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Description

[0001] The present invention relates to a method for
producing a thick III-N layer and a III-N substrate, where
N is nitrogen and III is at least one element from group
III of the periodic table of elements, in particular one or
more elements selected from Al, Ga and In (in the fol-
lowing briefly denoted as III-N), as well as to thick III-N
layers and III-N substrates with improved surface mor-
phology. In particular, the III-N material is of crystalline,
especially single-crystalline nature.
[0002] The material system III-N plays an important
role among todays semiconductor materials. It is used
for a number of important optoelectronic and electronic
devices. These devices are based on semiconductor lay-
er structures epitaxially grown on suitable substrate crys-
tals. Epitaxial growth usually yields the best results if ho-
moepitaxy is performed, i.e. the layers are grown on a
substrate of the same composition. Thus III-N for ho-
moepitaxy are desirable. However, such III-N substrates
are almost not commercially available, since their pro-
duction presents a mayor challenge [I. Grzegory and S.
Porowski, in Gallium Nitride and Related Semiconduc-
tors, 1999, INSPEC, B1.1, 359-366].
[0003] One possibility to provide III-N substrates is the
deposition of thick III-N layers. The heteroepitaxial
growth of thick GaN layers using hydride vapour phase
epitaxy (HVPE) has been developed in recent years by
a number of research groups [S. S. Park, I. Park, and S.
H. Choh, Jpn. J. Appl. Phys. 39, L1141 (2000); and X.
Xu, R. P. Vaudo, C. Loria, A. Salant, G. R. Brandes, and
J. Chaudhuri, J. Cryst. Growth 246, 223 (2002)]. The aim
of these developments is the replacement of foreign sub-
strates like sapphire (Al2O3) and SiC for GaN-based tech-
nology since the use of such foreign substrates limits the
device performance. The main reason for these limita-
tions is the high defect density resulting from heteroepi-
taxy on foreign substrates with mismatch in lattice con-
stant and thermal expansion coefficient. When growing
thick layers better results can be achieved when growth
is not started directly on the foreign substrate but on a
thin III-N layer grown on this foreign substrate. [T. Pask-
ova et al., phys. stat. sol. (a), 1999, 176, 415-419]. In the
literature and in the following description, this combina-
tion comprising at least one foreign substrate and at least
one thin III-N layer is referred to as template.
[0004] Using such templates grown by HVPE, elec-
tronic and optoelectronic devices have been produced,
especially GaN laser diodes [S. Nagahama, T. Yanamo-
to, M. Sano, and T. Mukai, Jpn. J. Appl. Phys. 40, 3075
(2001); and M. Kuramoto, C. Sasaoka, Y. Hisanaga, A.
Kimura, A. Yamaguchi, H. Sunakawa, N. Kuroda, M. Ni-
do, A. Usui, and M. Mizuta, Jpn. J. Appl. Phys. 38, L184
(1999)] and light emitting diodes (LEDs) with emission in
the UV spectral region [X. A. Cao, S. F. LeBoeuf, M. P.
DEvelyn, S. D. Arthur, J. Kretchmer, C. H. Yan, and Z.
H. Yang, Appl. Phys. Lett. 84, 4313 (2004)]. However,
these templates still suffer from a number of problems.

They usually show strong bowing and a pronounced ten-
dency for formation of cracks. Both adverse effects derive
from the different thermal expansion of GaN and the for-
eign substrate, usually sapphire. Moreover, GaN layers
grown by the HVPE method usually suffer from a rough
surface requiring further polishing steps before they can
be used as templates for further epitaxial growth [S.S:
Park et al., supra; and L. Liu and J. H. Edgar, Mat. Sci.
Engin. R 37, 61 (2002)].
[0005] The sensitivity for formation of cracks depends
- in addition to the choice of foreign substrate - strongly
on the nucleation or buffer layer formed between foreign
substrate and layer or template respectively used for
HVPE growth. Typically we use 1.5 mm thick GaN tem-
plates, which are produced by metal-organic vapour
phase epitaxy (MOVPE) on 2" sapphire wafers. We no-
ticed that thicker layers without cracks can be grown in
HVPE if, instead of the conventional GaN nucleation lay-
er, a nucleation layer made of AIN grown at low temper-
ature [B. Kuhn and F. Scholz, phys. stat. sol. (a) 188, 629
(2001)] is used in the MOVPE process for template fab-
rication [F. Habel, P. Bruckner, and F. Scholz, J. Cryst.
Growth 272, 515 (2004)]. Apparently, the resulting higher
compressive strain of the nucleation layer at room tem-
perature is responsible for this improvement since it re-
duces or eliminates the net tensile strain at typical HVPE
growth temperatures of around 1000°C. Even thicker lay-
ers free of cracks can be grown on patterned templates
(for example selectively grown GaN stripes) [P. Bruckner,
F. Habel, and F. Scholz (2005), Contribution to ICNS 6,
Bremen, Germany, August 2005].
[0006] In earlier studies [F. Habel, P. Bruckner, J. Tsay,
W. Liu, F. Scholz, D. Schmitz, and M. Heuken, phys. stat.
sol. (c) 2, 2049 (2005)] we observed significant differenc-
es in the morphology of GaN layers grown by HVPE.
These differences apparently were related to the choice
of the templates. Other layer properties assessed by
standard characterization methods (optical microscopy,
x-ray diffraction, photoluminescence spectroscopy,
atomic/scanning force microscope) did not reveal signif-
icant differences. Therefore in the following we focussed
on template properties not studied in depth in the earlier
investigations.
[0007] Only recently it was reported by some groups
that the surface morphology of thin GaN layers [T. Yuasa,
Y. Ueta, Y. Tsuda, A. Ogawa, M. Taneya, and K. Takao,
Jpn. J. Appl. Phys. 38, L703 (1999); D. Lu, D. I. Florescu,
D. S. Lee, V. Merai, J. C. Ramer, A. Parekh, and E. A.
Armour, J. Cryst. Growth 272, 353 (2004); and Y. N. Dro-
zdov, N. V. Vostokov, D. M. Gaponova, V. M. Daniltsev, ,
M. N. Drozdov, O. I. Khrykin, A. S. Filimonov, and V. I.
Shashkin, Semiconductors 39, 1 (2005)] or AIN layers
[Q. Paduano and D. Weyburne, Jpn. J. Appl. Phys. 44,
L150 (2005)] grown by MOVPE is improved by the use
of sapphire wafers with a slight miscut (miscut angle
around 0.3°). Such a behaviour is known from MOVPE
[R. Sasaki, J. Cryst. Growth 160, 27 (1996); and M.
Razeghi and J. P. Duchemin, J. Cryst. Growth 64, 76
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(1983)] and HVPE [M. J. McCollum and G. E. Stillman,
High purity InP grown by hydride vapor phase epitaxy
(Academic Press, Boston, 1990), vol. 31 of Semiconduc-
tors and Semimetals, chap. 2, p. 37; H. Haspeklo, Ph. D.
Thesis, Universitat Stuttgart (1984); and J. V. DiLorenzo,
J. Cryst. Growth 17, 189 (1972)] of III arsenides and phos-
phides, where the group V element is arsenic and/or
phosphorus instead of nitrogen. However, for these com-
pounds optimum miscut angles are several degrees with
2° being a standard value. Such large miscut angles are
not advantageous for III-N growth [O. Parillaud, V. Wag-
ner, H. Buhlmann, F. Lelarge, and M. Ilegems, MRS In-
ternet J. Nitride Semicond. Res. 5S1, W3.13 (2000); and
B. Pecz, M. A. di Forte-Poisson, F. Huet, G. Radnoczi,
L. Toth, V. Papaioannou, and J. Stoemenos, J. Appl.
Phys. 86, 6059 (1999)] or even are disadvantageous and
result in poorer morphology [K. Hiramatsu, H. Amano, I.
Akasaki, H. Kato, N. Koide, and K. Manabe, J. Cryst.
Growth 107, 509 (1991)]. Probably the relatively small
optimum miscut angle for III-N epitaxial growth, especial-
ly on sapphire, has led to the fact that the advantageous
effect of substrate miscut has long been overlooked.
[0008] Previous approaches to improve properties of
III-N wafers by the use of patterned substrates can be
summarized as follows:

Parillaud [MRS Internet Journal of Nitride Semicon-
ductor Research, Vol. 5S1, Art. W3.13 (2000)] has
studied HVPE growth on templates but has used rel-
atively large miscut angles of the substrate in the
range of 2° to 6°.
Ban (US 6,734,530) describes a GaN-based wafer
consisting of a III-N substrate and a III-N layer, where
the surface of the III-N substrate has a miscut be-
tween 1° and 10°. Flynn (US 6,447,604) also de-
scribes homoepitaxial growth by VPE; the possibility
of substrate miscut is considered but not thought to
be of critical importance. In both cases only homoepi-
taxial growth is considered which makes the availa-
bility of a III-N wafer or III-N substrate necessary.
These methods are not suited for heteroepitaxial
growth on foreign substrates and also not for the
production of III-N wafers on the typical foreign sub-
strates.
Kitaoka (US 2004/0144300 A1) describes a III-N
substrate comprising a substrate and a III-N layer.
The thin III-N layer on the substrate in a separate
process step is bevelled to obtain a tilted surface.
The starting substrate in contrast has no miscut.
Thus a costly additional process step is necessary
to obtain the tilted surface. This tilted III-N surface
then is overgrown by liquid phase epitaxy (LPE).
Kainosho (JP 2002-274997 A) describes the growth
of GaN-based semiconductors on perovskite sub-
strates. A miscut of 1° to 4° with respect to the (011)
crystal surface of the perovskite substrate has been
chosen. This method does not relate to the use of
typical foreign substrates for III-N growth like sap-

phire or silicon carbide, which due to their physical
properties and their availability are especially suited
for the growth of III-N layers.
Morishima (JP 2003-347226 A) describes growth of
III-N layers on silicon-on-sapphire substrate with a
miscut of below 0.5° in conjunction with a necessary
additional reactive ion etching step of the template
with a gas containing halogen. This step is necessary
to provide a "mirror smooth " surface of the template
for the subsequent III-N growth.
Matsuoka (US 6,586,819, corresponding to
EP1182697) describes the growth on sapphire sub-
strate under rotation of the (0110)-plane around the
c-axis in a range of 8° to 20°. Morita (US 6,501,154)
describes a III-N substrate, which may optionally
have a miscut but has a surface perpendicular to the
c-plane. These two methods thus are only suited for
the production of III-N wafers with M-plane or A-
plane surface but not with C-plane surface.
Summerfelt (US 6,083,812, corresponding to
EP94101374) describes heteroepitaxial growth of
semiconductors like SiC, AIN or GaN on a ceramic
foreign substrate which has a miscut of between 1°
and 10°. Here, before the epitaxial growth of the sem-
iconductor layer an annealing step at a temperature
of at least 1200°C for at least one hour as well as
the growth of a ceramic buffer layer on the foreign
substrate are necessary. According to the described
embodiment these measures ensure that the buffer
layer has a high surface quality before the growth of
the semiconductor layer is started. Both buffer layer
and semiconductor layer are grown by CVD. In the
embodiment, a miscut (or "off-angle") of 5° against
the c-axis was chosen and the grown SiC layer was
0.3 mm thick.

[0009] It is the object of the present invention is to pro-
vide thick III-N layers capable of being grown with a
(0001)- or C-plane surface, and exhibiting improved sur-
face properties, which thick III-N layers are particularly
suited as substrate for further epitaxial growth steps.
[0010] The present invention provides a process for
producing a III-N substrate as set forth in claim 1. Pre-
ferred embodiments are set out in sub-claims.
[0011] According to a preferred embodiment of the
present invention an epitaxial growth process for produc-
ing a thick III-N layer is provided, wherein above a foreign
substrate having a miscut (misorientation) of between
0.1° and 2° a III-N layer with a thickness of ≥ 40 mm is
deposited.
[0012] Epitaxial growh according to a preferred em-
bodiment is performed by hydride vapour phase epitaxy
(HVPE) on sapphire as foreign substrate, whereby the
substrate miscut is well defined. The sapphire substrate
is preferably crystalline and more preferably single crys-
talline. Compared to a larger miscut of the foreign sub-
strate with a miscut angle of above 2°, surprisingly a sig-
nificant improvement in the surface morphology is
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achieved for miscut angles in the range of 0.1° to below
1° and especially in the range of 0.1° to around 0.6°.
[0013] Contrary to the state of the art, in which ho-
moepitaxial growth is required and thus thick III-N layers
have to be provided before growth, the invention can ad-
vantageously be applied to foreign substrates and espe-
cially sapphire substrates. Between a foreign substrate
and a thick III-N layer preferably grown by HVPE, it is
advantageous but not necessary to provide a thin III-N
layer grown epitaxially, preferably by MOVPE, as tem-
plate. Also direct growth by HVPE on sapphire is possi-
ble.
[0014] According to another embodiment when pro-
ducing III-N substrates, a III-N layer with a thickness of
at least 40 mm is grown on a thin III-N layer of a template
comprising a foreign substrate and said thin III-N layer,
wherein the foreign substrate has a miscut (misorienta-
tion) of the substrate surface, on which growth is per-
formed, with respect to the next crystallographic lattice
plane.
For this embodiment, a template grown on a foreign sub-
strate having a miscut acts as the basis for the deposition
of a thick III-N layer. It has been found that the production
of a template on a foreign substrate with exact orientation
and without miscut by deposition of a thin III-N layer may
yield a smooth surface morphology of this thin layer, while
further growth onto this smooth surface of the template
- expecting this template to be of good quality - yields
thick layers with microscopically rough surfaces often
covered with a high density of hexagonal pyramids. It
was surprisingly found that when epitaxial growth was
performed on a template whose foreign substrate had a
slight miscut with respect to the next crystallographic lat-
tice plane of its surface above which epitaxial growth oc-
curs, and when a thin first III-N layer had been deposited
thereon, thick III-N layers of at least 40 mm thickness
were yielded with very smooth surface morphology, with-
out additional steps like high temperature annealing (for
example at a temperature of at least 1200°C for at least
an hour) and/or etching or polishing of the initial first III-
N layer being necessary.
[0015] For this embodiment, first a thin III-N layer being
thinner than the desired thick layer is deposited onto the
foreign substrate having a slight miscut. Thus, a III-N
substrate is not necessarily required. Onto this template
a thick AlxGa(1-x)N can be grown directly, alternatively
by using further intermediate layers. Thus, a further treat-
ment of the surfaces can be avoided. Particularly, etching
by halogen-containing gases can be dispensed with. A
thick III-N layer of at least 40 mm, preferably at least 50
mm, particularly at least 100 mm thickness has strongly
improved surface properties, especially when for the in-
tentional miscut a value of below 2°, and above all of
below 1°, but above 0.1° is chosen, and furthermore
when the thick III-N layer is grown by HVPE on a sap-
phire-III-N template grown by MOVPE. The sapphire sub-
strate is preferably crystalline, in particular single crys-
talline.

[0016] According to the present invention, a method
for producing III-N substrates is provided, wherein in at
least one step a III-N layer of at least 40 mm thickness is
grown above a substrate by epitaxy at a prescribed N/III
ratio and a prescribed reactor pressure, wherein the
growth of the III-N layer is performed by hydride vapour
phase epitaxy (HVPE) and wherein towards the end but
before the end of the growth process the N/III ratio and/or
the reactor pressure is lowered. During such end part of
the growth process, III-N material shall still be grown but
under said different conditions. The N/III ratio is reduced
by preferably at least 25%, more preferably to a range
of about 50% to about 5% and in particular to a range of
about 7.5% to 25%, for example to about 10% of the N/III
ratio prescribed for the previous part of the growth proc-
ess, and/or the growth pressure in the reactor is reduced
by preferably at least 20%, more preferably to a range
of 25% to 65%, in particular to a range of about 45% to
55%, for example about 50% of the pressure prescribed
for the previous part of the growth process.
It has been demonstrated that, surprisingly, the surface
morphology can significantly be improved if the N/III ratio
and/or the reactor pressure is lower in the last part of the
epitaxial growth process. This even holds when exact
substrates without the miscut given above are used.
Since the advantage of the concept according to the in-
vention especially is important for foreign substrates, the
substrate preferably is such a foreign substrate like sap-
phire (Al2O3), SiC, GaAs, Li(Al;Ga)Ox (0≤ x ≤ 3; in par-
ticular x = 2) or other foreign substrates, or a template
comprising such foreign substrate and a thin III-N layer.
Likewise, the improvement of the surface morphology of
III-N layers grown by HVPE by modification of the growth
parameters towards the end of growth process according
of this embodiment of the invention can also be applied
to the homoepitaxial growth processes on native III-N
substrates or templates. According to the present inven-
tion an improvement of the surface morphology is par-
ticularly achieved if the growth of the thick III-N layer is
performed by HVPE and when the reduction of the N/III
ratio and/or the growth pressure in the HVPE reactor is
prescribed in the last 60 minutes, preferably in the last
30 minutes and especially in the last 10 minutes of the
growth process for the thick III-N layer.
The surface quality can in this embodiment be even fur-
ther improved if the foreign substrate has the misorien-
tation (miscut) given above.
[0017] The invention therefore in the individual embod-
iments given above provides optimized growth condi-
tions for a thick III-N layer above a substrate (i.e. onto a
substrate or a template) for the start and the end of the
epitaxial III-N growth process by HVPE.
[0018] The terms "misorientation" and "miscut" used
herein mean a bevel or a tilt of the substrate surface,
above which the growth of the thick III-N layer is per-
formed, in a well defined direction with respect to a crys-
tallographic plane of the crystal lattice. In case of sapphire
as foreign substrate for example, where the growth of III-
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N layers usually is performed on the (0001) surface, the
growth surface is slightly tilted with respect to the (0001)
crystal plane of the sapphire. The direction of this miso-
rientation can be freely chosen, for example to the A or
{11-20} side of the substrate, which usually is marked by
the orientation flat, or to the M or {1-100} side of the sub-
strate. If for other foreign substrates other surfaces are
suited for the growth of III-N layers according to the in-
vention a substrate with a slight misorientation of the sub-
strate surface with respect to the said crystallographic
planes is used, especially with respect to {111} of silicon,
{111} of gallium arsenide or {001} of lithium aluminate or
lithium gallate.
[0019] Such a misorientation or miscut should further-
more be in the range of between 0.1° and 2°, preferably
from about 0,1° to below 1.0°, more preferably from about
0.1° to about 0.6° and particularly from about 0.3° to about
0.6°.
[0020] In the above definitions III denotes at least one
element of group III of the periodic table of elements. This
III element should be chosen from the group Al, Ga and
In as one single element or a combination of elements.
A respective general formula is thus AlxGayInzN with
0≤x≤1, 0≤y≤1, 0≤z≤1 and x+y+z=1. Examples for possi-
ble III-N compounds are quaternary compounds like
(Al,Ga,In)N, ternary compounds like (Al,Ga)N, (Ga,In)N
and (Al,In)N, or binary compounds like GaN or AIN.
Amongst the chosen elements of the III. group, as exem-
plified in the above brackets, all possible percentages of
mixtures are possible, i.e. from 0 to 100% of atoms of
the respective element (for example (Al,Ga)N =
AlxGa1-xN, where 0 ≤ x ≤ 1). (Al,Ga)N and GaN are par-
ticularly preferred. The following description of particular
embodiments is not limited to the III-N compounds given
there but can be applied to all possible III-N compounds.
Furthermore, the compositions of the thin first III-N layer
and the thick III-N layer can be chosen independent of
each other. The compositions can be the same or can
be different. The III-N layer produced by the process
steps, especially the thin III-N layer grown by MOVPE
and the thick III-N layer grown by HVPE, preferably are
crystalline, particularly single crystalline. Particularly suit-
ed in combination with sapphire substrates are thin layers
containing GaN or AIN and thick layers of GaN.
[0021] It is possible, but usually not necessary that the
thickness of the optionally deposited thin III-N layer ex-
ceeds about 10 mm. Usually, the thickness is at most
about 5 mm and, if such a thin layer is used, typically falls
in the range of above 0 to about 3 mm, for example from
about 1 mm up to about 2 mm.
[0022] With the substrate including the thick III-N layer,
diameters of at least 2 inch (about 5 cm), at least 3 inch
(about 7.6 cm) or at least 4 inch (about 10 cm) or more
can be obtained.
[0023] According to the disclosure provided herein a
substrate with a III-N layer can be provided, wherein the
layer surface has an average roughness of ≤ 50 nm and
even of ≤ 40 nm. The average roughness can for example

be measured by surface profilometry or Atomic Force
Microscopy (AFM). It is possible that the excellent and
extremely small roughness is preserved for a thickness
of the thick III-N layer of at least about 40 mm, preferably
at least about 50 mm, more preferably at least about 100
mm and particularly at least about 300 mm. A III-N sub-
strate is obtainable with the method described above.
After removal of the initial foreign substrate a freestand-
ing III-N substrate is provided.
[0024] In this way it is possible to achieve a unique
combination of the wafer properties given above, wherein
an extremely low average surface roughness over the
whole wafer and not only in limited areas is combined
with a desired layer thickness that is sufficient for free-
standing III-N layers of desired diameters, if such free-
standing form is required or desired.
[0025] The III-N layer produced by the process accord-
ing to the invention with improved surface morphology is
suited as substrate for further epitaxial growth steps for
the manufacture of semiconductor devices. Thermal,
mechanical and/or chemical processes that attack the
crystal, for example to smooth the surface of the thick III-
N. layer, can advantageously be avoided or omitted, if
desired. Simple cleaning or washing steps for example
with solvents that do not attack the crystal can of course
always be used, if desired.
[0026] According to the disclosure provided herein a
semiconductor device on a foreign substrate with a thick
III-N layer having a thickness ≥ 40 mm can be obtained,
wherein the foreign substrate has a misorientation or mis-
cut in the range of between 0.1° and 2°, preferably from
about 0.1° to below 1.0°, more preferably from about 0.1°
to about 0.6° and particularly from about 0.3° to about
0.6°. The foreign substrate preferably is sapphire, par-
ticularly single crystalline sapphire.
Further, an obtained device can comprise a III-N sub-
strate having a thickness ≥ 40 mm and having an average
surface roughness of ≤ 50 nm as defined above.
[0027] The thick III-N layer or the III-N substrate in the
above described semiconductor devices may have thick-
nesses in the range of ≥ about 100 mm and particularity
≥ about 300 mm.
The III-N material has the compositions given above,
preferably it is GaN, particularly single crystalline GaN.
[0028] The average surface roughness of the thick III-
N layer of the above-mentioned III-N substrate or the
above-mentioned devices can be in the range of ≤ 40 nm
and even ≤ 30 nm. A further feature of the substrate or
the device described above is that this extremely low
surface roughness is obtained without polishing or etch-
ing. Also the thin III-N layer does not require polishing or
etching. This reduces the defect density especially with
respect to defects directly under the treated surface that
are easily introduced during etching and/or polishing
(subsurface damages).
[0029] An optimization of the surface properties de-
scribed above can be achieved by combination of one or
several of the above-mentioned process and/or product
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features. As an example, the use of MOVPE for the op-
tional thin III-N layer and the uses of HVPE for the thick
III-N layer allows for an especially advantageous combi-
nation of process parameters like temperature, pressure
and N/III ratio in the reactor chamber.
[0030] In the following, the invention is described in
further detail by illustrative reference information and by
preferred embodiments and examples with reference to
the attached drawings. The given preferred embodi-
ments and examples only are meant for illustration and
by no means shall limit the scope of the invention.

Fig. 1 shows, as illustrative reference information,
photoluminescence spectra at low temperature (T
around 20 K) of two templates, which have been
grown side by side in the same MOVPE process run.
The solid line refers to a template grown on a sap-
phire foreign substrate with exact orientation, the
dashed line to a template on a sapphire foreign sub-
strate with 0.3° misorientation (miscut). The spectral
shape of the curves is relevant and thus the intensity
of the latter sample has been shifted by a factor of 2.

Fig. 2A and 2B show, as illustrative reference infor-
mation, optical Nomarski interference contrast mi-
croscopy images of the surfaces of two representa-
tive thick GaN layers, which have been grown by
HVPE on the respective MOVPE templates of Fig.
1, wherein Fig. 2A shows a layer on the template
comprising the sapphire foreign substrate having ex-
act orientation and Fig. 2B that on the template com-
prising the sapphire foreign substrate having 0.3°
misorientation (miscut).

Fig. 3 shows, as illustrative reference information,
the surface profiles (measured by surface profilom-
etry) of GaN layers grown by HVPE on a template
with exact orientation (solid line) or on a template
with 0.3° misorientation (dashed line).

Fig. 4 shows, as illustrative reference information,
photoluminescence spectra at low temperature (T
around 20 K) of the two layers from Figs. 2A and 2B.

Fig. 5 shows optical Nomarski interference contrast
microscopy images of the surfaces of two represent-
ative GaN layers grown by HVPE on sapphire foreign
substrates having different misorientation angles.
The columns show the results of HVPE growth proc-
esses on sapphire substrates with exact orientation
(left), with a misorientation of 0.3° (middle) and of
0.6° (right). The process conditions were either kept
constant for the whole growth duration as a compar-
ison example (upper row) or were changed towards
the end of the growth process with respect to the
N/III ratio (middle row) or the pressure at growth (low-
er row) as examples according to the invention.

Examples

Reference Example 1:

[0031] As an example, a thin GaN layer can be grown
onto a sapphire foreign substrate having a misorientation
of 0.3° in an Aixtron 200/4RF-S MOVPE system. The
thickness of this thin GaN layer for example is below 2
mm, particularly between 1 and 2 mm. This template is
deloaded from the MOVPE reactor and loaded into an
Aixtron LP-HVPE reactor. There, a thick GaN layer with
a thickness of several hundred mm is grown onto this
template. The HVPE process for example is carried out
at a temperature of between 1040°C and 1075°C and at
a pressure of between 900 and 1000 mbar at an N/III
ratio of about 40 in a mixture of about 50% hydrogen and
about 50% nitrogen as carrier gas. The growth rate in
this reference example is about 40 mm/h. Through the
use of foreign substrates with a slight misorientation a
significantly improved surface morphology after HVPE
growth is provided. Even though the layer thickness of
the thick GaN layer is 40 mm or higher, the surface mor-
phology is comparable to the one of significantly thinner
layers grown by MOVPE. Accordingly, the layer provided
according to this embodiment of the invention is well suit-
ed to be used as substrate for subsequent epitaxial
growth for example of layers for semidonductor devices
without any further treatment steps.

Reference Example 2:

[0032] In the framework of the invention several tem-
plates on sapphire foreign substrates with misorientation
were compared to conventional ones with exact orienta-
tion by using them side by side in the same HVPE growth
process.
[0033] All HVPE growth processes were performed in
an AIXTRON single wafer HVPE system with horizontal
quartz reactor. As usual metallic Ga is fed by HCl gas to
the substrate. Ammonia is used as source for nitrogen.
The Ga source was operated at 850°C while the substrate
zone was heated to 1040-1075°C. A 1:1 mixture of N2
and H2 was used as carrier gas. The experiments were
performed at atmospheric pressure and a N/III ratio of
about 40.
[0034] All HVPE-grown layers were deposited onto
GaN templates which had been grown on 2 inch sapphire
wafers as foreign substrates by MOVPE. Up to four dif-
ferent templates could be used in parallel by loading four
quarters prepared from different templates by cleaving.
Under our typical growth conditions a growth rate of
around 40 mm/h was obtained. The templates and the
thick layers produced by HVPE growth with thicknesses
of between 40 and 140 mm were characterized using
standard methods like optical microscopy, high resolu-
tion x-ray diffraction (HRXRD), low temperature photo-
luminescence (PL) and surface profilometry.
These measurements revealed that the layer properties
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of the templates were very similar except for the misori-
entation. The low temperature PL spectra of two tem-
plates grown in parallel on a multiwafer MOVPE reactor
are exemplarily shown in Fig. 1, The two templates differ
only slightly in their surface quality and thereby illustrate
the results discussed above. Especially no differences
were found in the strain of the layers or the linewidth of
PL spectra or HRXRD rocking curves. The GaN layers
on these wafers possessed the same misorientation like
the sapphire substrate on which they were grown. We
found a maximum tilt of the thin GaN layer grown by
MOVPE with respect to sapphire substrate of around 200
arcsec.
[0035] Thus it can be stated that, surprisingly, the thin
III-N layer surfaces and further properties did not show
differences between exact orientation and a slight miso-
rientation.
[0036] Immediately before the HVPE process the tem-
plates were washed in standard solvents to remove dust,
particles and further contaminations derived form wafer
handling. No correlation between surface morphology
and storage time of the templates between the MOVPE
growth and their usage for HVPE growth was found for
a range of only several hours and up to several months.
Thus significant influences by oxidation of the surface or
by other factors can surely be excluded.
[0037] On the other hand we found evident indications
that the slight misorientation is responsibly for the ob-
tained excellent surface morphology. The thick layers
grown by HVPE on the misoriented templates even for
thicknesses of 100 mm and above shower mirror-like sur-
face morphology (Fig. 2), which can readily be compared
to state-of-the-art significantly thinner layers grown by
MOVPE, while on templates with exact orientation in gen-
eral high pyramids are formed as usually found for thick
layers grown conventionally by HVPE. This higher rough-
ness for exact orientation is also revealed and can be
quantified by surface profilometry (Fig. 3).
It is assumed that the epitaxial growth is controlled by
step-flow induced by the surface steps on the slightly
misoriented substrates [W. K. Burton, N. Cabrera, and
F. C. Frank, Phil. Trans. A 243, 299 (1951)]. For a mis-
orientation of 0.3° these steps have an average distance
of about 50 nm. This apparently is smaller than the dif-
fusion length of the Ga atoms adsorbed to the surface
[typically, only the group-III atoms have to be considered
due to the high N/III ratio and the easy desorption of the
N atoms]. At the same time the step distance is signifi-
cantly smaller than the average distance of dislocations
(about 300 nm at a dislocation density of 109 cm-2 which
is typical for thin templates).This could be the reason for
the suppression of three-dimensional nucleation at dis-
locations in favour of two-dimensional growth at step edg-
es.
As already observed for the templates, also the thick lay-
ers grown by HVPE showed no significant differences in
their optical and crystalline properties except for the im-
proved surface morphology when a slight misorientation

(miscut) is used. It again should be stressed that the
strain in the layers as indicated by the energy of the do-
nor-bound excitons in PL is the same irrespective of the
orientation of the substrate (Fig. 4).
[0038] In summary the surface quality of thick GaN lay-
ers grown by HVPE can significantly be improved by the
use of substrates with a slight miscut (e.g. about 0.3°)
while growth on substrates with exact orientation leads
to the formation of pyramids commonly observed for thick
layers conventionally grown by HVPE. Thus the layers
grown on substrates with misorientation are ideally suited
as substrates for further epitaxial growth steps without
additional preparation steps being necessary.

Example 3:

[0039] The process described in example 2 was mod-
ified as follows:

Example 3.1 (comparison): The HVPE process on
templates with exact orientation (without miscut) or
with a misorientation with an off-angle (miscut) of
0.3° or with an off-angle (miscut) of 0.6°, is performed
at otherwise constant conditions with respect to pres-
sure and N/III ratio up to the end of epitaxial growth.
Example 3.2 according to the invention: Like in Ex-
ample 3.1, but with a reduction of the N/III ratio from
40 to 5 at unchanged pressure for the last 10 minutes
of epitaxial growth.
Example 3.3 according to the invention: Like in Ex-
ample 3.1, but with a reduction of the N/III ratio from
40 to 5 and a reduction of the pressure for growth
from 900 mbar to 500 mbar for the last 10 minutes
of epitaxial growth.

[0040] For a valid and unambiguous comparison in
each epitaxial growth process four wafer parts (each ¨
of a 2 inch wafer) were deposited in parallel, so that the
layers on the different template types with and without
misorientation were grown under identical growth condi-
tions.
The results are summarized in Fig. 5.
For all process conditions used the surface quality was
worst for exact orientation, even though also in this worst
case the surface quality could significantly be improved
by variation of the N/III ratio and especially variation of
the N/III ratio as well as the growth pressure (see left
column).
Without variation of N/III ratio and growth pressure a mi-
sorientation of 0.6° was superior to 0.3°. When reducing
only the N/III ratio at the end of the growth process the
result on 0.3° was better but still the surface quality for
0.6° misorientation was very good.
The best results were obtained with the optimized com-
bination of an only slight misorientation, preferably of
0.3°, and a reduction of N/III ratio and pressure towards
the end of the epitaxial growth process. This combination
yielded exceptionally good surface quality.
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[0041] Although the invention has been described in
detail by embodiments and examples, variations and
modifications will become obvious to the person skilled
in the art.

Claims

1. A process for producing a III-N substrate, wherein
III denotes at least one element of group III of the
periodic table of elements, the process comprising
a step in which a III-N layer having a thickness of at
least 40 mm is deposited above a substrate by epi-
taxial growth under a predetermined N/III ratio and
a predetermined reactor pressure, wherein the
growth of the III-N layer is performed by hydride va-
pour phase epitaxy and wherein towards the end of
the epitaxial growth process for the III-N layer the
N/III ratio and/or the pressure in the reactor is(are)
lowered relative to the predetermined N/III ratio
and/or the predetermined reactor pressure, respec-
tively.

2. The process according to claim 1, wherein the re-
duction of the N/III ratio and/or the reduction of the
reactor pressure is performed to a range of 50% to
5% of the predetermined N/III ratio, and/or to a range
of 65% to 25% of the predetermined pressure, re-
spectively.

3. The process according to claim 1 or 2, wherein the
reduction of the N/III ratio and/or the reduction of the
reactor pressure is(are) performed in the final stage
of the epitaxial growth process.

4. The process according to any one of claims 1 to 3,
wherein the epitaxial growth of the III-N layer is per-
formed on a native III-N substrate or template.

5. The process according to any one of claims 1 to 3,
wherein the epitaxial growth of the III-N layer is per-
formed on a substrate which comprises a foreign
substrate and optionally a thin III-N layer.

6. The process according to claim 5, wherein the for-
eign substrate has a crystallographic misorientation
between 0.1 and 2°.

7. The process according to claim 5, wherein the for-
eign substrate has a crystallographic misorientation
from about 0.3° to about 0.6°.

8. The process according to claim 5 for producing a
freestanding III-N layer, wherein, after deposition of
said III-N layer having a thickness of at least 40 mm,
said foreign substrate is removed.

9. The process according to any one of the preceding

claims, comprising after carrying out the specified
process, said III-N layer is used as substrate for fur-
ther epitaxial growth steps for the manufacture of
semiconductor devices.

Patentansprüche

1. Verfahren zur Herstellung eines III-N-Substrates,
wobei III mindestens ein Element der dritten Haupt-
gruppe des Periodensystems der Elemente bezeich-
net, wobei das Verfahren einen Schritt umfasst, bei
dem eine III-N-Schicht mit einer Dicke von mindes-
tens 40 mm über einem Substrat durch epitaxiales
Wachstum bei einem vorbestimmten N/III-Verhältnis
und einem vorbestimmten Reaktordruck abgeschie-
den wird, wobei das Wachstum der III-N-Schicht mit-
tels Hydrid-Dampfphasenepitaxie ausgeführt wird
und wobei gegen Ende des epitaxialen Wachstums-
verfahrens der III-N-Schicht das N/III-Verhältnis
und/oder der Druck im Reaktor bezüglich jeweils
dem vorbestimmten N/III-Verhältnis und/oder dem
vorbestimmten Reaktordruck erniedrigt wird (wer-
den).

2. Verfahren gemäß Anspruch 1, wobei die Erniedri-
gung des N/III-Verhältnisses und/oder die Erniedri-
gung des Reaktordrucks jeweils auf einem Bereich
von 50% bis 5% des vorbestimmten N/III-Verhältnis-
ses und/oder auf einem Bereich von 65% bis 25%
des vorbestimmten Drucks durchgeführt werden.

3. Verfahren gemäß Anspruch 1 oder 2, wobei die Er-
niedrigung des N/III-Verhältnisses und/oder die Er-
niedrigung des Reaktordrucks in der letzten Stufe
des epitaxialen Wachstumsverfahrens durchgeführt
wird (werden).

4. Verfahren gemäß irgendeinem der Ansprüche 1 bis
3, wobei das epitaxiale Wachstum der III-N-Schicht
auf einem nativen III-N-Substrat oder Templat
durchgeführt wird.

5. Verfahren gemäß irgendeinem der Ansprüche 1 bis
3, wobei das epitaxiale Wachstum der III-N-Schicht
auf einem Substrat durchgeführt wird, welches ein
Fremdsubstrat und wahlweise eine dünne III-N-
Schicht umfasst.

6. Verfahren gemäß Anspruch 5, wobei das Fremdsub-
strat eine kristallographische Fehlorientierung zwi-
schen 0,1° und 2° besitzt.

7. Verfahren gemäß Anspruch 5, wobei das Fremdsub-
strat eine kristallographische Fehlorientierung von
ungefähr 0,3° bis ungefähr 0,6° besitzt.

8. Verfahren gemäß Anspruch 5, um eine freistehende
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III-N-Schicht herzustellen, wobei das Fremdsubst-
rat, nach Abscheidung der III-N-Schicht mit einer Di-
cke von mindestens 40 mm, entfernt wird.

9. Verfahren gemäß irgendeinem der vorgehergehen-
den Ansprüche, welches umfasst, dass die III-N-
Schicht, nachdem das spezifizierte Verfahren aus-
geführt wurde, als Substrat für weitere epitaxiale
Wachstumsschritte für die Herstellung von Halblei-
terbauelementen verwendet wird.

Revendications

1. Procédé de production d’un substrat de III-N, dans
lequel III représente au moins un élément du groupe
III du tableau périodique des éléments, le procédé
comprenant une étape dans laquelle une couche de
III-N présentant une épaisseur d’au moins 40 mm est
déposée sur un substrat par croissance épitaxiale
sous un rapport N/III prédéterminé et une pression
de réacteur prédéterminée, dans lequel la croissan-
ce de la couche de III-N est mise en oeuvre par épi-
taxie en phase vapeur hybride et dans lequel, vers
la fin du processus de croissance épitaxiale de la
couche de III-N, le rapport N/III et/ou la pression dans
le réacteur sont réduits par rapport au rapport N/III
prédéterminé et/ou respectivement, à la pression de
réacteur prédéterminée.

2. Procédé selon la revendication 1, dans lequel la ré-
duction du rapport N/III et/ou la réduction de la pres-
sion de réacteur sont mises en oeuvre dans une pla-
ge de 50 % à 5% du rapport N/III prédéterminé, et/ou
respectivement dans une plage de 65 % à 25 % de
la pression prédéterminée.

3. Procédé selon la revendication 1 ou 2, dans lequel
la réduction du rapport N/III et/ou la réduction de la
pression de réacteur sont mises en oeuvre dans
l’étape finale du processus de croissance épitaxiale.

4. Procédé selon l’une quelconque des revendications
1 à 3, dans lequel la croissance épitaxiale de la cou-
che de III-N est mise en oeuvre sur un substrat ou
modèle III-N natif.

5. Procédé selon l’une quelconque des revendications
1 à 3, dans lequel la croissance épitaxiale de la cou-
che de III-N est mise en oeuvre sur un substrat qui
comprend un substrat étranger et en variante une
couche de III-N mince.

6. Procédé selon la revendication 5, dans lequel le
substrat étranger présente une misorientation cris-
tallographique comprise entre 0,1° et 2°.

7. Procédé selon la revendication 5, dans lequel le

substrat étranger présente une misorientation cris-
tallographique comprise entre 0,3° environ et 0,6°
environ.

8. Procédé selon la revendication 5, afin de produire
une couche de III-N autoportante, dans lequel, après
dépôt de ladite couche de III-N présentant une épais-
seur d’au moins 40 mm, ledit substrat étranger est
retiré.

9. Procédé selon l’une quelconque des revendications
précédentes, comprenant, après mise en oeuvre du
procédé spécifié, l’utilisation de ladite couche de III-
N en tant que substrat pour des étapes de croissance
épitaxiale supplémentaires afin d’assurer la fabrica-
tion de dispositifs semi-conducteur.
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