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(6) is performed at the growth temperature and within a growth reactor (7), and
.3 comprises selective chemical etching of the porous first group III nitride layer (2).



WO 2012/164006 A1 AT 00 TN T 0 OO

TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW, __
ML, MR, NE, SN, TD, TG).

of inventorship (Rule 4.17(iv))

Declarations under Rule 4.17: Published:

— as to applicant’s entitlement to apply for and be granted with international search report (drt. 21(3))

a patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))



WO 2012/164006 PCT/EP2012/060227

10

15

20

25

30

METHOD AND APPARATUS FOR FABRICATING FREE-STANDING
GROUP III NITRIDE CRYSTALS

FIELD OF THE INVENTION

The present invention relates, in general, to methods
and apparatuses for fabricating free-standing group
ITI nitride crystals. The present invention is focused
on a method for fabricating a free-standing group III
nitride crystal, the method comprising depositing a
high-quality quasi-bulk group III nitride single crys-
tal layer on a foreign growth substrate and separating
the so formed nitride crystal from the foreign sub-
strate. The present invention is also focused on an

apparatus for such method for fabrication.

BACKGROUND OF THE INVENTION

Due to the many advantageous properties thereof, ni-
trides of group III metals, i.e. the so called III-
nitrides which can also be denoted by the general for-
mula “A3N”, form an important group of semiconductor
materials for electronic and optoelectronic applica-
tions. As one example, Gallium Nitride (GaN) in 1its
many variations has become one of the most important
semiconductor materials for optoelectronic devices
such as high brightness Light Emitting Diodes (LEDs)
for lighting applications.

Nitride-based devices are typically grown epitaxially
as layered structures on substrates. In the case of
heteroepitaxy, i.e. when the substrate is of different
material than the epitaxially gron crystal, the dif-
ferences in thermal expansion coefficients and lattice
constants between the hetero-substrate and grown A3N

plate lead to stress generation at the layer interface
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area, particularly during the change of the growth
temperature or cooling down of the grown structure
from the growth temperature. These stresses result in
high density of different defects like pits and some-

times even cracks.

Thus, as well-known in the art, in order to avoid such
undesired effects due to the different lattice con-
stants and thermal expansion coefficients between the
substrate and the device layers grown on it, a growth
substrate should most preferably be formed of the same
material as the device layers. However, unavailability
of high quality, preferably stand-alone III-nitride
templates is a well-known problem in this field, hav-
ing compelled the device manufacturers to use foreign
substrates. As an example, common examples of foreign
substrate materials for GaN-based devices are sapphire

and silicon carbide.

Several technigues for fabricating free-standing group
IIT nitride substrates have been proposed. Those tech-
niques typically include combination of growth steps,
mask deposition, and finally removal of the initial
growth substrate. Standard horizontal or vertical CVD
reactors are commonly used. Generally, such substrates
can be produced by depositing a thick layer of a group
ITI nitride, typically having a thickness of several
hundreds of micrometers, on a foreign substrate such
as sapphire, Al203, §SiC, Si, etc., and subseguently
separating the foreign substrate from the deposited
nitride layer(s). Substrate removal can be accom-

plished in various manners including mechanical grind-
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ing, laser lift-off, etching, etc. However, this con-
ventional approach has several limitations. IT1-
nitride deposition process necessitates high tempera-
tures (typically 1000°C to 1100°C). During cooling
down from the growth temperature to room temperature,
the III-nitride film undergoes a biaxial stress caused
by the large difference between the thermal-expansion
coefficients of the nitride crystal and the substrate
material. This stress can cause cracking, bowing, gen-

eration of crystal defects, and other adverse effects.

In addition to direct deposition of a thick nitride
layer on a foreign substrate, also well-known are sev-
eral techniques wherein an intermediate nitride layer
is first formed on a foreign substrate and treated so
as to form a porous nitride layer, e.g. by UV assisted
electrochemical etching. A thick nitride crystal layer
is then grown on the porous intermediate layer. Final-
ly, the thick nitride layer is separated from the sub-
strate along the porous intermediate layer. As an ex-
ample, US 2007/0082465 Al discloses a method for pro-
ducing a free-standing GaN substrate, wherein the po-
rous intermediate layer is formed by providing an GaN
layer in a reactor, and supplying HC1l and NH3 gases
into the reactor to treat the GaN layer. The separa-
tion of the substrate from the thick GaN layer is fa-
cilitated by cracks or fractures in the porous layer
caused by thermal stresses during cooling down the de-
posited structure from the deposition temperature. The
main drawback of this technigque is the limited control

of the separation process.
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Due to said problems of the prior art approaches,
there 1is still a continuous and intense need in the
market for effective and well-controlled methods and
apparatuses for fabricating stand-alone, 1i.e. free-

standing high gquality group III nitride crystals.

PURPOSE OF THE INVENTION

The purpose of the present invention is to provide so-

lutions for the above need.

SUMMARY OF THE INVENTION

The present invention is focused on a method for fab-
ricating a high-quality free-standing group III ni-
tride plate, i.e. a crystal in the form of a wafer-
like plate, having low stresses and low defect densi-
ty. The group III nitride can be e.g. gallium nitride
GaN.

The method comprises the steps of: growing a first
group III nitride layer on a foreign growth substrate;
treating the first group III nitride layer so as to
make it porous; growing at a growth temperature within
a growth reactor a second group III nitride layer on
the first group III nitride layer; and separating the
second group III nitride layer from the growth sub-
strate so as to form a free-standing group III nitride

plate.

Said steps of growing can be performed using any known
Chemical Vapor Deposition (CVD) process, including but
not limited to metal-organic CVD and Hydrid Vapor Epi-
taxy HVPE. Similarly, in the step of making the first
group III nitride porous, any known method suitable
for treating group III nitride so as to make it porous
can be used. One possible alternative is electrochemi-

cal etching.
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The foreign substrate can be of any material suitable
for CVD deposition of group III nitrides, and differ-
ent from the nitride to be grown. Widely used materi-

als are e.g. sapphire and silicon carbide.

The initial layer, i.e. the first group III nitride
layer 1is a buffer layer between the foreign growth
substrate preferably thin with a thickness below 10
um. In any case, the thickness should be so low that
no stress-induced defects occur in this layer. The
thickness thereof can be even as low as e.g. 300 nm.
In general, 1in growing the first group III nitride
layer, processes and principles as such known in the

art can be used.

The second group III nitride layer is the layer final-
ly forming the actual free-standing plate. Thus, its
thickness must provide sufficient mechanical strength
and keep the plate flat after removal of the growth
substrate. For example, for a wafer having a size of 2
inches, the suitable thickness can be e.g. about 500
pm. If higher thickness is grown, it may be possible
to slice the completed plate into two or more thinner

wafers.

Treating the first group III nitride layer so as to
make it porous means that open pores, i.e. pores which
are open to the surroundings of the first group III
nitride layer are formed in the nitride. Making the
layer that way porous has several effects. For exam-
ple, it weakens the nitride material mechanically,
thereby facilitating the separation of the second
group III nitride layer from the growth substrate
along the porous layer; stimulates stress relaxation
in the first group III nitride layer itself and, con-
sequently, also in the second group III nitride layer

grown on it; reduces the propagation of defects (dis-
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locations) into the second group III nitride layer;
and prevents cracking of the first group III nitride

layer.

According to the present invention, the step of sepa-
rating the second group III nitride layer from the
growth substrate is performed at the growth tempera-
ture and within the growth reactor, and comprises se-
lective chemical etching of the porous first group III

nitride layer.

Said principle of performing said separation at the
growth temperature in the growth reactor provides
great advantages. When the second group III nitride is
separated from the growth substrate in a high tempera-
ture and without first removing the grown sample from
the growth reactor, the harmful stress generation due
to the different thermal behavior of the substrate and
the grown nitride during the decrease of temperature
is avoided. As a result, crack-free, low-defect densi-
ty nitride plate can be produced. Moreover, the selec-

tive process can be performed efficiently in situ.

A key feature in the separation of the second group
ITI nitride layer is the selective chemical etching of
the porous first group III nitride layer. When etching
gases are supplied to the growth reactor, in principle
both nitride layers are etched. However, the highly
enhanced diffusion of the etching gas molecules into
the first group III nitride layer via the pores there-
in makes this layer to be etched drastically faster

than the second group III nitride layer.

Selective chemical etching is preferably continued as
long as the buffer layer, i.e. the first group III ni-
tride layer is fully removed, and the second group III

nitride layer 1is thereby separated from the growth
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substrate. Due to the selectivity of the etching, the
second group III nitride layer finally forming the
free-standing nitride plate is etched only partially
at its top surface. The selectivity can be further en-
hanced by means of a protective layer of suitable ma-
terial arranged on top of the second group III nitride

layer.

In addition to the selective chemical etching, another
process taking place at the high growth temperature
and facilitating the removal of the first group III
nitride layer 1is thermal decomposition. The rate of
decomposition of the porous nitride under the influ-
ence of a high temperature is much faster than that of
the solid nitride. The free surface area of the porous
nitride in the first group III nitride layer is much
larger compared to that of the bulk nitride in the se-
cond group III nitride layer. Therefore the porous
buffer layer loses nitrogen atoms much faster. Moreo-
ver, thermal decomposition of the bulk nitride in the
second group III nitride layer can be fully suppressed
by supplying ammonia or continuing nitride deposition

during the thermal treatment of the porous layer.

By growth temperature is meant in this specification
the temperature range used in the steps of growing the
second group III nitride layers. Typically this lies
around about 1000°C. The temperature in which the se-
lective chemical etching is performed is not required
to be exactly within the lower and upper limits of the
growth temperature range but may slightly deviate from
said range in so far as the temperature is sufficient-
ly low to avoid said harmful stress generation. Pref-
erably, the step of separating selective chemical
etching is performed at a temperature which is within

+ 50°C from the growth temperature, i.e. 1is below or
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exceeds the growth temperature range by no more than
50°C.

In the method of the present invention, in the step of
growing at a growth temperature within a growth reac-
tor a first group III nitride layer on a foreign
growth substrate comprises, a first group III nitride
layer having a plurality of sub-layers may be formed.
A multi-layered inner structure of the first nitride
layer can help to achieve a smooth and low-defect den-
sity surface of this layer acting as the growth sur-

face for the second group III nitride laver.

At least some of the gases used as the growth process
gases in the steps of growing the group III nitride
layers are preferably used also as etching gases in

said selective chemical etching.

According to a second aspect, the present invention is
focused on a growth reactor for growing group III ni-
tride layers on a foreign growth substrate. The growth
reactor of the present invention comprises a first
zone for said growing of group III nitride layers by

CVD deposition.

According to the present invention, the growth reactor
further comprises a second zone and a gas system for
supplying etching gases for selectively etching, in
the second zone, a group III nitride layer grown in

the first zone.

Thus, in the reactor design of the present invention,
in addition to a standard growth zone(s), a special
additional zone for selective chemical etching is add-
ed. This second zone and the gas system of the growth
reactor enable separation of the second group III ni-

tride from the growth substrate at the growth tempera-
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ture within the growth reactor, so without first re-
moving the grown layer stack from the reactor. This
leads to the great advantages as described above in
the context of the method aspect of the present inven-

tion.

To summarize, the method and the reactor according to

the present invention has the following features:

i) The process of plate fabrication includes the fol-
lowing steps: (1) creating a buffer layer with open
pores, the layer being made of an A3N material; (2)
growing a thick A3N layer on top of said buffer layer;
(3) selective chemical etching of the grown nitride

layers to remove the buffer layer.

ii) The separation of the thick nitride layer from the
growth substrate is performed in situ within the CVD

reactor in which the thick nitride layer was grown.

iii) The growth reactor has two main operation zones:
(1) a standard growth zone for CVD deposition, and (2)
an etching zone for chemical etching. The construction
further comprises means to transport the grown crys-

tals from the former zone one to the latter and back.

iv) Said separation is performed in the etching zone

and substantially at the growth temperature.

v) In selective chemical etching, the growth process
gases, possibly together with some gspecial gases can

be used.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts a method for fabricating
a high-quality A3N single crystal plate according to

the present invention.
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FIG. 2 schematically depicts a schematic view of a

growth reactor according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the process illustrated in Figure 1, the growth
substrate 1 is a hetero-substrate, 1i.e. it 1is made
from any material suitable for group III nitride
growth by CVD but not from the same material as the

nitride itself.

First, in step b), an initial A3N layer 2 is deposited
by means of CVD. This layer is thin (<10um) to avoid
defect formation. This layer can also comprise a plu-
rality of layers aimed to provide smooth and defect-
free initial A3N surface. Next, in step c¢), the ini-
tial A3N layer is treated so as to make at least a
portion 3 of it porous, i.e. having open pores. Any
known method for creating a porous layer with open

pores can be used.

Then, in step d), growth of a thick group III nitride
layver 4 (up to few hundreds pum) is performed on top of
the initial nitride layer 2 to form a thick-enough A3N
layer capable to keep flat surface after removal of
the hetero-substrate. Also this thick A3N layer can

comprise a plurality of sub-layers.

As an optional but preferred feature, a protective
layer 5 of e.g. SiNx may be formed on the top of the
thick group III nitride layer 4.

Next, the temperature of the grown layer stack is kept
substantially at the same level as during the growth
of the thick nitride layer 4, and etching gases are
supplied to etch the nitride layers. The porous por-

tion of the first nitride layer 2 is etched much fast-
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er than the second nitride layer 4. The protective
layer 5 further increases the selectivity of the etch-
ing. This selective chemical etching, possibly togeth-
er with thermal decomposition of the nitride, leads to
complete removal of the porous portion 3 of the first
nitride layer. Thereby, the second nitride layer 4 is
separated from the growth substrate 1. Thus, a free-
standing group III nitride plate 6 is formed. Finally,
the plate 6 is cooled down to room temperature and the

protective layer 5 thereon is removed.

Due to the separation of the growth substrate 1 from
the grown nitride before cooling down the grown ni-
tride plate, thermal stresses in the plate 6 during
said cooling down can be kept below critical wvalues,
and thus no cracks or other stress-induced defects are

formed in the completed nitride plate 6.

FIG. 2 discloses a schematic view of the novel reactor
design. The reactor 7 has two main operation zones.
The first is a standard growth zone 8 for CVD deposi-
tion. There can also be a plurality of growth zones in
the reactor. The second zone 9 is an etching zone for
chemical etching of nitride layers 2, 4 grown in the
first =zone. In operation, the etching zone 9 can be
kept at the same temperature as the growth zone 8. The
etching zone 9 has a gas supply system 10 for supply-

ing gases for chemical etching of the nitride layers.
In the following, one specific example of the method
according to the present invention is presented in
more detail.

Example

A ©6H-SiC substrate was loaded into an HVPE reactor.

The reactor was heated up to 1050°C, and GaN deposi-
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tion was started by supplying GaCl and NHs; to the
growth zone. The layer was grown to a thickness of ap-
proximately 2 microns. After the completion of growth,
the reactor was cooled down to the ambient temperature
and the substrate was taken out from the reactor and
loaded into an electrochemical etching apparatus to
form a porous layer on top of the GaN layer. A 4%
aqueous solution of hydrofluoric acid was used as an
electrolyte, the current density was in the range from
10 to 20 mA/cm?, and a standard 250W mercury lamp was
used as an UV radiation source. The sample was rinsed
in deionised water and solvents, and then blow dried
and loaded into the HVPE reactor. The reactor was
heated up to 1050°C, and 300 microns of GaN were de-
posited following standard procedures. On completion
of this second GaN layer growth, SiH; and NHs; gases

were supplied to the growth chamber to form a protec-

W ”

tive SiNy layer on GaN surface. Here “x” denotes sili-
con nitride of varying stoichiometry. X 1is a number
typically lying in the range from 0.1 to 1.3. Next,
the entire stack with the substrate and the grown ni-
tride layers was transferred to an etching chamber
within the same reactor and subjected to etching by
hot HC1l gas. The HC1l gas attacks preferentially the
porous layer and leaves bulk GaN layer intact because
of faster reactivity of the porous GaN and protective
SiNx coating on the top surface. The etching was con-
tinued until the porous layer was fully destroyed,
thereby leaving a free-standing GaN crystal in the
form of a wafer-like plate, after which the reactor
was cooled down to the room temperature. As the bond
between the base substrate and the GaN layer was de-
stroyed during the selective etching, the wafer did
not experience any bowing or cracking during cooling

down.
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It is clear that the invention is not limited to the
above examples and embodiments only. Instead, the em-
bodiments of the present invention may freely vary

within the scope of the claims.
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CLAIMS

1. A method for fabricating a free-standing group III
nitride plate (6), the method comprising the steps of:
- growing a first group III nitride layer (2)
on a foreign growth substrate (1);
- treating the first group III nitride layer
(2) so as to make it porous;
- growing at a growth temperature within a
growth reactor (7) a second group III nitride
layer (4) on the first group III nitride lay-
er (2); and separating the second group III
nitride layer (4) from the growth substrate
(1) so as to form a free-standing group III
nitride plate (6);
characterized in that the step of separating
the second group III nitride layer (4) from the growth
substrate (6) 1is performed at the growth temperature
and within the growth reactor (7), and comprises se-
lective chemical etching of the porous first group III

nitride layer (2).

2. A method as defined in claim 1, wherein in the se-
lective chemical etching step, gases used in the steps
of growing the group III nitride layers (2, 4) are

used as etching gases.

3. A method as defined in claim 1 or 2, wherein, in
the step of growing a first group III nitride layer
(2) on a foreign growth substrate (1), a first group
IITI nitride layer having a plurality of sub-layers is

formed.

4. A growth reactor (7) for growing group III nitride
layers (2, 4) on a foreign growth substrate (1), the
growth reactor comprising a first =zone (8) for said
growing of group III nitride layers by CVD deposition,

characterized in that the growth reactor (7)
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further comprises a second zone (9) and a gas system
(10) for supplying etching gases for selectively etch-
ing, in the second zone, a group III nitride layer (2)

grown in the first zone (8).
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