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ABSTRACT

Affords a manufacturing method enabling nitride-based semiconducto.r
devices containing epitaxial films excelling in flatness and crystallinity to be
easily produced, and makes available nitride-based semiconductor devices
manufactured by the method.

Method of manufacturing nitride semiconductor devices that are formed
onto a semiconductor substrate being a compound containing a Group 3B
element for forming compounds with mitrogen, and nitrogen, including steps of
heating the semiconductor substrate (1) to a film-deposition temperature,
supplying to the substrate a film-deposition gas containing a source gas for the
Group 3B element and a nitrogen source gas, and epitaxially growing onto the
semiconductor substrate a thin film (2) of a compound containing the Group 3B
element and nitrogen, and being furnished with a step, in advance of the
epitaxial growth step, of heating the semiconductor substrate to a pretreating
temperature less than the film-deposition temperature, to clean the surface of

the semiconductor substrate.
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DESCRIPTION

NITRIDE SEMICONDUCTOR DEVICES AND METHOD OF

THEIR MANUFACTURE

Technical Field

The present 1nvention relates to nitride semiconductor devices such as
hght-emitting devices, and to methods of their manufacture; more specifically,
the present invention relates to high-quality nitride semiconductor devices
excelling in flatness and manufacturable at high yields, and to methods of

manufacturing such devices.

Background Art

In the manufacture Qf hight-emitting and other semiconductor devices,
when vapor-phase epitaxial film growth i1s carried out with a nitride-based
single crystal as a substrate, the substrate 1s annealed with the object of ridding
the substrate of contaminants (organic matter, moisture) adhering to it, and
defects (scratches, strain, etc.). Inasmuch as this heating process is performed

prior to the epitaxial film growth, the process 1s called "pretreating,"

nn i on

"preheating," "cleaning,

purification,” or simply "annealing."
To date—and this is not limited to nitride semiconductors—the substrate
heating temperature 1n removing the contaminants and defects has been made

at or above the temperature to which the substrate 1s heated 1n the deposition

process for growing an epitaxial film onto the post-treated substrate (patent
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documents including Japanese Unexamined Pat. App. Pub. Nos. 2000-174341
and 2000-323752). The motivation behind thié 1s that it has taken over from a
procedural operation, in methods of manufacturing silicon-based semiconductor
devices, in which the substrate temperature for cleaning is made to be at or
above the film-deposition temperature of the substrate—with cleaning being
stressed, because the higher the substrate heating temperature in pretreating
is made, the better cleaning will progress. In the manufacture of nitride-based
semiconductor devices also, likewise as with silicon-based devices, the substrate
surface can be cleaned by making the temperature to which the substrate is
heated in the pretreating process be at or above the temperature to which the
substrate 1s heated in the film-deposition process.

For nitride-based semiconductors, because the vapor pressure of nitrogen
1s high, when nitride single-crystal substrates are to be annealed at high
temperature, mitrogen or an atmosphere containing atoms from the same group
as that of nitrogen—Group 5B in the Japanese periodic system—is used. An
atmosphere from which source-material gas containing the Group 3B (J apanese
periodic system) element has been omitted from among the ambient gases that
are 1ntroduced in the film-deposition operation is generally employed as the
annealing atmosphere. The reason for this is because nitrogen tends to come
loose from the surface part of the substrates, leading to surplus Group 3B
element there, which is liable to produce roughness in the surface of a nitride
semiconductor substrate. Accordingly, to keep roughness originating in the

accumulation of surplus Group 3B element on the substrate surface from
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occurring, arrangements are made for an atmosphere as just noted that does
not contain Group 3B element, and the escape of nitrogen from the substrate i1s

controlled.

No matter what the atmosphere employed, as discussed above, 1n
conventional annealing, in order to enhance the cleaning effectiveness the
substrate is heated to at or above the heating temperature during film
deposition. In the case of nitride-based semiconductors, nevertheless, heating
the nitride substrate for semiconductor device fabrication to at or above the
temperature to which it 1s heated during film deposition provokes the breaking
away of nitrogen from the substrate surface or the decomposition of ammonia
(NH3), which renders necessary considerable labor for optimizing the
gas-supply parameters—in which there are immense options. As an extreme
example, carrying out pretreatment under the same gas-supply conditions as
during film deposition ruins the planarity of the mnitride semiconductor
substrate and, with the epitaxial film formed during the film deposition not
being flat, leads to three-dimensional growth. The consequent problem has been
that growing epitaxial films using nitride single-crystal substrates has meant
that the gas-supply requirements in the foregoing substrate cleaning process

have to be sought out by trial and error.

Dhisclosure of Invention

An object of the present invention is to make available nitride-based

semiconductor devices, and a method of their manufacture, wherein epitaxial
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films excelling 1n flatness and crystallinity can be grown onto nitride
semiconductor substrates.

A method according to the present invention of manufacturing
nitride-based semiconductor devices 18 a method of manufacturing nitride
semiconductor devices that are formed onto a semiconductor substrate that 1s a
compound containing a Group 3B element for forming compounds with nitrogen,
and nitrogen. This manufacturing method includes steps of heating the
semiconductor substrate to a film-deposition temperature, supplying to the
substrate a film-deposition gas containing a source-material gas for the Group
3B element, together with a nitrogen source-material gas, and epitaxially
erowing onto the semiconductof substrate a thin film of a compound containing
the Group 3B element and nitrogen. In addition, the method is furnished with a
step, 1n advance of the epitaxial growth step, of heating the semiconductor
substrate to a pretreating temperature less than the film-deposition
temperature, to clean the surface of the semiconductor substrate.

According to this method, in a departure from the conventional wisdom,
the substrate surface 1s cleaned by heating the substrate to a temperature
lower than the substrate-heating temperature in the film deposition process.
The fact that the substrate heating temperature 1s comparatively high from the
outset in the course of growing a nitride-semiconductor epitaxial film makes it
possible to set the pre-heating temperature 1n the cleaning step to what wall
guarantee sutficient cleaning action. Satisfactory planarity along the substrate

surface can therefore be ensured, and the flatness of the epitaxial film formed
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on the substrate surface proves to be superior as a result.

It should be understood that since the substrate heating temperature
will differ depending on the location of the temperature sensors or temperature
cauges furnished in the thin-film formation equipment, or on how the
instruments ai*e mounted, it 1s sufficient that, according to the same
temperature indicator within the film-deposition device, the heating
temperature during cleaning is lower than the substrate temperature during
film deposition—the absolute numerical value of the temperature will not be an
1Ssue.

In the foregoing semiconductor-substrate cleaning step, a pretreatment
gas 1n which the proportipn of Group-3B-element source gas has been reduced
below what it is in the film-deposition gas for the epitaxial growth step can be
supplied.

In accordance with this method, lowering what the substrate
temperature measures during the cleaning step minimizes the likelihood that
precedential breaking away of nitrogen—originating in the fact that the vapor
pressure of nitrogen 1s high—as well as accumulation of excess Group 3B
element will occur, making it possible to avert degradation of the front-side
planarity. One example of the aforementioned pretreatment gas may be one
made not to contain Group-3B-element source gas. Gas from which
source-material gas containing the Group 3B element has been omitted from
among the ambient gases that are introduced in the film-deposition step can be

utilized as such a pretreatment gas. As a result, the necessity of having to seek
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out by trial and error the requirements for gas-supply during the cleaning
process 1s eliminated, wherein the parameters for an efficient cleaning
operation can be set.

Group 3B elements include Al (aluminum), Ga (gallium) and In (indium),
wherein the fabrication at high yields of semiconductor devices in which
semiconductors that are nitrides of these elements are the base—semiconductor
devices of laminated construction, excelling in flatness over what has been
conventional—becomes possible.

Nitride-based semiconductor devices by the present invention are
furnished with a semiconductor substrate that is formed from a compound
containing a Group 3B element for forming compounds with nitrogen, and
nitrogen, and, formed onto the semiconductor substrate, with an epitaxial
semiconductor film containing the Group 3B element and nitrogen. Therein, the
smoothness of the semiconductor substrate surface is 15 nm or less in
root-mean-square roughness.

By having the foregoing root-mean-square roughness (ZMS) be 15 nm or
under, the planarity of the epitaxial film formed on the surface of the nitride
semiconductor substrate can be made superlative. Having it that the RMS
roughness exceeds 15 nm gives rise to hexagonal hillocks when the epitaxial
film has been formed to a thickness of approximately 2 4m, in which case not
only that epitaxial film, but also epitaxial films formed onto it turn out to be
layers 1n which the crystallinity is spoiled, which degrades the device quality.

What 1s more, if the EMSroughness of the substrate surface were to surpass 15



10

15

20

CA 02495908 2004-09-29

nm, the epitaxial deposition would not grow into a continuous film when having
been formed to a thickness on the order of 0.5 zm, on account of the unevenness
in the substrate surface.

It should be noted that the foregoing roughness is based on the results of
measuring the surface smoothness using atomic-force microscopy (AFM) after
the nitride semiconductor substrate had been pretreated, without an epitaxial
film having been deposited onto the substrate.

The root-mean-square roughness of the semiconductor substrate may,
moreover, be rendered 5 nm or less. By this configurational aspect a
semiconductor substrate of all the more outstanding planarity i1s afforded, and
the flatness and crystallinity of an epitaxial film formed onto the substrate can
be made excellent.

It is advisable to have the 10-point peak-and-valley mean roughness £z
of the epitaxial film may be 15 nm or less.

This configurational aspect not only makes excellent the crystallinity
and flatness of the epitaxial film i1tself, but also contributes to guaranteeing the
crystallinity and flatness of epitaxial films that are formed onto this epitaxial
film.

The Kz roughness i1s determined based on peaks and valleys on an
epitaxial film that 1s as noted above, 1n the state in which no thin films have
been further grown onto the epitaxial film. Utilizing any sort of method as long
as the method can detect roughness of the epitaxial film after it has been built

up with semiconductor devices, measurement of the roughness may be by any
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sort of method as long as it can gauge the epitaxial smoothness.
It 1s to be noted that general reference literature states that for 10-point

mean roughness £z measuring in a sampling length, along a direction that

- scales vertically from an averaging line, from the highest peak to the fifth

highest peak and from the lowest valley to the fifth lowest valley, the mean of
the absolute values of the respective altitudes (distances from the averaging
line) is found, and the mean value is expressed in zm. In the present description,
since the altitudes that are measured are nanoscale, the mean of the absolute
values 1s expressed in nm. An example that can be cited of such reference
literature 1s Kiyoshi Onishi, Man ual of JIS-Based Mechanical Design Drafting,
10th Ed., Rikogakusha Ltd., Ch. 17, p. 57.

The 10-point mean roughness £z of the epitaxial film may, moreover, be
rendered 7.5 nm or less. More outstanding flatness and crystallinity of the film
are ensured as a result to enable high-quality semiconductor devices to be
fabricated with good yields.

In another aspect of the present invention, the front-side surface of the
epitaxial film 1s kept from having peaks and valleys of 50 nm to 150 nm height
appearing at a pitch of 100 zm to 150 zm.

In 1nstances in which hexagonal hillocks on the epitaxial film have
formed because the flatness of the semiconductor substrate is unsatistactory,
the hexagonal hillocks are observed to be peaks and valleys of 50 nm to 150 nm

height at a pitch of 100 tm to 150 tm. Having the RMS roughness of the

semiconductor substrate be, as stated above, no more than 15 nm makes 1t so
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that the hexagonal hillocks do not arise. The consequent benefit 1s that,
excelling in flatness, the epitaxial film makes 1t possible to improve the

crystallinity of films formed onto the epitaxial film.

Brief Description of Drawings

Fig. 1 1s a sectional view representing a blue LED that i1s a nitride
semiconductor device 1n an embodiment of the present invention.

Fig. 2 1s a diagram 1illustrating a method, in an embodiment of the
present invention, of manufacturing nitride semiconductor devices.

Fig. 3 1s views showing surface morphology in 10 t/m x 10 zm of the
surface of GaN substrates, being micrographs depicting the surface morphology
of, in Fig. 3A, a raw substrate that had not been pretreated; in Fig. 3B, a GaN
substrate that underwent pretreating at 1025°C; and in Fig. 3C, a GaN
substrate that underwent pretreating at 1150°C.

Fig. 4 1s views showing observations by differential interference contrast
micrOSCOpy- of the surface of ‘a, semiconductor device 1n respective fabrication
stages 1n the present invention, the views being photographs of, in Fig. 4A, the

substrate after being pretreated at 1025°C; in Fig. 4B, a GaN film having been
grown to a layer thickness of 0.5 tm onto the substrate in Fig. 4A; and in Fig.

4C, the GaN film having been grown to a layer thickness of 2 ym onto the Fig.

4A substrate.

Fig. 5 1s views showing observations by differential interference contrast

microscopy of the surface of a semiconductor device in respective fabrication
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stages 1n a comparative example, the views being photographs of, in Fig. 5A, the

substrate after being pretreated at 1150°C; in Fig. 5B, a GaN film having been
erown to a layer thickness of 0.5 tm onto the substrate in Fig. 5A; and in Fig.

5C, the GaN film having been grown to a layer thickness of 2 ;/m onto the

substrate in Fig. 5A.

Fig. 6 1s a diagram showing the results of measuring, using a stylus
surface profilometer, the surface roughness of a GaN film corresponding to that
in Fig. 4C, deposited at a thickness of 2 .

Fig. 7 1s a diagram showing the results of measuring, using a stylus
surface profilometer, the surface roughness of a GaN film corresponding to that

in ¥i1g. 5C, deposited at a thickness of 2 ym.

Best Mode for Carrying Out the Invention

Next, embodiments of the present invention will be described using the
drawings. Fig. 1 1s a diagram representing a light-emitting device that 1s a
semiconductor device in an embodiment of the present invention. On the back
side of a GaN substrate 1 in Fig. 1, a Ti—Al layer 9 that forms an n-type
electrode 1s provided. An n-type buffer layer 2 consisting of a GaN film doped
with Si 1s epitaxially grown onto the front side of the GaN substrate 1. An
mtype cladding layer 3 consisting of an epitaxial film—an Alo.o'zGéN
film—containing Si 1s formed onto the n-type buffer layer 2.

An active layer 4 that is the light-emitting portion is situated between

the n-type cladding layer 3 and a ptype cladding layer 5. The active layer 4 1s
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formed as an Inp2GaN-GaN multi-quantum well structure. In turn, the p-type

cladding layer 5 atop the active layer 4 is formed as an Alpo7GaN film
containing Mg as a dopant. In order to secure favorable crystallinity in these
layers each is formed as an epitaxial film.

Atop the ptype cladding layer 5, a prtype contact layer 6 consisting of a
GaN film containing Mg, and further, atop that, a p-type electrode 7 consisting
of a Ni-Au metal film are provided. Over that a pad electrode 8 1s formed.

By applying an electric potential across the p-type and n-type electrodes,
a current is injected into the active layer, giving rise to recombination of

electrons and holes across the conduction band and the valence band, whereby
light emission 1s produced.

In the above-described light-emitting device, the front side of the GaN
substrate 1 in the cleaning step undergoes a cleaning process whereby the
substrate is heated to a temperature lower than the temperature of the
substrate when in the film-deposition step. Roughness in the front side of the
GaN substrate 1 is thereby held down to being 15 nm or less in root mean
square (RMS) roughness, and can moreover be brought to 5 nm or less.

As described above, minimizing roughness of the
semiconductor-substrate front side and forming epitaxial films onto that front
side enables the crystal properties of the epitaxial films to be made superb. As a
result, the quality of light-emitting characteristics can be enhanced-—such as 1n
emission-efficiency improvement and in narrowed emission-beam width.

A further advantage 1s that enhancing the flatness of the n-type buffer
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layer 2 on the GaN substrate to simplify the structure of the light-emitting
device enables yields to be improved. Peaks and valleys at a 100 y/m to 150 xm
pitch should not be present on the front-side surtace of the n-type buffer layer:;
in other words, the layer should be made not to produce hexagonal hillocks.
This may be realized, as discussed above, getting the EMS roughness of the
semiconductor substrate to be 15 nm or less. Likewise, the 10-point mean
roughness Kz of the epitaxial film surface can be rendered 15 nm or less. The
roughness Kz can even be made 7.5 or less. Naturally, these curbs on the
roughness, through improvement in crystal properties and improvement in.
flatness, contribute to 1mproving the quality of the semiconductor devices and
to improving manufacturing yields.

Fig. 2 1s a diagram that explanatorily illustrates a method of
manufacturing semiconductor devices as described above. Initially, with 77 the
substrate heating temperature 1n the cleaning step, the temperature 771s lower
than the substrate heating temperature 721in the following film-deposition step.
The flow rate of the nitrogen source gas is given as /NV;, and the flow rate of the
Ga source gas—trimethylgallium (TMG) for example—as G4 G: may be zero.
Hydrogen gas and other source gases may be included as well.

In the film-deposition step, the substrate heating temperature 1s given as
715, the flow rate of the nmitrogen source gas as Nz and the flow rate of the Ga
source gas as Gz In the present invention, the substrate heating temperatures
T2> T, and the condition that the flow rates of the Ga source gasbe G2> G20

is imposed. And as far as the source-material gases (ambient) are concerned,
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the flow rate of the Ga source gas 1n the cleaning step is made lower than what
it is 1n the film-deposition step, but the addition or subtraction of other source
gases 1s not performed.

Conventionallyy, when heteroepitaxial films are formed using a
heterosubstrate such as sapphire, removing surface contamination by
pretreating the sapphire substrate in a hydrogen atmosphere has worked to the
advantage of subsequent nucleation of the heteroepitaxial film. In instances 1n
which a homoepitaxial film 1s formed onto a GaN substrate, however, using
hydrogen to pretreat the substrate promotes the breaking away of N from the

surface, leading to surface devastation. The reasons for this will be explained 1n

more detail as follows.

In depositing a homoepitaxial film onto a substrate the following three
events conflict with each other. Namely, the three events are: (g1) the breaking
away of Ga and N; (g2) the supplying of Ga from the Ga source gas; and (g3) the
supplying of N from the N source gas. When a homoepitaxial film 1s going to be
deposited, with the rates at which the foregoing events progress being
appropriately related a homoepitaxial proceeds to form. The source-material
gas supply requirements for this situation are referred to as the
"film-deposition source-gas supply requirements."”

During the cleaning process (pretreating) gases are also supplied, to form
an ambient; for this case the term 1s "pretreating-gas supply requirements."
The general practice 1s to have the pretreating gas supply requirements be the

aforementioned film-deposition source-gas supply requirements minus the Ga
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source gas (Group III source gas). Under these pretreating-gas supply
conditions, if the GaN substrate temperature is the same as the temperature of
the substrate during film deposition, or exceeds that temperature, since Ga is
not supplied, Ga atoms left by the breaking away of N turn out to be present in
excess, as does otherwise, with respect to Ga droplets, NHs as the N source gas.
As a consequence, prior to migrating into steps or scratches, Ga ends up
forming fresh GaN. This results in fine corrugations being produced in the
surface of the GaN substrate after the pretreatment. If epitaxial deposition onto
a GaN substrate having such corrugations is carried out, the deposition grows
three-dimensionally, and at the stage in which the GaN deposition is, for
example, ca. 0.5 wm thick, a continuous film will not form.

Again with heteroepitaxial film deposition, since ELO (epitaxial lateral
overgrowth) technology is often employed to create GaN substrates atop
heterosubstrates, the product comes out with portions coalescing in which the
crystal orientations are slightly misaligned with each other. In a situation in
which an epitaxial film is being grown onto such a GaN substrate, because
epitaxial depositions having inherited the crystal orientation of the base will at
a certain stage coalesce, hexagonal hillocks will be prone to arise. The
crystallinity of the epitaxial films in the completed semiconductor device will
consequently be compromised, which not only degrades the quality of the device
but also causes a drop in yields during manufacture.

Making the preheating temperature lower than the film-deposition

temperature rids the GaN substrate surface of imbalances from accumulation



10

15

20

CA 02495908 2004-09-29

15

and breaking away of the atoms constituting the epitaxial film, even with a
pretreating gas in which Ga source gas has been omitted from the
film-deposition gases being employed. A substrate front side of favorable
flatness and crystallinity, suited to growing epitaxial films, can be achieved as a
result. Since it i1nvolves only one parameter, optimizing the substrate
temperature 1s easy compared with optimizing the preheating-gas supply
conditions. Moreover, since the temperatures at which nitride semiconductor
films are deposited are fundamentally high, even with the preheating
temperature made lower than the film-deposition temperature, there 1s no
harm to the cleaning etffectiveness.

In the foregoing pretreating-gas supply requirements, the gas flow rate
in supplying the source gases that, with the source gas for Ga or other Group 111
element being omitted, remain may be made the same as the gas flow rate
during film deposition. Inasmuch as the pretreating temperature 1s lower than
the film-deposition temperature, there will be no occurrence of the imbalances
noted above. Therefore, simply by omitting the Ga source gas from the
film-deposition-gas supply requirements as described above, optimization of the

pretreating-gas supply requirements by designating an immense number of

parameters need not be carried out.
Embodiment & Comparative Example

A GaN substrate was utilized, and a cleaning process (pretreatment) was
implemented on the GaN substrate, onto which a homoepitaxial film was

thereafter deposited. The pretreating conditions as film-deposition conditions
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are as noted below.
Pretreating Conditions —

Nitrogen: 20 slm

Hydrogen: 15 slm

Ammonia: 5 slm

Substrate temperature — Present invention example: 1025°C;

Comparative example: 1150°C

Pretreating time — 10 minutes
Film-Deposition Conditions —

Nitrogen: 20 slm

Hydrogen: 15 slm

Ammonia: 5 slm

TMG: 19 sccm

Substrate temperature — 1150°C

Utilized as the GaN substrate was a bulk crystal prepared by growing 3
thick GaN film onto a GaAs substrate with SiO2 made the mask and thereafter
removing the GaAs substrate. (Cf. PCT Gazette Pub. No. W099/23693.) In the
pretreatment, the Ga source gas TMG was omitted, and ammonia as the
nitrogen source gas, and nitrogen and hydrogen as the carrier gases alone were
flowed according to the same flow paraméters as those in the film-deposition
conditions noted above. The root-mean-square (RMS) roughness of the
substrate after having undergone the pretreatment was assessed using atomic

force microscopy (AFM).
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Fig. 3 is micrographs made using AFM, showing 10 t/m x 10 gm of
roughness, for RMS calculations, along the front side of the GaN substrate. The
views show results for, in Fig. 3A, a GaN substrate with no pretreatment (raw
substrate/comparative example); in Fig. 3B, a GaN substrate that underwent
pretreating at a 1025°C substrate temperature (present-invention example);
and in Fig. 3C, a GaN substrate that, similarly as is conventional, underwent
pretreating at a substrate temperature that was the same as the
film-deposition temperature (comparative example). Then, RMS calculations

for the foregoing samples within 2 ym x 2 ym and 10 gm x 10 zm bounds are set

forth in the Table.
Table Root-Mean-Square (RMS) Roughness
Conditions , . o .
No pretreatment | 1150°C; 10 man. ] 1025°C; 10 min.
Scan field
| 2 pm x 2 pm 1.3 nm 25.6 nm ' 0.6 nm j
10 ym x 10 am 2.0 nm I 23.6 nm 1.5 nm

According to Fig. 3 and the table, the sample pretreated at a substrate
temperature that was the same 1150°C that 1s the film-deposition temperature
had an RMS roughness of over 20 nm; thus its surface roughness compared to
that of the raw substrate on which pretreatment had not been carried out had
grown drastically, deteriorating the substrate quality. The size of a single
eradation along the zaxis in Fig. 3C 1s ten times that of the z-axes in Figs. 3A
and 3B, and although the magnitude of the disparity just noted i1s thus

somewhat hard to discern, the disparity is unmistakable.
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On the other hand, with the sample (present-invention example)
pretreated at a substrate temperature lower than the film-deposition
temperature, the 2 ym x 2 m RMS roughness is 0.6 nm, which 1s markedly
superior to the 1.3 nm of the raw substrate. The 10 zm x 10 zm RMS roughness,
1.5 nm, 1s superior to the 2.0 nm of the raw substrate, and proved to measure
one order of magnitude smaller than the 23.6 nm RMS roughness of the
comparative example.

As described in the foregoing, by pretreating a GaN substrate at a
substrate temperature lower than the 11560°C film-deposition temperature, the
substrate 1s cleaned without its flatness being harmed. As describéd in the
foregoing, by forming an epitaxial film onto a GaN substrate that has been
pretreated at a substrate temperature of 1025°C, an atomically stepped surface
in which the RMS roughness is 0.5 nm or less can be achieved.

Fig. 4 1s views showing results of using differential interference contrast
microscopy to observe, following stages, the surface of a sample in an example of
the present invention. Fig. 4A 1s a photograph 1n which a GaN substrate after
being pretreated correspondingly to the substrate in Fig. 3B 1s observed by
differential interference microscopy; Fig. 4B is a photograph of a GalN film at
the point at which it has been epitaxially grown, according to the foregoing

film-deposition conditions, 0.5 tm thick onto the GaN substrate; and Fig. 4C 1s

a photograph of the GaN film after it has been epitaxially grown 2 zm thick. In
turn, Fi1g. 5 1s views showing results of likewise using differential interference

contrast microscopy to observe, following stages, the surface of a sample in a
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comparative example corresponding to that of Fig. 3C. Fig. bA 1s a photograph

~in which a GaN substrate after being pretreated correspondingly to the

substrate 1n Fig. 3C 1s observed by differential interference microscopy; Fig. 5B
1s a photograph of a GaN film at the point at which it has been epitaxially
grown, according to the foregoing film-deposition conditions, 0.5 zm thick onto
the GaN substrate; and Fig. 5C 1s a photograph of the GaN film after 1t has been
epitaxially grown 2 um thick.

As will be understood by comparing ¥igs. 4 and 5, the disparity in surface
roughness of the GalN substrates after the pretreatments is clearly confirmed
by differential interference microscopy as well, with the roughness i1n the
surface, shown 1n Fig. 4A, of the present-invention example being less than that
of the surface, shown in Fig. 5A, of the comparative example.

Furthermore, when a comparison of the GaN films at the point at which
they had been deposited to 0.5 tm on the post-pretreated GaN substrates is
made, from Fig. 4B of the present-invention example the GaN film proves to
have been formed continuously, while from Fig. 5B of the comparative example,
the GaN film turns out to have grown three-dimensionally without the layer
forming continuously.

Likewise, from a comparison of the GaN films at the point at which they
had been deposited to 2 xm on the post-pretreated GaN substrates, 1t 1s evident
that from Fig. 4C of the present-invention example a flat GaN film formed,
while from Fig. 5C of the 'comparative example, hexagonal hillocks were

generated, in which the just-noted discontinuous film that grew
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three-dimensionally camelout coalesced. In other words, in the comparative
example a GaN film of inferior flatness and crystallimty formed.

Figs. 6 and 7 are diagrams showing the results of measuring, using a
stylus surface profilometer, the surface roughness of GaN films deposited at 2
tm thickness, corresponding to those 1n Figs. 4C and 5C. In the Fig. 7
roughness profile of the comparative example peaks and valleys whose
height/depth 1s 50 nm to 150 nm, at a pitch of 100 zm to 150 xm are
ascertainable. This 1s analogous to the roughness from the hexagonal hillocks
verified 1in the Fig. 5C differential-interference-microscopy photograph. In Fig.
6 of the present-invention example, on account of the film-deposition process
having been carried out after pretreatment at 1025°C was performed, no heavy
roughness can be ascertained.

Addenda Regarding Embodying Mode and Embodiment Example of the Present
Invention

1. In the embodying mode and embodiment example, only an example of
a GaN substrate and a GaN film formed atop the substrate were described, but
the scope of the present invention most broadly is not restricted to GaN-based
semiconductor elements—they may be other nitride-based semiconductor
devices as well.

2. The amplhitude of the roughness of the semiconductor substrate, etc. in
the semiconductor devices of the present invention is based on the roughness
prior to a thin film being formed on the substrate, etc.—with the description,

including that of the mode for carrying out the invention, presuming that even
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once other thin films have been formed on the substrate, etc. the roughness will
not undergo a significant change. Nevertheless, the actual amplitude of the
roughness in the front side after it has been fabricated into semiconductor
devices will depend significantly on the measuring method—particularly in
implementations in which the surface roughness is exposed by etching, on the
etching technique. And it will also depend on the precision of the device with
which the roughness is measured. It is believed that, in determining the
roughness amplitude of the surface of the respective areas in the semiconductor
devices of the present invention, the best measuring method and the best
measuring device have been specified.

In the foregoing, an explanation has been made of modes for embodying
the present invention, but the embodiments of the present invention disclose
above are ultimately illustrative examples; the scope of the present invention is
not hmited to these embodiments. The scope of the present 1nvention is
indicated by the recitations of the scope of the patent claims, and includes

meanings equivalent to the recitations of the scope of the patent claims and all

modifications within the scope.

Industrial Applicability

Utilizing according to the present invention nitride-based semiconductor
devices and a method of their manufacture makes it possible to achieve

nitride-based semiconductor devices containing epitaxial films excelling in

flatness and crystallinity.
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CLAIMS

1. A method of manufacturing nitride-based semiconductor devices
formed onto a semiconductor substrate being a compound containing a Group
3B element for forming compounds with nitrogen, and nitrogen, the nitride
semiconductor device manufacturing method including steps of-

heating the semiconductor substrate to a film-deposition temperature,
supplying to the substrate a film-deposition gas containing a source gas for the
Group 3B element and a nitrogen source gas, and epitaxially growing onto the
semiconductor substrate a thin film of a compound containing the Group 3B
element and nitrogen; and

being furnished with a step, in advance of the epitaxial growth step, of
heating the semiconductor substrate to a pretreating temperature less than the
film-deposition temperature, to clean the front side of the semiconductor
substrate.

2. A nitride semiconductor device manufacturing method as set forth in
claim 1, wherein in the semiconductor-substrate cleaning step, a pretreatment
gas in which the proportion of Group-3B-element source gas has been reduced
below what it is 1n the film-deposition gas for the epitaxial growth step 1s
supplied.

3. A nitride semiconductor device manufacturing method as set forth in

claim 2, wherein the pretreatment gas does not contain the source gas for the

Group 3B element.



10

15

CA 02495908 2004-09-29

23

4. A semiconductor device furnished with:

a semiconductor substrate formed from a compound containing a Group
3B element for forming compounds with nitrogen, and nitrogen; and

an epitaxial semiconductor film containing the Group 3B element and
nitrogen, formed onto the semiconductor substrate; wherein

the surface roughness of the semiconductor substrate 1s 15 nm or less in
root-mean-square KMS roughness.

5. A semiconductor device as set forth in claim 4, wherein the
root-mean-square roughness of the semiconductor substrate is 5 nm or less.

6. A semiconductor device as set forth 1n claim 4 or 5, wherein the
10-point mean roughness £z of the epitaxial film 1s 15 nm or less.

7. A semiconductor device as set forth in claam 6, wherein £z1s 7.5 nm or
less.

8. A semiconductor device as set forth 1n claim 4 or 5, wherein the
front-side surface of the epitaxial film does not have peaks and valleys of 50 nm

to 150 nm height appearing at a pitch of 100 zam to 150 zm.
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Cleaning Step

Epitaxial-Film Deposition Step

Substrate heating temperature: 77

Tr< T

[T ]

Nsource gas flow rate = Nz
Ga source gas flow rate = Gz

G1< Gy

N source gas flow rate = /V;
(7a source gas flow rate = (;

0 Gi< G2

Substrate heating temperature: 72

Next Steps 1n
Semiconductor Device

Fabrication
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