that reduces the undesired formation of deposits in the
reactor, highly transparent AIN single crystalline layers can be produced with a refractive index in
a-axis direction ranging from 2.250 to 2.400 and with an absorption coefficient lower than or equal
to 15 ecm™. Under these circumstances, AIN single crystalline layers can be reproducibly grown
with a larger refractive index in the c-axis direction than in a-axis direction, and with the difference
between refractive indices in a-axis and c-axis directions ranging from 0.05 to 0.15. It was found
that the density of undesired inclusions could be reduced by decreasing reactor wall deposits. The
light emitting devices fabricated on highly transparent, single crystalline AIN layers produced by
the aforementioned method showed improved device yield. In particular, the use of thick AIN
single crystalline layers with low density of inclusions and comparatively large principal surface
area significantly improved device yield. In addition, in order to produce single crystalline AIN
layers of higher quality, it is preferable to form layers satistying the relation of
I a,—a, ‘/ a, <90 ppm for the average lattice constants for the substrates, a,, and for the overgrown
layer, a,, respectively.

As mentioned above, the highly transparent, single crystalline AIN layers of this invention
are preferably produced using the HVPE growth method. As is generally known, HVPE is one
type of chemical vapor deposition method employed to grow metal-nitrides by supplying aluminum
chloride gas and nitrogen precursors to react on heated substrates. In general, aluminum chloride is
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used as the metal chloride gas. Ammonia gas is chosen as the nitrogen precursor. Aluminum
chloride gas is preferably produced as the product of reacting Al with hydrogen chloride or chlorine
gas. Alternatively, aluminum chloride gas can be formed as solid aluminum chloride is vaporized.

According to the analysis of the inventors, the constituents of the reactor deposits are
surmised to be aluminum nitride, aluminum chloride, the adducts formed by aluminum chloride
and ammonia, aluminum, and ammonium chloride. From this result, in order to grow AIN, when
aluminum chloride gas and ammonia are used, adduct species of aluminum nitride, aluminum,
aluminum chloride, and ammonia are produced as gas-phase reactions in the gas flow and
ammonium chloride is produced as a by-product. Furthermore, non-reacted aluminum chloride
condenses on the walls of the flow channel, and as a result, deposits are formed. Particles that
separated from these deposits are transported by the gas flow in the flow channels, and may be
deposited on the substrate. As a consequence, it was found that inclusions were formed as the
particles were deposited on the surface of the AIN single crystalline layers during growth.

The amount of deposited material on the wall of the flow channel increased as a function of

growth time. As a result, particles are likely deposited on AIN single crystalline layers.

Furthermore, in order to obtain relatively high growth rates more than or equal to 10 pm/hr by

HVPE for AIN growth, the supply rates of aluminum chloride gas and nitrogen precursor gas into
the HVPE reactor need to be increased. As a result, the amount of wall deposits likely increases as
well. Therefore, in order to form relatively thick, single crystalline AIN layers on the substrates,
with deposition thicknesses of more than or equal to 0.05 mm, it is necessary to pay attention to
deposit formation on the wall surfaces of the flow channel.

Figure 3 shows an example of an HVPE system for the growth of AIN single crystalline
layers. Although Figure 3 is an example of a horizontal HVPE system with horizontal gas flow,
this figure can be equally applied to a horizontal system with vertical gas flow (i.e., the direction of
gas flow is not level at the substrate surface), a vertical system with horizontal gas flow, and a
vertical system with vertical gas flow.

First, the substrate (31) is loaded onto the susceptor (33) in the flow channel (32). The flow
channel is defined as the flow path for the precursor gases supplied into the HVPE reactor. In
general, quartz glass is used to form the flow channel (32). The susceptor (33) is used as a holder
for the substrate (31). In general, the susceptor is made of materials such as graphite, pBN coated
graphite, TaC coated graphite, SiC-coated graphite, quartz glass, alumina, SiC, W, or TaC.

The substrate (31) and the susceptor (33) are heated to a predetermined temperature by
using a local heating arrangement (34), or an external heating arrangement (35) installed outside of

the flow channel (32). Although local heating is not a required instrument configuration, in
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particular, local heating is very useful for growth temperatures higher than or equal to 1200°C,
which is the operating temperature limit for the quartz glass used as the flow channel. Although

Figure 3 illustrates the local heating arrangement at the example of RF inductive heating, a

‘radiative heating method can also be used. External heating can be used for substrate heating

below the operating temperature limit of the quartz glass. It can also be used to control the gas
temperature in combination with local heating. The external heating arrangement can cover the
entire circumference of the flow channel or only part of the circumference. Typically, external
heating is implemented as a resistive heating method. In order to precisely control the temperature
distribution inside the flow channel, the external heating arrangement is divided into a plurality of
heating zones.

The supply nozzle for aluminum chloride (36) and the supply nozzle for the nitrogen
precursor gas (37) are installed at the upstream side of the flow channel (32). Aluminum chloride
gas and the nitrogen precursor gas generated by the method described above are supplied from
nozzles (36, 37) and AIN single crystalline layers are formed on the heated substrates. Even though
Figure 3 does not include a shield gas nozzle, it is preferable to implement a shield gas nozzle
surrounding the outer circumference of the aluminum chloride supply nozzle. The purpose of the
shield gas is to control the mixing of aluminum chloride gas and ammonia gas. Nitrogen or argon
gas is used as a shield gas. Aluminum chloride gas or the nitrogen precursor gas is diluted
appropriately in hydrogen gas or inert gases such as nitrogen or argon. These gases are supplied to
form AIN single crystalline layers. Carrier gas is used to promote gas flow in the flow channel
toward the exhaust port (38), and is supplied at the outer circumference of the aluminum chloride
supply nozzle (36) and the nitrogen precursor gas supply nozzle (37). Hydrogen gas and/or inert
gases such as nitrogen and argon gases are preferably used as carrier gas.

Furthermore, the chamber (39) encapsulates the outer circumference of the flow channel
(32). The chamber (39) is preferably made of stainless steel with a water-cooling jacket. In case of
flow channel damage, the use of a stainless steel chamber provides a safety containment.

Prior to the growth of AIN single crystalline layers, and in order to remove contaminants,
the substrate (31) is cleaned by the following procedure. The substrate is treated by ultrasonic
cleaning using organic solvents, and then etched in an acid solution. Following the cleaning
procedure, the substrate (31) is loaded on the susceptor (33) and then heated to the growth
temperature of the AIN single crystalline layer while flowing carrier gas. The range of growth
temperature is preferably 900 to 1700°C, more preferably 1200 to 1650°C, even more preferably
1400 to 1600°C, and most preferably 1450 to 1600°C. In order to heat the substrate in the ranges

mentioned above, a combination of local heating (34) and external heating (35) is used, or either
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one method of heating may also be used individually. AIN single crystalline layers of high quality
cannot be obtained at low growth temperatures. At the high end of the temperature range,
decomposition of the AIN single crystal is likely to occur.

AIN single crystalline layers are grown on substrates (31) by supplying aluminum chloride
gas and the nitrogen precursor gas. In this case, the partial pressure of the supplied aluminum
chloride gas is kept in the range of 0.00001 to 0.1 atm, more preferably in the range of 0.00005 to
0.05 atm, even more preferably in the range of 0.0001 to 0.01 atm. In addition, the partial pressure
of the supplied nitrogen precursor gas is kept in the range of 0.00004 to 0.2 atm, more preferably in
the range of 0.0001 to 0.1 atm, even more preferably in the range of 0.0002 to 0.05 atm. The ratio
of the nitrogen precursor to that of aluminum chloride is preferably within a range of 0.5 to 100,
more preferably 0.6 to 20, and most preferably 1 to 8. The suitable pressure range in the flow
channel system is 0.01 to 1.3 atm. The supply of aluminum chloride gas is stopped when the
desired film thickness of the single crystalline AIN layer has been achieved. In this case, in order
to prevent thermal decomposition of the deposited single crystalline AIN layer, nitrogen precursor
gas is preferably supplied until the decomposition of the AIN layer no longer occurs, for example,
until the temperature is lower than about 500°C.

Although, in the present invention, AIN single crystalline layers can basically be grown by
the method described above, it is particularly preferable to grow the AIN single crystalline layers
by satisfying the following conditions. More specifically, when the AIN single crystalline layers
are grown by the HVPE method, AIN single crystalline layers are preferably formed under the
following conditions. First, the tip of the aluminum chloride gas supply nozzle is located such that
the gas flow extends 200 mm both upstream and downstream of the gas nozzle. Secondly, on those
parts of the wall surface of the flow channel which are at a temperature of less than or equal to
1200°C, the amount of aluminum contained in deposits formed on the wall surface is less than or
equal to 30 % of the amount of aluminum introduced into the reactor. It should be noted that the
wall of the flow channel mentioned here refers to the combined area of the wall surface inside the
flow channel through which carrier gas circulates, and the outer wall surfaces of the aluminum
chloride gas supply nozzle and the nitrogen precursor gas supply nozzle. Thus, the amount of
deposits on the wall surface of the flow channel includes the amount of deposits on the aluminum
chloride gas supply nozzle (36) and the nitrogen precursor gas supply nozzle (37) in the range of
aforementioned 200 mm distance up- and downstream from the nozzle tip.

The amount of metal elements contained in the deposits on the wall of the flow channel is
determined in the following steps. The inner wall of the flow channel in the range of 200 mm in

the upstream and downstream directions from the tip of aluminum chloride nozzle, and where
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surface temperatures remained below or equal to 1200°C, is removed. The gas supply nozzles for
metal chlorides and for nitrogen precursor gas are also removed. The deposits formed at the
locations previously mentioned are immersed into alkaline aqueous solution and the deposits are
dissolved. The amount of aluminum contained in the solution is determined by inductively coupled
plasma emission spectrometry.

More specifically, the wall surface of the flow channel is immersed for one hour in an
aqueous solution of 1% tetramethylammonium hydroxide (TMAH) with a volume of V liters. The
1% TMAH aqueous solution preferably has a low content of metal impurities. For example, 1%
TMAH solution can be made from Tokuso SD-1 (manufactured by Tokuyama Corporation, 2.38%
TMAH) diluted with ultrapure water having a resistivity of 18.2 Mohm-cm or higher. After the dip
the solution is appropriately diluted with ultrapure water to a concentration suitable for quantitative
analysis performed by inductively coupled plasma-optical emission analysis. Then, the aluminum
concentration in the solution is quantified by inductively coupled plasma atomic emission
spectrometry. Assuming that the measured concentration of aluminum is C (ppm=mg/L), and that
the collected solution had been diluted A times, then the amount of the metal element Bgep, (mol)
deposited on the inner wall of the flow channel is calculated as VAC/1000/My; (mol), where My, is
the atomic weight of elemental aluminum.

The amount of metal element B,y (mol) supplied to the HVPE apparatus can be estimated
as well. For example, when the metal chloride gas is obtained from a reaction of aluminum metal
and hydrogen chloride, the metal element Binpy (mol) can be estimated from the total volume Vg
(ml) of hydrogen chloride supplied during the growth of the AIN single crystalline layers. For
example, when hydrogen chloride and aluminum metal are reacted at 700°C or less to form
aluminum trichloride, Binpu: (mol) is calculated by the following equation: Bigpyt (mol)= Vyey/(3 X
22400) (mol). In addition, when hydrogen chloride and aluminum metal are reacted at higher than
700°C to form aluminum chloride as the main component, Biyp(mol) is calculated by the following
equation: Bippus (mol)= Vuc/22400 (mol).

As mentioned above, the amount of the metal element Bgepo (mol) deposited on the inner
wall of the flow channel is calculated as VAC/1000/Ma; (mol). According to the study of the
inventors, if the ratio of Baepo / Binput calculated from the estimated amounts of metal element Bgepo
(mol) deposited on the walls and the amount of metal element Bippy (mol) supplied to the HVPE
apparatus is preferably less than or equal to 30 %, more preferably less than or equal to 20 %, and
most preferably less than or equal to 10%, then the density of undesired inclusions in the AIN

single crystalline layers can be reduced.
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In addition, in the case of using solid aluminum chloride as the precursor, the amount of
metal element supplied to the HVPE apparatus is calculated based on the product of the vapor
pressure of aluminum chloride and the total carrier gas flow rate. In addition, the amount deposited
on the wall surface of the flow channel is calculated in the same manner as mentioned above.

In general, it is understood that the amount of the deposits downstream of the tip of the gas
supply nozzle, and especially around the substrate, should be kept as low as possible. However,
according to the study of the inventors, in order to produce AIN single crystalline layers of the high
quality required for use as substrates for the fabrication of light emitting devices, it was found that
the amount of material deposited upstream of the nozzle location should be reduced. This
observation may be explained as follows. Since the deposits downstream of the nozzle are formed
at relatively higher temperatures in comparison to the deposits formed near the tip of the gas supply
nozzle, the downstream deposits strongly adhere to the wall surface. As a result, it is unlikely that
the downstream deposits would influence the growth of AIN single crystalline layers. On the other
hand, since the upstream deposits are formed at a relatively low temperature, they adhere only
weakly to the wall, can be easily removed from the wall, and particles originating from the deposits
may be transported onto the AIN single crystalline layer during the growth.

Japanese Pat. Appl. Pub. No. 2005-343705 teaches the growth of an AIN single crystalline
layer at a wall surface temperature of 400 to 1100°C, controlled by external heating, and at a
substrate temperature of 1100 to 1400°C controlled by local heating inside the reactor. In Japanese
Pat. Appl. Pub. No. 2008-19130, the inventors propose that the crystal quality of AIN single
crystalline layers is improved by keeping the temperature of the wall surface 150°C lower than the
substrate temperature. However, when thick AIN single crystalline layers with a larger area are
grown at a high growth rate exceeding 10 pm/h, deposits on the wall of the growth reactor cause
the problem of particle contamination onto the substrate and incorporation into the AIN single
crystalline layers as growth progresses with time.

On the other hand, because the growth temperature and the wall temperatures are around
1100°C, and because of the very high ratio of the nitrogen precursor gas to aluminum chloride gas
of about 100, the amount of deposits on the wall is increased through a more active gas phase
reaction between aluminum chloride and the nitrogen precursor, and as a result, high quality AIN
single crystalline layers cannot be formed.

Because the deposits strongly adhere to the wall surface when the wall surface temperature
is 1200°C or higher, they no longer act as a source of particles that would affect the growth surface
of the AIN single crystalline layers. On the other hand, if the temperature is kept below 1200°C,

the deposits only weakly adhere to the wall as the temperature is lowered. As a result, the deposits
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detach from the wall surface and then some of the detached particles are deposited on the surface of
the AIN single crystalline layers during growth. This phenomenon becomes significant with
decreasing temperature of the wall surface of the flow channel. Accordingly, it is important to

reduce the amount of material deposited on the wall surface of the flow channel kept at = 1200°C

within 200 mm upstream and downstream of the tip of the aluminum chloride supply nozzle.
Reduction of the deposited material leads to a reduction of the number of inclusions, and thus, AIN
single crystaﬁine layers can be easily produced.

In order to limit the amount of deposits formed on the inner wall surface of the flow channel
within 200 mm upstream and downstream of the tip of the aluminum chloride nozzle (36), the
supply rates of precursors, the supply ratio, the supply method, the growth temperature, the external
heating arrangement and the local heating arrangement, and the pressure have to be optimized
depending on the size and geometry of the growth reactor (e.g., the shape of the flow channel, the
aluminum chloride nozzle, and the ammonia nozzle). For example, in order to efficiently use the
precursors for crystal growth on the substrate, the desired reduction of deposits can be achieved by
controlling the shield gas, the supply rate of aluminum chloride gas, and the supply rate of the
nitrogen precursor. In order to prevent gas from stagnating in the flow channel, the gas should be
efficiently pumped out after the reaction. For this purpose the area of the exhaust port with respect
to the cross-sectional area of the flow channel should be 30 to 200%, more preferably 50 to 150%,
and even more preferably 60 to 100%. In addition, in order to pump more efficiently, it is
advantageous to reduce the pressure in the flow channel. The suitable range of pressure in the flow
channel is preferably 0.01 to 1.3 atm, more preferably 0.1 to 1 atm, and even more preferably 0.2 to
0.99 atm.

In addition, by implementing a baffle plate (40) upstream of the aluminum chloride gas
supply nozzle (36), the amount of deposits on the wall surface can be reduced. The baffle plate
serves to shape and direct the carrier gas flow in the downstream direction. The baffle plate
includes a plurality of holes, through which the carrier gas flows. The baffle plate may be made of
quartz glass, alumina, or BN, and similar materials used for the flow channel. As long as the baffle
plate is installed upstream of the gas supply nozzle for aluminum chloride (36), the installation
position of the nozzle is not critical. However, the installation position of the baffle plate is
preferably 0 to 500 mm, more preferably 10 to 300 mm, even more preferably 50 to 200 mm
upstream of the tip of the nozzle. The baffle plate suppresses the reverse flow of gas in the
upstream direction due to convection inside the flow channel. The effect of the baffle plate is very
significant since it renders the use of excessively low pressures and flowing of large amounts of

carrier gas unnecessary.

23



10

15

20

25

30

WO 2014/031119 PCT/US2012/052022

The layer stacks of the present invention can be produced by depositing highly
transparent AIN single crystalline layers onto substrates by methods such as those described above.
After separating the AIN single crystalline layers from the substrate, these layers can be used as
substrates for the fabrication of light emitting devices (see Figure 6). Alternatively, the light
emitting device structures can be formed on the AIN single crystalline layer stacks, and the original
substrate can be removed subsequently (see Figure 5). Next, the production method for light-

emitting devices on highly transparent AIN single crystalline layers will be explained.

IV. Structure and Formation Method of the Light Emitting Device

Next, a general method to form light emitting devices is explained. A production method
for light emitting devices (LEDs) using the aforementioned layer stacks is explained in Figure 5.
First, the layer stack comprised of a highly transparent AIN single crystalline layer (12) deposited
on the substrate (11) is prepared according to the method described above. The light emitting
device layers (13) are then deposited on this layer stack. Furthermore, a p-type electrode (14) and
an n-type electrode (15) are formed in different steps of the deposition process. For the fabrication
of the light emitting device layers (13), the layer structure including n-type, active, and p-type
layers can be grown by well-known epitaxy methods, including MOCVD, HVPE and MBE
methods. Among these methods, the MOCVD process is preferable in order to control the
thickness of the device layers as well as the incorporation of dopants.

At first, after loading the layer stack into a MOCVD reactor, the aforementioned layer stack
is heated above 1050°C, and more preferably above 1150°C. After cleaning the surface of the
highly transparent AIN single crystalline layer (12) through annealing in a hydrogen atmosphere, an
n-type nitride semiconductor layer is formed by introducing trimethylaluminum, trimethylgallium,
ammonia, silane or tetraethylsilane and hydrogen gas, as well as nitrogen as a carrier gas for
precursors.

Prior to the formation of the n-type nitride semiconductor layer, a buffer layer can also be
deposited with the purpose to improve the n-type characteristics. In this case, the buffer layer is
preferably an n-type nitride semiconductor and has a lattice constant that is either identical to or
intermediate to the lattice constant of the n-type nitride semiconductor and the highly transparent
single crystalline AIN layer. In addition, the buffer layer can either be a single layer or a multiple
layer stack with different compositions.

Next, the quantum well structure that becomes a light emitting layer is formed by
introducing into the MOCVD apparatus trimethylaluminum, trimethylgallium, ammonia, silane or

tetracthylsilane and hydrogen gas, as well as nitrogen as a carrier gas for the precursors. The
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quantum well structure is a stack structure that combines well layers with thicknesses of several nm
to several tens of nm, and barrier layers with larger band gap energy than the well layers. The band
gap energy and thickness of the well layers and the barrier layers can be appropriately tailored to
obtain the desired optical emission properties. In addition to precursors, in order to improve the
optical properties, trimethylindium, as well as n-type and p-type dopants can be added.

Next, a p-type nitride semiconductor layer is formed by introducing into the MOCVD
apparatus trimethylaluminum, trimethylgallium, ammonia, bis-cyclopentadienyl magnesium and
hydrogen gas, as well as nitrogen as a carrier gas for the precursors. Then, a p-type nitride
semiconductor contact layer is formed by introducing trimethyl gallium, ammonia,
biscyclopentadienyl magnesium, and hydrogen gas, as well as nitrogen as a carrier gas for the
precursors. When the group IlI-nitride semiconductor layers mentioned above are formed, the
precursor supply ratio, the growth temperature, and the ratio of nitrogen to III-metals (V/III ratio)
can be appropriately tailored in order to obtain the desired optical and electrical properties.

In order to produce a functional li ght‘ emitting device, which is produced by the above-
mentioned process, it is necessary to carry out device fabrication processes, such as etching to
expose a given conductive layer, and electrode formation steps to contact the conductive layer
surface.

Although the substrate (11) removal process from the layer stack can be achieved by known
methods including polishing, reactive ion etching, or wet etching using an alkaline solution, the
polishing method is preferred.

In addition, after the removal of the substrate, roughness can be intentionally formed on the
removed surface side of the AIN single crystalline layer (12). When the roughness formation
process is applied, the presence of roughness reduces the amount of total reflection on the backside
of the substrate, and as a result, the emission characteristics of the light emitting device can
potentially be improved.

Figure 6 describes an alternative process ﬂow for the production of a light emitting device.
In this case, the substrate is removed in advance from the layer stack (11), and the highly
transparent AIN single crystalline layer (12) is then used as a substrate for the light emitting device
fabrication. The method to remove the substrate from the layer stack is well known and identical to
the aforementioned methods. The production method for the LEDs by using the highly transparent
AIN single crystalline layer (12) as the device substrate is the same as the production method using
the layer stack as the substrate. Light emitting devices are then obtained through device processing

and chip fabrication as required for a variety of applications.
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V. Examples
Although concrete practical, as well as comparative, examples of the invention are
explained herein, this invention is not limited to those practical examples. Data from the Practical

Examples and the Comparative Examples are summarized in Figures 8 and 9, respectively.

Practical Example 1

Preparation of the substrate

This is a practical example that utilizes a composite substrate consisting of an AIN
polycrystalline layer and an AIN single crystalline layer. The composite substrate was prepared
according to the method described in Japanese Pat. No 4565042. After loading a BN mask with a
diameter of 26 mm onto a (111) Si substrate with a diameter of 50.4 mm, a 0.3 pum thick single
crystalline AIN thin film was deposited on the single crystalline Si substrate. Then, after deposition
of a 230 pm thick AIN polycrystal, the composite layers were removed from the Si substrate by
cooling it to room temperature. The subétrate with a diameter of 26mm was obtained by dissolving
and removing residual Si sticking to the single crystalline AIN thin film using a mixture of

hydrofluoric acid, nitric acid, and acetic acid at room temperature.

Analysis of the substrate

As for the composite substrate, the AIN single crystalline thin film side was used in the
following as the growth surface for the highly transparent AIN single crystalline layers of the
present invention. Lattice constants were measured at a total of five locations in the AIN single
crystalline thin film. The five locations consisted of the center and additional four points located
on a radius of 7mm from the center. The latter four points were separated by an angle of 90° from
each other. The average value of the lattice constant from the total five measurements of the lattice
constants was 0.311099 nm. In addition, x-ray rocking curves of the (002) plane had a full width at

half maximum of 3800 arcsec, and the absorption coefficient was 1800 cm™.

Production of the laver stack (i.e., growth of an AIN single crystalline layer)

After conducting an ultrasonic clean using acetone and isopropyl alcohol of the composite
substrate, it was mounted on a BN coated graphite susceptor (33) in the HVPE apparatus shown in
Figure 3. In this case, the side with the AIN single crystal thin film of the composite substrate was
used as the surface for AIN single crystal growth. The baffle plate was positioned at 250 mm from
the tip of the metal chloride supply nozzle (36) in the upstream direction. The baffle plate was
welded to the inner wall of the flow channel. Carrier gas was flown through 24 through-holes with
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a diameter of 3mm each in the baffle plate (as shown in Figure 4). For the carrier gas, a mixture of
hydrogen and nitrogen with a ratio of 7 to 3 was used. The substrate was heated to 1450°C while
supplying ammonia gas through a quartz glass gas supply nozzle for the nitrogen precursor (37).
After heating it to 1450°C, aluminum chloride gas was supplied through a quartz glass gas supply
nozzle for aluminum chloride (36) to grow the AIN single crystalline layer for 10 hr.

Figure 3 does not include a quartz glass boat, however, the actual HVPE apparatus includes
aluminum metal placed in a quartz glass boat located in the upstream direction of the supply nozzle
for aluminum chloride (36). Aluminum trichloride gas was generated by flowing carrier gas with
10.8 scem hydrogen chloride gas over the aluminum metal heated to 400 °C.

The supply nozzle for the metal chloride (36) provided a total flow rate of carrier gas and
aluminum chloride gas of 1800 sccm. The supply nozzle for the nitrogen precursor (36) provided a
total flow rate of carrier gas and ammonia gas of 200 sccm. The flow rate of the carrier gas (flown
through the baffle plate) was 6500 sccm. Although not shown in Figure 3, a shield gas nozzle was
installed concentrically around the outer circumference of the supply nozzle for metal chloride.
This shield gas nozzle supplied a nitrogen gas flow rate of 1500 sccm. Therefore, the total flow
rate of all carrier gases was 10,000 sccm. During the growth, the partial pressures of aluminum
trichloride and ammonia were 0.00036 atm and 0.0026 atm, respectively. The reactor total pressure
was kept at 0.99 atm.

When the temperature at the quartz glass flow channel was measured by contacting it with a
thermocouple during a test experiment, i.e., not during growth, the temperature was below 1200°C
at a position 15 mm away from the outer circumference of the 50 mm diameter susceptor. The
flow channel right above the susceptor was at 1000°C. The temperature at the tip of the nozzle was
700°C, and the nozzle temperature monotonically decreased to 402°C over a 200 mm distance
upstream from the nozzle tip.

After the growth of the AIN single crystalline layers, ammonia gas was supplied until the

temperature was reduced to 500°C, and thereafter the reactor was cooled to room temperature.

Analysis of the layer stack (single crystal aluminum nitride laver)

In the resulting layer stack, no cracking was observed in the AIN single crystalline layer.
The thickness was 300 pm, as measured by cross-sectional scanning electron microscopy. On the
grown AIN single crystalline layer, five measurement locations consisted of the center of the
sample, and four additional points located at a radius of 7 mm from the center. Then latter four

points were separated by an angle of 90° from each other. The average value of the lattice constant
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calculated from the total of five measurements taken at the aforementioned locations was 0.311107
nm, and |a; — a,|/a; was 26 ppm.

In addition, the density of defects resulting from inclusions was 10 cm™, as established by
observing the inclusions by Nomarski differential interference microscopy. X-ray rocking curves
of the (002) plane had a FWHM of 1200 arcsec. Dislocations present in the AIN single crystalline
layers were observed by plan view transmission electron microscopy. A dislocation density of
8x10® cm™ was calculated by dividing the number of dislocations by the area of the view field. In
addition, impurity concentrations measured by secondary ion mass spectroscopy (SIMS) were 5 x
101 em™ for Si, 4 x 10" cm™ for O, below the detection limit for C, and 1 x 10'° cm™ for B.
Therefore, the total impurity concentration was 9.1 x 10" cm.

A freestanding, 150 pm thick AIN single crystalline layer was prepared for spectroscopic
ellipsometry by the following process: obtaining a 3 mm square layer stack cut out from part of the
entire layer stack, grinding to remove the substrate of the layer stack, and finishing the substrate
surface side of the layer stack and the substrate surface side by mechanical polishing to a mirror
finish. At the final step of the polishing process, a lapping plate made of tin was used with 0.1 um
diameter alumina slurry. When the refractive index was measured and analyzed by the
spectroscopic ellipsometer, the refractive indices of the a-axis and c-axis directions were 2.325 and
2.383, respectively, and the difference between these refractive indices was 0.058 at a wavelength
of 250 nm. The anisotropy of the a-axis direction and the c-axis direction was not observed in the
extinction coefficient, and the extinction coefficient was 0.000026. The absorption coefficient was
calculated from Equation 1 with the extinction coefficient at a wavelength of 250 nm, and it was 13
em™.

In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.276, the refractive index of the c-axis direction was 2.330, and the corresponding refractive index
difference was 0.054. On the other hand, the anisotropy of the a-axis direction and the c-axis
direction was not observed, and the extinction coefficient was 0.000025. The absorption
coefficient was calculated from Equation 1 with the extinction coefficient at a wavelength of 265
nm, and it was 12 cm™. No significant absorption was observed in the ultraviolet region from 300

nm to the band edge.

Measurement of deposits on the wall surface of the flow channel

After growth, in the range of 200 mm upstream to 200 mm downstream from the nozzle tip,
quantitative analysis of wall deposits in the flow channel was carried out. After removing the

components of the flow channel from the HVPE apparatus, the parts in the above-mentioned range
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and that were kept below 1200°C were immersed in 3 liters of an aqueous solution of 1% TMAH
for 1 hour. In this case, the container that was used was made of fluorine resin (PFA) and washed
with ultrapure water before use. After diluting the obtained wash solution 50 times, the amount of
Al was measured by inductively coupled plasma-optical emission spectrometry, and a
concentration of 3.5 ppm was found. Therefore, the Al element content in the deposits on the inner
wall of the flow channel, Byepo, Was calculated to be 0.0195 mol.

On the other hand, the amount of metal elements supplied to the HVPE equipment, Binpy
was estimated to be 0.1071mol, because 10.8 sccm hydrogen chloride was supplied for 10 hours,

i.e., the total supply of hydrogen chloride was 6480 ml. Therefore, Bepo/Binput was 20%.

Production and Characterization of LEDs

The surface of the AIN single crystalline layer from the layer stack of this practical example
was finished by mechanically polishing to a mirror finish and by chemo-mechanical polishing. As
a result, atomic steps were observed on the polished surface. The AIN single crystalline layer was
loaded into an MOCVD apparatus. Subsequently, the surface was thermally cleaned at 1250 °C for
10 min under a gas mixture of 12 slm of hydrogen and 1 slm of ammonia.

Then, the temperature of the layer stack was reduced to 1200°C. A 0.1 um thick AIN buffer
layer was grown on the AIN single crystalline layer of the stack layer. The growth condition during
the buffer layer growth was as follows: the trimethylaluminum flow rate was 25 pmol/min, the flow
rate of ammonia was 1 slm, the total flow rate was 10 slm, and the reactor pressure was 0.05 atm.

Then, the temperature of the layer stack was reduced to 1120°C. A 0.2 pm thick
Aly 7Gag 3N layer was grown under the following growth conditions: the trimethylgallium flow rate
was 20 umol/min, the trimethylaluminum flow rate was 30 pmol/min, the ammonia flow rate was
1.5 slm, the total flow rate was 10 slm, and the reactor pressure was 0.05 atm.

In addition, a 1.2 um thick n-type Al 7Gag 3N buffer layer was grown under the same
growth conditions as the 0.2 pm thick Alg7Gag 3N layer, while tetraethyl silane was used as n-type
dopant and its flow rate was 3 pmol/min during the growth of the 1.2 um thick Aly;GagsN layer.

Subsequently, a 2nm thick Aly3Gag7N well layer was grown under the same growth
conditions as the AIN buffer layer, except that the trimethylgallium flow rate was 40 pmol/min and
the trimethylaluminum flow rate was 3 pmol/min. Then, a 15 nm thick barrier layer was grown
under the same conditions as the buffer layer. By repeating the growth of pairs of these well and

barrier layers three times, a triple quantum well structure was formed.
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Then, a 20 nm thick p-type AlgoGag N layer was grown under the same conditions as the
buffer layer, except that the trimethlygallium flow rate was 15 pmol/min and the bis-
cyclopentadienyl magnesium flow rate was 0.8 pmol/min.

Next, a 0.2 um thick GaN contact layer was formed using the following growth conditions:
the trimethylgallium flow rate was 40 pmol/min, bis-cyclopentadienyl magnesium flow rate was
0.8 umol/min, the ammonia flow rate was 2 slm, the total flow rate was 8 slm, and the reactor
pressure was 0.2 atm.

The sample was unloaded from the MOCVD apparatus, and then was thermally treated
under nitrogen atmosphere for 20 min and at 800 °C.

Next, after a portion of the substrate was etched to expose Si-doped Alp7Gag 3N using ICP
etching equipment, a Ti (20nm) /Al(100 nm) /Ti (20nm) / Au (50 nm) electrode was deposited on
the exposed surface by vacuum evaporation and then was thermally annealed under nitrogen
atmosphere at 1000 °C for 1 min. Next, a Ni (20 nm) /Au (100nm) electrode (14) was deposited on
the aforementioned p-type GaN contact surface by vacuum evaporation and then was thermally
treated under nitrogen atmosphere at 500 °C for 5 min.

As a consequence, the light emitting device layer (13) was formed on the surface of the AIN
single crystalline layer of the layer stack. Furthermore, the back side of the substrate (i.e., in this
practical example, the AIN polycrystal or single crystalline AIN thin film) was removed by
mechanical polishing, and thus LEDs were fabricated. The thickness of the light emitting device
was about 100 um. When producing and characterizing this LED, single peaked emission was
confirmed at a wavelength of 265 nm. The optical output was 1.3 mW at a current of 20 mA, and

the device failure rate was 33 %.

Practical Example 2

Production of the laver stack (manufacture of AIN single crystalline layer). and analytical

evaluation

An AIN single crystalline layer deposited on an AIN single crystal substrate was used as a
substrate for device fabrication in this study. The AIN single crystalline substrate had a diameter of
18 mm, a thickness of 0.5 mm, an average lattice constant of 0.311098 nm, x-ray rocking curves
with a full width at half maximum of 17 arcsec, a dislocation density of 5x10* cm™, and an
absorption coefficient of 1200 cm™.

An AIN single crystalline layer was grown on the substrate by using the same equipment
and identical growth conditions as detailed in Practical Example 1. There was no cracking
observed in the AIN single crystalline layer. The film thickness was 320 pum as measured by cross-
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sectional scanning electron microscopy. Five measuring locations consisted of the center of the
AIN single crystalline layer and another four points located at a radius of 7 mm from the center;
these four points were separated by an angle of 90° from each other. The average value of the
lattice constant from the five measurements of the lattice constants was 0.311103 nm and |a; — ay|/a,
was 16 ppm.

In addition, when inclusions in the AIN single crystalline layers were observed by
Nomarski differential interference microscopy, the density of defects originating from inclusions
was 2 cm”. The X-ray rocking curves full width at half maximum of the (002) plane was 25
arcsec, and the dislocation density in the AIN single crystalline layer was the same as that in the
substrate. Impurity concentrations measured by secondary ion mass spectroscopy (SIMS) were 5x
10" em™ for Si, 2 x 10" cm™ for 0, 3 x 10" em™ for C,and 1 x 10" cm™ for B. Therefore, the
total impurity concentration, which was mentioned previously, was 1x 10" cm™.

A freestanding substrate of 114 um thickness was prepared from the AIN single crystalline
layer for spectroscopic ellipsometry in the same manner as in Practical Example 1. When the
refractive index was measured and analyzed by the spectroscopic ellipsometer in the same manner
as in Practical Example 1, the refractive indices of the a-axis and c-axis directions were 2.391 and
2.491, respectively, and the difference between these refractive indices was 0.100 at a wavelength
0of 250 nm. The anisotropy of the a-axis direction and the c-axis direction was not observed in the
extinction coefficient, and the extinction coefficient was 0.000014. The absorption coefficient was
calculated from Equation 1 with the extinction coefficient at a wavelength of 250 nm, and it was
7.0 cm™.

‘ In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.336, the refractive index of the c-axis direction was 2.424, and the refractive index difference
between the a-axis direction and the c-axis direction was 0.088. On the other hand, the anisotropy
of the a-axis direction and the c-axis direction was not observed, and the extinction coefficient was
0.000014. The absorption coefficient was calculated from Equation 1 with the extinction
coefficient at a wavelength of 265 nm, and it was 6.6 cm™. As shown in F igure 7, no significant

absorption was observed in the ultraviolet region from 300 nm to the band edge.

Measurement of wall deposits in the flow channel

After the growth, in the range of 200 mm upstream to 200 mm downstream of the nozzle
tip, quantitative analysis of deposits in the system of the flow channel wall was carried out. After
removing the components of the flow channel from the HVPE apparatus, the parts in the above-

mentioned range and that were kept below 1200 °C were immersed in 3 liters of an aqueous
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solution of 1% TMAH for 1 hour. In this case, the container that was used was made of fluorine
resin (PFA) and washed with ultrapure water before use. After diluting aforementioned wash
solution 50 times, the amount of Al was measured by inductively coupled plasma-optical emission
spectrometry, and a concentration of 4.7 ppm was found. Therefore, the Al element content in the
deposits on the inner wall of the flow channel, Bqep, , Was calculated to be 0.0105 mol.

On the other hand, when estimating the amount of Al supplied to the HVPE equipment,
Binput Was 0.0964 mol because 10.8 sccm hydrogen chloride was supplied for 10 hours, and the total
supply of hydrogen chloride was 6480 ml. Therefore, Bepo/Binput was 11%.

Production and Characterization of LEDs

Next, when producing and characterizing the LEDs in the same manner as in Practical
Example 1, single peak emission was confirmed at a wavelength of 265 nm. An optical output of

1.4 mW was achieved at a current of 20 mA, and the device failure rate was 18 %.

Practical Example 3

Production of the laver stack (manufacture of AIN single crystalline laver), and analvtical

evaluation

The same substrate as used in Practical Example 2 was used. The growth temperature of
the AIN single crystalline layer was 1350°C. With the exception that the supply flow rate of
hydrogen chloride was 12 sccm and the partial pressures of aluminum chloride and ammonia were
0.0004 atm and 0.0032 atm, respectively, AIN single crystalline layers were grown by using the
same equipment and the same growth conditions as in Practical Example 1. There was no cracking
observed in the AIN single crystalline layer. The thickness was 240 um as measured by cross-
sectional scanning electron microscopy. Five measuring locations consisted of the center of the
AIN single crystalline layer and another four points located at a radius of 7 mm from the center.
These four points were separated by an angle of 90° between each other. The average value of the
lattice constant from these five measurements was 0.311102 nm and |a; — a;|/a; was 13 ppm.

In addition, when inclusions in AIN single crystalline layers were observed by Nomarski
differential interference microscopy, the density of defects originating from inclusions was 15 cm’
2. X-ray rocking curves of the (002) plane had a FWHM of 103 arcsec ,and the dislocation density
in the AIN single crystalline layer was the same as that in the substrate. Impurity concentrations
measured by secondary ion mass spectroscopy (SIMS) were 7 x 10 cm™ for Si, 2 x 10" em™ for
0,3 x 10" cm™ for C, and 1 x 10> cm™ for B. Therefore, the total impurity concentration, which

was mentioned previously, was 3 x 10" ¢cm™.
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A freestanding substrate of 120 pm thickness was prepared from the AIN single crystalline
layer for spectroscopic ellipsometry in the same manner as in Practical Example 1. When the
refractive index was measured and analyzed by the spectroscopic ellipsometer in the same manner
as in Practical Example 1, the refractive indices of the a-axis and c-axis directions were 2.385 and
2.478, respectively, and the difference between these refractive indices was 0.093 at a wavelength
0of 250 nm. The anisotropy of the a-axis direction and the c-axis direction was not observed in the
extinction coefficient, and the extinction coefficient was 0.000019. The absorption coefficient was
calculated from Equation 1 with the extinction coefficient at a wavelength of 250 nm, and it was
9.6 cm™.

In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.329, the refractive index of the c-axis direction was 2.409, and the refractive index difference
between the a-axis direction and the c-axis direction was 0.080. On the other hand, the anisotropy
of the a-axis direction and the c-axis direction was not observed, and the extinction coefficient was
0.000019. The absorption coefficient was calculated from Equation 1 with the extinction
coefficient at a wavelength of 265 nm, and it was 9.0 cm™. No significant absorption was observed

in the ultraviolet region from 300 nm to the band edge.

Measurement of deposits on the wall surface of the flow channel

In the same manner as in Practical Example 1, when the temperature at the quartz glass flow
channel was measured by contacting it with a thermocouple during a test experiment, i.e., not
during growth, the temperature was below 1200°C at a position of 14 mm away from the outer
circumference of the 50 mm diameter susceptor. The flow channel right above the susceptor was at
970°C. The temperature monotonically decreased to 390°C at 200 mm upstream from the nozzle
tip, and it also monotonically decreased to 305°C 200 mm downstream from the nozzle tip. In
addition, the temperature at the tip of the nozzle was 680°C, and the nozzle temperature
monotonically decreased to 395°C at 200 mm upstream from the nozzle tip.

After the growth, in the range of 200 mm upstream as well as 200 mm downstream from the
nozzle tip, quantitative analysis of wall deposits in the system of the flow channel was carried out.
After removing the components of the flow channel from the HVPE apparatus, the parts in the
aforementioned range and which were kept below 1200°C were immersed in 3 liters of an aqueous
solution of 1% TMAH for 1 hour. In this case, the container that was used was made of fluorine
resin (PFA) and washed with ultrapure water before use. After diluting aforementioned wash

solution 50 times, the amount of Al was measured by inductively coupled plasma-optical emission
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spectrometry, and a concentration- of 5.1 ppm was found. Therefore, the Al element content in the
deposits on the inner wall of the flow channel, Byepo , Was calculated to be 0.0284 mol.

On the other hand, when estimating the amount of Al supplied to the HVPE equipment,
Binput was 0.1071 mol because 12sccm hydrogen chloride was supplied for 10 hours, and the total

supply of hydrogen chloride was 7200 ml. Therefore, Bgepo/Binput Was 26 %.

Production and Characterization of LEDs

Next, when producing and characterizing the LEDs in the same manner as in Practical
Example 1, single peak emission was confirmed at a wavelength of 265 nm. An optical output of

1.2 mW at a current of 20 mA was measured, and the device failure rate was 39 %.

Practical Example 4

Production and analvtical characterization of the stack layer (manufacture of AIN single crystalline
layer)

The same substrate as used in Practical Example 2 was used. The growth temperature of

the AIN single crystalline layer was 1540°C. Except for the use of a TaC coated graphite susceptor
for this study, the AIN single crystalline layer was grown using the same equipment and growth
conditions as in Practical Example 1. There was no cracking observed in the AIN single crystalline
layer. The thickness was 340 um as measured by cross-sectional scanning electron microscopy.
Five measurement locations consisted of the center of the AIN single crystalline layer and four
additional points located at a radius of 7 mm from the center. These four points were separated by
an angle of 90° between each other. The average value of the lattice constant from the five
measurements of the lattice constants was 0.311093 nm and |a; — ay)/a; was 16 ppm.

In addition, when inclusions in the AIN single crystalline layer were observed by
Nomarski differential interference microscopy, the density of defects was 1 cm™. X-ray rocking
curves of the (002) plane had a FWHM of 32 arcsec, and the dislocation density in AIN single
crystalline layer was the same as that in the substrate. Impurity concentrations measured by
secondary ion mass spectroscopy (SIMS) were 2 x 10'7 em™ for Si, 3 x 10" ¢cm™ for 0,25 x 10"
cm™ for C, and below the detection limit for B. Therefore, the total impurity concentration, which
was mentioned previously, was 3 x 10'® cm?.

A freestanding AIN single crystalline layer of 160 pum thickness was prepared for
spectroscopic ellipsometry in the same manner as in Practical Example 1.

When the refractive index was measured and analyzed by the spectroscopic ellipsometer in

the same manner as in Practical Example 1, the refractive indices of the a-axis and c-axis directions
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were 2.382 and 2.492, respectively, and the difference between these refractive indices was 0.110 at
a wavelength of 250 nm. The anisotropy of the a-axis direction and the c-axis direction was not
observed in the extinction coefficient, and the extinction coefficient was 0.000026. The absorption
coefficient was calculated from the Equation 1 with the extinction coefficient at a wavelength of
250 nm, and it was 13 em™. |

In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.326, the refractive index of the c-axis direction was 2.422, and the refractive index difference
between the a-axis direction and the c-axis direction was 0.096. On the other hand, the anisotropy
of the a-axis direction and the c-axis direction was not observed, and the extinction coefficient was
0.000021. The absorption coefficient was calculated from Equation 1 with the extinction
coefficient at a wavelength of 265 nm, and it was 10 cm™. No significant absorption was observed

in the ultraviolet region from 300 nm to the band edge.

Measurement of deposits on the wall surface of the flow channel

In the same manner as in Practical Example 1, when the temperature at the quartz glass flow
channel was measured by contacting it with a thermocouple during a test experiment, i.e., not
during growth, the temperature was below 1200°C at a position 18 mm away from the outer
circumference of the 50 mm diameter susceptor. The flow channel right above the susceptor was at
1060°C. Temperature monotonically decreased to 420°C at 200 mm upstream from the nozzle tip,
and it also monotonically decreased to 335°C at 200 mm downstream from the nozzle tip. In
addition, the temperature at the tip of the nozzle was 730°C, and the nozzle temperature
monotonically decreased to 418°C at 200 mm upstream from the nozzle tip.

After the growth, in the range of 200 mm upstream as well as 200 mm downstream from the
nozzle tip, quantitative analysis of wall deposits in the system of the flow channel was carried out.
After removing the components of the flow channel from the HVPE apparatus, the parts in the
aforementioned range and which were below 1200°C were immersed in 3 liters of an aqueous
solution of 1% TMAH for 1 hour. In this case, the container that was used was made of fluorine
resin (PFA) and washed with ultrapure water before use. After diluting aforementioned wash
solution 20 times, the amount of Al was measured by inductively coupled plasma-optical emission
spectrometry, and a concentration of 2.2 ppm was found. Therefore, the Al element content in the
deposits on the inner wall of the flow channel, Bgcp, , was calculated to be 0.0049 mol.

On the other hand, when estimating the amount of Al supplied to the HVPE equipment,
Binput was 0.1071 mol because 10.8 sccm hydrogen chloride was supplied for 10 hours, and the total

supply of hydrogen chloride was 6480 ml. Therefore, Baepo/Binput Was 5%.
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Production and Characterization of LEDs

Next, when producing and characterizing the LEDs in the same manner as in Practical
Example 1, single peak emission was confirmed at a wavelength of 265 nm. An optical output of

1.1 mW was measured at a current of 20 mA and the device failure rate was 26 %.

Comparative Example 1

The same substrate as in Practical Example 2 was used here. Except for the use of no
baffle plate for this study, AIN single crystalline layers were grown by using the same equipment
and growth conditions as in Practical Example 1. There was no cracking in the AIN single
crystalline layer. The thickness was 290 pum as measured by cross-sectional scanning electron
microscopy. Five measuring locations consisted of the center of the AIN single crystalline layer
and four additional points located at a radius of 7 mm from the center. These four points were
separated by an angle of 90° between each other. The average value of the lattice constant from a
total of five measurements was 0.311070 nm and |a; — a)/a; was 90 ppm.

In addition, when inclusions in AIN single crystalline layers were observed by Nomarski
differential interference microscopy, the density of defects originating from inclusions was 80
cm?. X-ray rocking curves of the (002) plane had FWHM of 240 arcsec, and the dislocation density
in the AIN single crystalline layer was the same as that in the substrate. Impurity concentrations
measured by secondary ion mass spectroscopy (SIMS) were 1 x 10" em™ for Si, 1 x 10 7 em™ for
O and below the detection limit for C and B. Therefore, the total impurity concentration, which
was mentioned previously, was 2 x 10" em™.

A freestanding AIN single crystalline layer of 180 pum thickness was prepared for
spectroscopic ellipsometry in the same manner as in Practical Example 1. When the refractive
index was measured and analyzed by the spectroscopic ellipsometer in the same manner as in
Practical Example 1, the refractive indices of the a-axis and c-axis directions were 2.293 and 2.341,
respectively, and the difference between these refractive indices was 0.048 at a wavelength of 250
nm. The anisotropy of the a-axis direction and the c-axis direction was not observed in the
extinction coefficient, and the extinction coefficient was 0.000022. The absorption coefficient was
calculated from the Equation 1 with the extinction coefficient at a wavelength of 250 nm, and it
was 13 em™.

In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.241, the refractive index of the c-axis direction was 2.280, and the refractive index difference

between the a-axis direction and the c-axis direction was 0.039. On the other hand, the anisotropy
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of the a-axis direction and the c-axis direction was not observed, and the extinction coefficient was
0.000021. The absorption coefficient was calculated from Equation 1 with the extinction
coefficient at a wavelength of 265 nm, and it was 10 cm™. No significant absorption was observed

in the ultraviolet region from 300 nm to the band edge.

Measurement of deposits on the wall surface of the flow channel

After the growth, in the range of 200 mm upstream as well as 200 mm downstream from the
nozzle tip, quantitative analysis of wall deposits in the system of the flow channel was carried out.
After removing the components of the flow channel from the HVPE apparatus, the parts in the
aforementioned range and which were kept below 1200°C were immersed in 3 liters of an aqueous
solution of 1% TMAH for 1 hour. In this case, the container that was used was made of fluorine
resin (PFA) and washed with ultrapure water before use. After diluting aforementioned wash
solution 20 times, the amount of Al was measured by inductively coupled plasma-optical emission
spectrometry, and a concentration of 3.1 ppm was found. Therefore, the Al element content in the
deposits on the inner wall of the flow channel, Byep, , was calculated to be 0.0345 mol.

On the other hand, when estimating the amount of Al supplied to the HVPE equipment,
Binpu was 0.0946 mol because 10.8 sccm hydrogen chloride was supplied for 10 hours, and the total

supply of hydrogen chloride was 6480 ml. Therefore, Byepo/Binput Was 36 %.

Production and Characterization of LEDs

Next, when producing and characterizing the LEDs in the same manner as in Practical
Example 1, single peak emission was confirmed at a wavelength of 265 nm. An optical output of

0.7 mW was measured at a current of 20 mA, and the device failure rate was 74 %.

Comparative Example 2

Production and analytical characterization of the laver stack (fabrication of AIN single crystalline

layer)

The same substrate as used in Practical Example 2 was used. An HVPE apparatus with no

baffle plate was used for this study. The substrate was heated to 1100°C by external heating around
the susceptor. Furthermore, except that the supply flow rate of hydrogen chloride was 6 sccm and
the partial pressure of aluminum chloride and ammonia were 0.0002 atm and 0.002 atm,
respectively, during a growth time of 12 hr, the AIN single crystalline layer was grown by using the
same equipment and the same growth conditions as in Practical Example 1. There was no cracking

observed in the AIN single crystalline layer. The thickness was 120 um as measured by cross-
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sectional scanning electron microscopy. Five measuring locations consisted of the center of the
AlN single crystalline layer and four additional points were located at a radius of 7 mm from the
center. These four points were separated by an angle of 90° between each other. The average value
of the lattice constant from these five measurements was 0.311062 nm and |a; — a,|/a; was 116 ppm.

In addition, when inclusions in the AIN single crystalline layer were observed by Nomarski
differential interference microscopy, the density of defects originating from inclusions was 100
cm”. X-ray rocking curves of the (002) plane had a FWHM of 3200 arcsec, and the dislocation
density in the AIN single crystalline layer was the same as that in the substrate. Impurity
concentrations measured by secondary ion mass spectroscopy (SIMS) were 2 x 10'® cm™ for Si, 3 x
10" cm™ for O and below the detection limit for C and B. Therefore, the total impurity
concentration, which was mentioned previously, was 5 x 10'® cm™.

A freestanding AIN single crystalline layer of 72 um thickness was prepared for
spectroscopic ellipsometry in the same manner as in Practical Example 1. When the refractive
index was measured and analyzed by the spectroscopic ellipsometer in the same manner as
Practical Example 1, the refractive indices of the a-axis c-axis directions were 2.251 and 2.289,
respectively, and the difference between these refractive indexes was 0.038 at a wavelength of 250
nm. The anisotropy of the a-axis direction and the c-axis direction was not observed in the
extinction coefficient, and the extinction coefficient was 0.000012. The absorption coefficient was
calculated from Equation 1 with the extinction coefficient at a wavelength of 250 nm, and it was 60
cm™.

In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.216, the refractive index of the c-axis direction was 2.247, and the refractive index difference
between the a-axis direction and the c-axis direction was 0.031. On the other hand, the anisotropy
of the a-axis direction and the c-axis direction was not observed, and the extinction coefficient was
0.00010. The absorption coefficient was calculated from the Equation 1 with the extinction

coefficient at a wavelength of 265 nm, and it was 47 cm™.

Measurement of deposits on the wall surface of the flow channel

In the same manner as in Practical Example 1, when the temperature at the quartz glass flow
channel was measured by contacting a thermocouple during the test experiment, i.¢., not during
growth, the temperature was below 1200°C in the whole region of the flow channel. The flow
channel right above the susceptor was 1100°C. Temperature monotonically decreased to 630°C at
200 mm upstream from the nozzle tip, and it also monotonically decreased to 900°C at 200 mm

downstream from the nozzle tip. In addition, the temperature at the tip of the nozzle was 1080°C,
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and the nozzle temperature monotonically decreased to 680°C 200 mm upstream from the nozzle
tip.

After the growth, in the range of 200 mm upstream as well as 200 mm downstream from the
nozzle tip, quantitative analysis of wall deposits in the system of the flow channel was carried out.
After removing the components of the flow channel from the HVPE apparatus, the parts in the
aforementioned range and which were kept below 1200°C were immersed in 3 liters of an aqueous
solution of 1% TMAH for 1 hour. In this case, the container that was used was made of fluorine
resin (PFA) and washed with ultrapure water before use. After diluting the aforementioned wash
solution 20 times, the amount of Al was measured by inductively coupled plasma-optical emission
spectrometry, and a concentration of 4.8 ppm was found. Therefore, the Al element content in the
deposits on the inner wall of the flow channel, Bgep, , Was calculated to be 0.0267 mol.

On the other hand, when estimating the amount of Al supplied to the HVPE equipment,
Binput was 0.0536 mol, because 6 sccm hydrogen chloride was supplied for 10 hours, and the total

supply of hydrogen chloride was 3600 ml. Therefore, Byepo/Binput Was 50%.

Production and Characterization of LEDs

Next, when producing and characterizing the LEDs in the same manner as in Practical
Example 1, single peak emission was confirmed at a wavelength of 265 nm. An optical output of

0.2 mW was measured at a current of 20 mA and the device failure rate was 90 %,

Comparative Example 3

Production and analvtical characterization of the stack layer (fabrication of AIN single crystalline

layer)

The same substrate as in Practical Example 2 was used here. Except that the supply flow

rate of hydrogen chloride was 12 sccm, a graphite susceptor was used, and the partial pressures of
aluminum chloride and ammonia were 0.0004 atm and 0.0016 atm, respectively, during a growth
time of 12 hr, AIN single crystalline layers were grown by using the same equipment and growth
conditions as in Practical Example 1. There was no cracking observed in the AIN single crystalline
layer. The thickness was 250 pm as measured the cross-sectional scanning electron microscopy.
Five measurement locations consisted of the center of the AIN single crystalline layer and four
additional points located at a radius of 7 mm from the center. These four points were separated by
an angle of 90° between each other. The average value of the lattice constant from five

measurements was 0.311080 nm and |a; — ay|/a; was 58 ppm.
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In addition, when inclusions in AIN single crystalline layers were observed by Nomarski

_ differential interference microscopy, the density of defects resulting from inclusions was 2 cm™.

X-ray rocking curves of the (002) plane were 65 arcsec, and the dislocation density in the AIN
single crystalline layer was the same as that in the substrate. Impurity concentrations measured by
secondary ion mass spectroscopy (SIMS) were 1 x 10" em™ for Si, 1x 10" em™ for O, 3% 10"° em™
for C and below the detection limit for B. Therefore, the total impurity concentration, which was
mentioned previously, was 3 10" em™.

A freestanding AIN single crystalline layer of 135 pum thickness was prepared for
spectroscopic ellipsometry in the same manner as in Practical Example 1. When the refractive
index was measured and analyzed by the spectroscopic ellipsometer in the same manner as in
Practical Example 1, the refractive indices of the a-axis and c-axis directions were 2.411 and 2.474,
respectively, and the difference between these refractive indices was 0.063 at a wavelength of 250
nm. The anisotropy of the a-axis direction and the c-axis direction was not observed in the
extinction coefficient, and the extinction coefficient was 0.00534. The absorption coefficient was
calculated from Equation 1 with the extinction coefficient at a wavelength of 250 nm, and it was
2722 cm™.

In addition, at a wavelength of 265 nm, the refractive index of the a-axis direction was
2.366, the refractive index of the c-axis direction was 2.425, and the refractive index difference
between the a-axis direction and the c-axis direction was 0.059. On the other hand, the anisotropy
of the a-axis direction and the c-axis direction was not observed, and the extinction coefficient was
0.00348. The absorption coefficient was calculated from Equation 1 with the extinction coefficient

at a wavelength of 265 nm, and it was 1650 cm™.

Measurement of deposits on the surface of the flow channel

After the growth, in the range of 200 mm upstream as well as 200 mm downstream from the
nozzle tip, quantitative analysis of wall deposits in the system of the flow channel was carried out.
After removing the components of the flow channel from the HVPE apparatus, the parts in the
aforementioned range and which were kept below 1200°C were immersed in 3 liters of an aqueous
solution of 1% TMAH with for 1 hour. In this case, the container that was used was made of
fluorine resin (PFA) and washed with ultrapure water before use. After diluting the
aforementioned wash solution 50 times, the amount of Al was measured by inductively coupled
plasma-optical emission spectrometry, and a concentration of 4.5 ppm was found. Therefore, the
Al element content in the deposits on the inner wall of the flow channel, Bgepo , Was calculated to be

0.0250 mol.
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On the other hand, when estimating the amount of Al supplied to the HVPE equipment,
Binput was 0.1071 mol because 12 scem hydrogen chloride was supplied for 10 hours, and the total

supply of hydrogen chloride was 7200 ml. Therefore, Byepo/Binput Was 23%.

Production and Characterization of LEDs

Next, when producing and characterizing the LEDs in the same manner as in Practical
Example 1, single peak emission was confirmed at a wavelength of 265 nm. An optical output of
0.01 mW was measured at a current of 20 mA and the device failure rate was 31 %. Since the
ultraviolet light transparency of this AIN single crystalline layer was insufficient, it was thought
that the AIN single crystalline layer absorbed the emitted light.

A summary of LED performance for all Practical Examples and Comparative Examples is
set forth in Table 1 below.

Table 1
Failure
Rate LED Output
% mW
Practical Example 1 33 1.3
Practical Example 2 18 1.4
Practical Example 3 39 1.2
Practical Example 4 26 1.1
Comparative
Example 1 74 0.7
Comparative
Example 2 20 0.2
Comparative
Example 3 31 0.01

Many modifications and other aspects of the disclosure set forth herein will come to mind to
one skilled in the art to which the disclosure pertains having the benefit of the teachings presented
in the foregoing descriptions and the associated drawings. Therefore, it is to be understood that the
disclosure is not to be limited to the specific aspects disclosed and that modifications and other
aspects are intended to be included within the scope of the appended claims. Although specific

terms are employed herein, they are used in a generic and descriptive sense only and not for

purposes of limitation.
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Reference numbers in drawings are as follows:

(Base) substrate

Highly transparent single crystalline AIN layer

Light emitting device layer

P-type electrode

N-type electrode

(Base) substrate

Flow channel

Susceptor

Local heating arrangement

External heating arrangement
Supply nozzle for aluminum chloride
Supply nozzle for nitrogen precursor gas
Exhaust port

Chamber

Baffle plate
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WHAT IS CLAIMED IS:

1. A highly transparent single crystalline AIN layer having a refractive index in the a-axis
direction in the range of 2.250 to 2.400 and an absorption coefficient less than or equal to 15 cm™

at a wavelength of 265 nm.

2. The highly transparent single crystalline AIN layer of claim 1, the single crystalline AIN
layer having a refractive index in the c-axis direction larger than the refractive index in the a-axis
direction, wherein the difference between the refractive indices is in the range of 0.05to 0.15 at a

wavelength of 265 nm.

3. The highly transparent single crystalline AIN layer of claim 1, the single crystalline AIN
layer having a density of defects, originating from inclusions with maximum outer diameter
ranging from 1 to 200 pm, of less than or equal to 50 cm™, and wherein the principal surface area is
larger than or equal to 100 mm?, and wherein the thickness of the single crystalline AIN layer

ranges from 0.05 to 2.0 mm.

4. The highly transparent single crystalline AIN layer of claim 1, wherein the sum of Si, O,

C, and B impurity concentrations is less than or equal to 1x10"° cm™.

5. The highly transparent single crystalline AIN layer of claim 1, wherein said layer is
formed by hydride vapor phase epitaxy.

6. A stack of layers comprising at least one highly transparent single crystalline AIN layer

according to claim 1, which is deposited on a base substrate with an AIN single crystalline surface.

7. The stack of layers of claim 6, where the average lattice constant of the AIN single

crystalline substrate and that of the at least one highly transparent single crystalline AIN layer are
represented by a, and a,, respectively, and wherein the value indicated by ‘al - az‘ /a, is less than or

equal to 90 ppm.

8. A light emitting diode (LED) comprising a highly transparent single crystalline AIN

layer according to claim 1 as a device substrate.
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9. A method for growing highly transparent single crystalline AIN layers, comprising:

supplying an aluminum chloride gas from a supply nozzle and a nitrogen precursor gas from
a supply nozzle to a reactor having walls, wherein a portion of the walls of the reactor form a flow
channel segment defined as the walls of the reactor from 200 mm upstream to 200 mm downstream
of the location of a tip of the aluminum chloride gas supply nozzle; and

reacting the aluminum chloride gas with the nitrogen precursor gas on a substrate in the
reactor in order to grow an AIN single crystalline layer on the substrate;

wherein, during the reacting step, the amount of aluminum contained in wall deposits
formed in the flow channel segment is maintained at a level lower than or equal to 30 % of the total
amount of aluminum fed into the reactor, and wherein the wall temperature in the flow channel is

maintained at less than or equal to 1200°C.

10. The method of claim 9, further comprising supplying a carrier gas to the flow channel
of the reactor and directing the carrier gas toward the substrate, the carrier gas being supplied
around the supply nozzles for the aluminum chloride gas and the nitrogen precursor gas, wherein

the carrier gas passes through a baffle plate comprising a plurality of holes.
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