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(57) ABSTRACT

The invention is directed to a method for forming a nitride on
a silicon substrate. In the method of the present invention, a
silicon substrate is provided and a buffer layer is formed on
the silicon substrate. The formation of the buffer layer
includes a multi-level temperature modulation process hav-
ing a plurality temperature levels and a plurality of tempera-
ture modulations. For each of the temperature modulations,
the temperature is gradually decreased. A nitride is formed on
the buffer layer.

9 Claims, 3 Drawing Sheets
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1
FABRICATION METHOD OF NITRIDE
FORMING ON SILICON SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the priority benefit of Taiwan
application serial no. 101105082, filed on Feb. 16, 2012. The
entirety of the above-mentioned patent application is hereby
incorporated by reference herein and made a part of this
specification.

BACKGROUND OF THE INVENTION

1. Field of Invention

The present invention relates to a method for forming a
nitride. More particularly, the present invention relates to a
method for forming a nitride on a silicon substrate.

2. Description of Related Art

The silicon substrate has the properties including low
price, large wafer size and high thermal and electrical con-
ductivities and the potential for integrating with electrical
circuit so that the silicon substrates attract a lot of attentions
and are widely used in the epitaxy technology. For instance,
the silicon substrate is used as the substrate for the growth of
the nitride semiconductor device.

However, the thermal expansion coefficient of the silicon
substrate is different from that of the film made by the epitaxy
(taking the nitride-containing semiconductor device as an
example). Thus, a tensile stress is generated within the nitride
during the temperature dropping process after the nitride is
formed and the tensile stress pulls and drags the lattice struc-
ture of the nitride so as to form cracks in the nitride. There-
fore, how to form a crack-free epitaxy structure on the silicon
substrate becomes one of the important issues to one ordinary
skilled in the art.

Currently, in the conventional technology, trenches are
formed on the silicon substrate to release the stress in the
nitride. However, the aforementioned method limits the
variations of the device layout. Moreover, another conven-
tional technology uses a buffer layer structure formed
between the nitride and the silicon substrate to decrease the
negative effect from the thermal stress. For instance, in the
formation of the ternary aluminum gallium nitride buffer
layer, by step-by-step modulating the ratio of aluminum to
gallium, a compressive stress is generated to compensate the
tensile stress generated within the nitride during the tempera-
ture dropping process after the nitride is formed so as to
decrease the negative effect from the thermal stress and fur-
ther to obtain the crack-free quality of the epitaxy. However,
steps of the aforementioned method are complex.

SUMMARY OF THE INVENTION

The present invention is to provide a method for forming a
nitride with a crack-free structure on the silicon substrate.

The invention provides a method for forming a nitride on
the silicon substrate. In the method, a silicon substrate is
provided and a buffer layer is formed on the silicon substrate.
The formation of the buffer layer includes a multi-level tem-
perature modulation process having a plurality temperature
levels and a plurality of temperature modulations. For each of
the temperature modulations, the temperature is step-by-step
decreased. A nitride is formed on the buffer layer.

According to one embodiment of the present invention,
each of the temperature levels is in the range of 600~200
centigrade.
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According to one embodiment of the present invention, the
total thickness of the buffer layer is 100~1000 nm.

According to one embodiment of the present invention, the
buffer layer is made of aluminum nitride.

According to one embodiment of the present invention, the
step of forming the nitride comprises forming a first portion of
the nitride and forming a second portion of the nitride on the
first portion of the nitride and the step of forming the nitride
on the silicon substrate further comprises forming an inser-
tion layer on the first portion of the nitride after the first
portion of the nitride is formed and before the second portion
of the nitride is formed.

According to one embodiment of the present invention, the
insertion layer comprises at least a superlattice layer struc-
ture.

According to one embodiment of the present invention, the
superlattice layer structure comprises an aluminum nitride
layer and a gallium nitride layer.

Accordingly, in the embodiment of the present invention,
the method for forming the nitride on the silicon substrate
utilizes the bufter layer formed by the multi-level temperature
modulation process to prevent the quality of the later formed
epitaxy from being affected by the thermal stress. Specifi-
cally, for instance, during the formation of the buffer layer, the
multi-level temperature modulation process in which the tem-
perature is progressively dropped is implemented so that the
buffer layer formed during the multi-level temperature modu-
lation process provides compressive stress to compensate the
tensile stress generated within the nitride during the tempera-
ture dropping process after the nitride is formed. Thus, the
crack-free nitride structure can be produced.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary, and are intended to provide further explanation of the
invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the invention, and are incorporated
in and constitute a part of this specification. The drawings
illustrate embodiments of the invention and, together with the
description, serve to explain the principles of the invention.

FIG. 1A and FIG. 1B are schematic cross-sectional dia-
grams showing a method for forming a nitride on a silicon
substrate according to one embodiment of the present inven-
tion.

FIG. 2 is a curve diagram showing a Raman scattering
spectrum of a nitride under different numbers of the tempera-
ture levels of the multi-level temperature modulation process
according to one embodiment of the present invention.

FIG. 3 is a curve diagram showing a photoluminescence
spectrum of a nitride under different numbers of the tempera-
ture levels of the multi-level temperature modulation process
according to one embodiment of the present invention.

FIG. 4 is a surface image of a nitride observed by Scanning
Electron Microscopy under different numbers of the tempera-
ture levels of the multi-level temperature modulation process
according to one embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1A and FIG. 1B are schematic cross-sectional dia-
grams showing a method for forming a nitride on a silicon
substrate according to one embodiment of the present inven-
tion.
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As shown in FIG. 1A, a silicon substrate 110 is provided. A
buffer layer 120 is formed on the silicon substrate 110. The
buffer layer 120 can be made of, for example, metal nitride
material. In the present embodiment, the material of the
buffer layer 120 includes aluminum nitride. Moreover, the
method for forming the buffer layer can be, for example, the
metal organic chemical vapor deposition (MOCVD). How-
ever, the present embodiment is not limited to the method
mentioned herein.

Further, the formation of the buffer layer 120 comprises a
multi-level temperature modulation process with many tem-
perature levels and many temperature modulations, wherein
each of the temperature levels is between 600~1200 centi-
grade and each temperature modulation of the multi-level
temperature modulation process comprises progressively
decreasing the temperature. Specifically, the temperature
modulation can be the temperature progressively decreasing
from 1000 centigrade and the unit of the range of each tem-
perature modulation can be 50 centigrade or 100 centigrade.
However, the present embodiment is not limited to the way to
modulate the temperature mentioned above. Practically, the
number of the temperature levels in the multi-level tempera-
ture modulation process and the range of each temperature
modulation can be adjusted according to the requirement.

More specifically, in the multi-level temperature modula-
tion process for forming the buffer layer 120, the curve of the
process temperature modulated with the time is much like a
downward stairway curve. For instance, during the formation
of the buffer layer 120 of the present invention and in the
multi-level temperature modulation process, the process tem-
perature ramps down from one temperature level to another in
each temperature modulation and the process temperature at
each temperature level remains unchanged until the thickness
increasing amount of the buffer layer 120 at this temperature
level reaches a specific or predetermined thickness. The
aforementioned thickness increasing amount of the buffer
layer at each temperature level can be, for example, 0~100
nanometers. Preferably, the thickness increasing amount of
the buffer layer at each temperature level can be, for example,
35 nanometers or 50 nanometers.

Comparing to the current technology in which the buffer
layer is formed by modulating ternary element components,
the buffer layer 120 of the present embodiment is formed
from binary element components (the binary element com-
ponents are directed to the nitrogen and aluminum) by the
multi-level temperature modulation process. Hence, the
method for forming the buffer layer 120 of the present
embodiment is simple and the thickness of the buffer layer
120 is smaller than 1 micron. In the present embodiment, the
thickness of the buffer layer 120 is, for example, about 100
nm~1000 nm.

As shown in FIG. 1B, a nitride 130 is formed on the buffer
layer 120. In the present embodiment, the nitride 130 can be
made of, for example, gallium nitride. It should be noticed
that, since the thermal expansion coefficient of the silicon
substrate 110 (which is about 2.59x1075K™") is smaller than
the thermal expansion coefficient of the gallium nitride
(which is about 5.59x107°K™"), the shrinking amount of the
gallium nitride is larger than that of the silicon substrate 110
during the temperature dropping process after the gallium
nitride film is formed. Therefore, a tensile stress within the
gallium nitride is generated under the effect of the silicon
substrate to pull and drag the lattice structure of the gallium
nitride, which easily leads to the cracks of the gallium nitride.
Thus, in the present embodiment, before the gallium nitride
structure is formed, a multi-level temperature modulation
process with progressively decreasing the temperature is per-
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formed to form the buffer layer 120 on the silicon substrate
110, wherein the buffer layer is capable of providing the
compressive stress to compensate the thermally induced ten-
sile stress. Accordingly, the negative effect due to the thermal
stress (which is the tensile stress herein) during the tempera-
ture dropping process after the gallium nitride film is formed
can be alleviated.

Moreover, in the present invention, an insertion layer 140
can be optionally formed to further provide the compressive
stress. The structure of the insertion layer 140 can be the
superlattice structure. Specifically, the insertion layer 140 can
comprise, for example, at least one layer of the superlattice
structure layer, wherein the superlattice structure layer com-
prises an aluminum nitride layer and a gallium nitride layer.
In the present embodiment, the insertion layer 140 can be, for
example, a three-layer superlattice structure layer with a
thickness H, ,, of about 200 nanometer.

In the present embodiment, the method for forming the
insertion layer 140 comprises steps of forming a first portion
130a of the nitride 130 on the buffer layer 120 and then
forming the insertion layer 140 on a side of the first portion
130a of the nitride 130 away from the buffer layer 120.
Thereafter, a second portion 1306 of the nitride 130 is formed
on a side of the insertion layer 140 away from the first portion
130a ofthe nitride 130. In other words, the insertion layer 140
is located within the nitride 130. Therefore, the influence of
the compressive stress provided by the insertion layer 140 for
compensating for the tensile stress does not decrease a bit
while the nitride 130 is over thick. In the present embodiment,
the thickness H | 5, of the first portion 1304 of the nitride 130
is about 2.3 micron and the thickness H, ;,, of the second
portion 1305 of the nitride 130 is about 1.4 micron. However,
the present embodiment is not limited by the thickness of the
nitride described herein.

It should be noticed that, since the method of the present
embodiment can be followed by the method for forming the
light-emitting diode (LED) device. That is, the light-emitting
layer, the semiconductor layer and the plurality of electrodes
are sequentially formed on, for example, the side of the nitride
130 away from the silicon substrate 110. Of course, except for
the aforementioned light-emitting diode, the device formed
by the method of the present embodiment can be used to form
the electronic device with high power such as the field effect
transistor (FET) or high electron mobility transistor (HEMT).

In order to clearly describe the method for forming the
nitride on the silicon substrate of the present embodiment
which utilizes the multi-level temperature modulation pro-
cess to form the buffer layer so as to improve the effect of the
thermal stress on the quality of the later formed epitaxy, Table
1 listed below illustrates the details.

Table 1 shows the comparisons between different embodi-
ments under different numbers of the temperature levels of
the multi-level temperature modulation process. From
embodiment D1 to the embodiment D4, the buffer layers
made of aluminum nitride are all formed on the silicon sub-
strates respectively, wherein the thickness of each buffer layer
shown in Table 1 is about 100~300 nm. Moreover, after the
buffer layer is formed, the first portion of the gallium nitride
with a thickness of about 2.3 micron is formed in advance.
Thereafter, the insertion layer (three-layer superlattice layer
structure) with a thickness of about 0.2 micron is formed.
Then, the second portion of the gallium nitride with a thick-
ness of about 1.4 micron is formed. In the embodiment D1
through the embodiment D4, the total thickness of the gallium
nitride is about 3.7 micron. In theses embodiments, the
nitrides are formed on the (111) surface of the silicon sub-
strate. However, the present invention is not limited to by the
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kind of the silicon substrate. Furthermore, taking embodi-
ment D3 as an exemplar, the multi-level temperature modu-
lation process applied in the embodiment D3 includes five
temperature levels and four temperature modulations. In
addition, each temperature modulation is 50 centigrade and
the process temperature at each temperature level of the
multi-level temperature modulation process remains
unchanged until the thickness increasing amount of the buffer
layer is about 35 nanometers.

TABLE 1
sample
D1 D2 D3 D4

Number of temperature 1 3 5 7
levels of the multi-level
temperature modulation
process
Each temperature level 1000 1000-> 1000-> 1000->
of the multi-level 900-> 950-> 950->
temperature modulation 800 900-> 900->
process (° C.) 850-> 850->

800 800->

750->
700

The thickness of the 210 70 + 70 + 70 +
buffer layer (nm) 50 %2 35*4 35%6
The total thickness of the 3.7 37 3.7 3.7
first type semiconductor
(pm)
Raman shift (em™) 561.9 562.6 563.9 565.3
Aw (cm™) -6.1 -5.4 -4.1 -2.7
Remaining stress (GPa) -1.42 -1.26 -0.95 -0.63
Photoluminescence 3.460 3.461 3.462 3.469

spectral peak energy at
low temperature (V)

The embodiment D1 differs from the embodiment D2
through embodiment D4 on that the buffer layer in the
embodiment D1 is formed on the silicon substrate at a tem-
perature of 1000 centigrade and, in the embodiment D2
through embodiment D4, the number of temperature levels of
the multi-level temperature modulation process is larger than
1. Specifically, as for the embodiment D2, the embodiment
D3 and the embodiment D4, the numbers of temperature
levels of the multi-level temperature modulation process are
3, 5 and 7 respectively. For instance, in the embodiment D2,
the buffer layer is formed at the temperature progressively
dropped from 1000 centigrade to 900 centigrade and then
dropped to 800 centigrade and there are three temperature
levels of the multi-level temperature modulation process.

The following description accompanying FIGS. 2 through
4 is used to further clearly describe the buffer layer formed by
multi-level temperature modulation process and benefiting
the improvement of the epitaxial quality of the nitride.

FIG. 2 is a curve diagram showing a Raman scattering
spectrum of a nitride under different numbers of temperature
levels of the multi-level temperature modulation process
according to one embodiment of the present invention. As
shown in FIG. 2, as the Raman shift around 550~575 cm™,
the stress of the gallium nitride can be observed. Generally,
under no stress situation, the peak of the Raman shift of the
gallium nitride is at 568 cm™. However, due to thermal
expansion coefficient difference between the gallium nitride
and the silicon substrate, the tensile stress is generated within
the gallium nitride during the temperature dropping process
after the gallium nitride film is formed. Hence, in the present
embodiment, by using the buffer layer formed by the multi-
level temperature modulation process and the insertion layer,
the compressive stress for compensating the tensile stress is
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provided. Thus, the negative effect on the quality of the epi-
taxy of the gallium nitride due to the tensile stress herein can
be alleviated.

As shown in the sixth row in Table 1, when the number of
the temperature levels of the multi-level temperature modu-
lation process is increased, the peak of the Raman shift is
shifted towards to 568 cm™". Each of the values A » shown in
the seventh row in Table 1 is the difference between the peak
and 568 cm™" and the minus sign represents the tensile stress.
From the seventh row of Table 1, it can be noticed that when
the number of the temperature levels of the multi-level tem-
perature modulation process increases, the magnitudes of the
values A o decreases. In other words, the compressive stress
provided by the buffer layer can be gradually evenly matched
with the tensile stress generated within the gallium nitride
after the temperature is dropped. Also, as shown in the eighth
row of Table 1, the remaining stress between the gallium
nitride and the silicon substrate is gradually decreased with
the increasing of the number of the temperature levels of the
multi-level temperature modulation process, wherein the
minus sign represents the tensile stress. That is, by properly
adjust the number of the temperature levels of the multi-level
temperature modulation process, the buffer layer structure of
the present embodiment can effectively decrease the stress
remaining within the gallium nitride.

FIG. 3 is a curve diagram showing a photoluminescence
spectrum of a nitride under different numbers of temperature
levels of the multi-level temperature modulation process
according to one embodiment of the present invention. As
shown in FIG. 3, when the number of the temperature levels
of the multi-level temperature modulation process is
increased, the blueshift phenomenon happens. That is, when
the number of the temperature levels of the multi-level tem-
perature modulation process is increased, the band gap of the
electronic transition is increased accordingly, which means
the stress within the gallium nitride is changed with a ten-
dency towards compressive stress. As shown in the last row of
Table 1, when the temperature is low (such as 10K), the
energy of the peak of the photoluminescence is increased with
the increasing of the number of the temperature levels of the
multi-level temperature modulation process. In other words,
the number of the temperature levels of the multi-level tem-
perature modulation process is increased, the compressive
stress is intensive enough for being evenly matched with the
tensile stress generated while the temperature is dropped.

FIG. 4 is a surface image of a nitride observed by Scanning
Electron Microscopy under different numbers of the tempera-
ture levels of the multi-level temperature modulation process
according to one embodiment of the present invention. As
shown in FIG. 4, with the increasing of the number of the
temperature levels of the multi-level temperature modulation
process, the crack-free gallium nitride structure can be manu-
factured according to the embodiment of the present inven-
tion (as shown in embodiment D4).

Altogether, in the embodiment of the present invention, the
method for forming the nitride on the silicon substrate utilizes
the buffer layer formed by the multi-level temperature modu-
lation process with progressively dropping the temperature to
provide a compressive stress for compensating the tensile
stress generated within the nitride during the temperature
dropping process after the nitride is formed. Thus, by com-
paring with the conventional buffer layer formed by the
modulating ternary element components, the buffer layer of
the present embodiment is formed from binary element com-
ponents by the method with a relatively simple process steps
and the thickness of the buffer layer of the present invention
is smaller than 1 micron. Further, in the embodiment of the
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present invention, the method for forming nitride on the sili-
con substrate can utilize an insertion layer to further provide
the compressive stress to contend with the tensile stress so as
to produce a crack-free nitride structure.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the structure of
the present invention without departing from the scope or
spirit of the invention. In view of the foregoing descriptions,
it is intended that the present invention covers modifications
and variations of this invention if they fall within the scope of
the following claims and their equivalents.

What is claimed is:

1. A method for forming nitride on a silicon substrate,
comprising:

providing a silicon substrate;

forming a buffer layer on the silicon substrate by a multi-

level temperature modulation having a plurality of tem-
perature modulations and a plurality of temperature lev-
els, wherein each temperature modulation comprises
decreasing a process temperature, the process tempera-
ture ramps down from one temperature level to another
in each temperature modulation and the process tem-
perature at each temperature level remains unchanged
until a thickness increasing amount of the buffer layer at
the corresponding temperature level reaches a predeter-
mined thickness, wherein the temperature levels succes-
sively decrease, there are n temperature levels, the pro-
cess temperature at each i temperature level is lower than
the process temperature at each corresponding i-1 tem-
perature level, and 1<i=n; and

forming a nitride on the buffer layer.

2. The method of claim 1, wherein the multi-level tempera-
ture modulation has a plurality of temperature levels and each
of the temperature levels is in the range of 600~1200 centi-
grade.

3. The method of claim 1, wherein a thickness of the buffer
layer is in the range of 100~1000 nm.
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4. The method of claim 1, wherein the buffer layer is made
of aluminum nitride.

5. The method of claim 1, wherein the step of forming the
nitride comprises forming a first portion of the nitride, form-
ing a second portion of the nitride on the first portion of the
nitride and the step of forming the nitride on the silicon
substrate further comprises:

after the first portion of the nitride is formed and before the

second portion of the nitride is formed, forming an inser-
tion layer on the first portion of the nitride.

6. The method of claim 5, wherein the insertion layer
comprises at least a superlattice layer structure.

7. The method of claim 6, wherein the superlattice layer
structure comprises an aluminum nitride layer and a gallium
nitride layer.

8. A method for forming nitride on a silicon substrate,
comprising:

providing a silicon substrate;

forming a buffer layer on the silicon substrate by a multi-

level temperature modulation having a plurality of tem-
perature modulations and a plurality of temperature lev-
els, wherein each temperature modulation comprises
decreasing a process temperature, the process tempera-
ture ramps down from one temperature level to another
in each temperature modulation and the process tem-
perature at each temperature level remains unchanged
until a thickness increasing amount of the buffer layer at
the corresponding temperature level reaches a predeter-
mined thickness, wherein the temperature levels succes-
sively decrease, there are n temperature levels, the pro-
cess temperature at each i temperature level is lower than
the process temperature at each corresponding i-1 tem-
perature level, and 1<i=n, and the buffer layer is made of
only one type of binary compound; and

forming a nitride on the buffer layer.

9. The method of claim 8, wherein the buffer layer is made
of aluminum nitride.



