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SEMICONDUCTOR ELEMENT AND
METHOD FOR MANUFACTURING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2018-095903, filed on May 18, 2018; the entire contents of
which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
semiconductor element and a method for manufacturing the
same.

BACKGROUND

[0003] For example, there is a semiconductor element
such as a transistor using a nitride semiconductor or the like.
It is desirable to improve the characteristics of the semicon-
ductor element.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a schematic cross-sectional view illus-
trating a semiconductor element according to a first embodi-
ment;

[0005] FIG. 2A and FIG. 2B are graphs illustrating the
semiconductor element according to the first embodiment;
[0006] FIG. 3A and FIG. 3B are graphs illustrating a
semiconductor element of a first reference example;
[0007] FIG. 4A and FIG. 4B are graphs illustrating a
semiconductor element of a second reference example;
[0008] FIG. 5A and FIG. 5B are graphs illustrating a
semiconductor element of a third reference example;
[0009] FIG. 6A and FIG. 6B are graphs illustrating char-
acteristics of the semiconductor elements;

[0010] FIG. 7A and FIG. 7B are graphs illustrating char-
acteristics of the semiconductor elements;

[0011] FIG. 8A and FIG. 8B are graphs illustrating char-
acteristics of the semiconductor elements;

[0012] FIG. 9A to FIG. 9F are schematic cross-sectional
views illustrating a method for manufacturing the semicon-
ductor element according to the second embodiment;
[0013] FIG. 10 is a schematic cross-sectional view illus-
trating a portion of the semiconductor element according to
the embodiment;

[0014] FIG. 11 is a schematic cross-sectional view illus-
trating a semiconductor element according to the embodi-
ment; and

[0015] FIG. 12A and FIG. 12B are schematic cross-sec-
tional views illustrating semiconductor elements according
to the embodiment.

DETAILED DESCRIPTION

[0016] According to one embodiment, a semiconductor
element includes a first nitride semiconductor region, a
second nitride semiconductor region, and an intermediate
region provided between the first nitride semiconductor
region and the second nitride semiconductor region. A Si
concentration in the intermediate region is not less than
1x10'%/cm® and not more than 1x10'°/cm>. A charge density
in the intermediate region is 3x10"7/cm> or less.
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[0017] According to another embodiment, a method for
manufacturing a semiconductor element includes processing
a first nitride semiconductor region in an atmosphere includ-
ing Si, performing surface processing of the first nitride
semiconductor region after the processing, and forming a
second nitride semiconductor region on the first nitride
semiconductor region after the surface processing.

[0018] Various embodiments are described below with
reference to the accompanying drawings.

[0019] The drawings are schematic and conceptual; and
the relationships between the thickness and width of por-
tions, the proportions of sizes among portions, etc., are not
necessarily the same as the actual values. The dimensions
and proportions may be illustrated differently among draw-
ings, even for identical portions.

[0020] In the specification and drawings, components
similar to those described previously or illustrated in an
antecedent drawing are marked with like reference numer-
als, and a detailed description is omitted as appropriate.

FIRST EMBODIMENT

[0021] FIG. 1 is a schematic cross-sectional view illus-
trating a semiconductor element according to a first embodi-
ment.

[0022] As shown in FIG. 1, the semiconductor element
110 according to the embodiment includes a first nitride
semiconductor region 10, a second nitride semiconductor
region 20, and an intermediate region 15. The intermediate
region 15 is provided between the first nitride semiconductor
region 10 and the second nitride semiconductor region 20.
[0023] A direction from the first nitride semiconductor
region 10 toward the second nitride semiconductor region 20
is taken as a Z-axis direction. In the Z-axis direction, the
intermediate region 15 is positioned between the first nitride
semiconductor region 10 and the second nitride semicon-
ductor region 20.

[0024] A base body 40 and a buffer layer 60 are provided
in the example. The base body 40 is, for example, a silicon
substrate. The base body 40 may be, for example, a sapphire
substrate, a SiC substrate, or a GaN substrate. The base body
40 may be a nitride semiconductor layer formed on a
substrate.

[0025] The buffer layer 60 is provided between the base
body 40 and the first nitride semiconductor region 10. For
example, the buffer layer 60 is formed on the base body 40.
In one example, the buffer layer 60 includes AIN. In one
example, the buffer layer 60 includes, for example, GaN.
The buffer layer 60 may include a stacked body including
multiple AlGaN layers. The buffer layer 60 may include, for
example, multiple GaN layers and multiple AIN layers
provided alternately. Examples of the buffer layer 60 are
described below.

[0026] For example, the first nitride semiconductor region
10 is formed on the buffer layer 60. For example, the
intermediate region 15 is formed on the first nitride semi-
conductor region 10. For example, the second nitride semi-
conductor region 20 is formed on the intermediate region 15.
[0027] In one example, the first nitride semiconductor
region 10 includes at least one selected from the group
consisting of GaN and AlGaN. In one example, the second
nitride semiconductor region 20 includes at least one
selected from the group consisting of GaN and AlGaN.
[0028] In the example, the second nitride semiconductor
region 20 includes a first layer region 21 and a second layer
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region 22. The first layer region 21 is provided between the
second layer region 22 and the intermediate region 15. The
first layer region 21 includes Al ,Ga, N (0=x1<1). The
second layer region 22 includes Al ,Ga, ,N (0<x2=1 and
x1<x2). In one example, the first layer region 21 includes
GaN; and the second layer region 22 includes AlGaN. The
second nitride semiconductor region 20 is, for example, a
functional layer. In one example, x2 may be less than 1.

[0029] The intermediate region 15 includes Si. The inter-
mediate region 15 may further include Ga and N. For
example, the Si concentration in the intermediate region 15
is higher than the Si concentration in the first nitride semi-
conductor region 10. For example, the Si concentration in
the intermediate region 15 is higher than the Si concentra-
tion in the second nitride semiconductor region 20. In one
example, the thickness of the intermediate region 15 is not
less than 0.25 nm and not more than 30 nm. For example, the
thickness of the intermediate region 15 corresponds to the
length of the intermediate region 15 along the Z-axis direc-
tion (the direction from the first nitride semiconductor
region 10 toward the second nitride semiconductor region
20).

[0030] As described below, the Si concentration in the
intermediate region 15 is not less than 1x10"%cm’ and not
more than 1x10'°/cm> As described below, the charge
density (e.g., the carrier density) in the intermediate region
15 is 3x10"7/cm? or less. In the case where the Si concen-
tration has a maximum value, the Si concentration is, for
example, the concentration at the peak.

[0031] By providing the intermediate region 15 including
Si, for example, the dislocation density in the second nitride
semiconductor region 20 can be reduced. Because the charge
density is low (e.g., 3x10'7/cm? or less), for example, a high
mobility can be obtained.

[0032] Examples of the characteristics of the semiconduc-
tor element will now be described. In the following
examples, the first nitride semiconductor region 10 includes
GaN. The second nitride semiconductor region 20 includes
the first layer region 21 of GaN and the second layer region
22 of AlGaN.

[0033] FIG. 2A and FIG. 2B are graphs illustrating the
semiconductor element according to the first embodiment.

[0034] FIG. 2A illustrates the profiles of the elements of
the semiconductor element 110. The vertical axis on the left
of FIG. 2A is a Si concentration CSi (fem®). The vertical axis
on the right of FIG. 2A is a secondary ion intensity IAl (cps)
relating to Al. The vertical axis of FIG. 2B is a charge
density CD (/em®). The Si concentration CSi and the sec-
ondary ion intensity 1Al relating to Al are results of SIMS
analysis. The charge density CD corresponds to the density
of the electrons (the donors). In FIG. 2A and FIG. 2B, the
horizontal axis is a position pZ (nm) in the Z-axis direction.

[0035] As shown in FIG. 2A, the region where Al is
detected corresponds to the second layer region 22. The
region where the Si concentration is high corresponds to the
intermediate region 15. The region between the second layer
region 22 and the intermediate region 15 corresponds to the
first layer region 21.

[0036] As shown in FIG. 2A, the Si concentration in the
intermediate region 15 is not less than 1x10"%cm’ and not
more than 1x10'®/cm>. The Si concentration in the interme-
diate region 15 may be, for example, not less than 2x10'%/
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cm® and not more than 5x10'%/cm?. In the example, the peak
concentration of Si in the intermediate region 15 is about
3x10"%/cm’.

[0037] The Si concentration in the first nitride semicon-
ductor region 10 is less than 5x10'7/cm®. The Si concen-
tration in the first nitride semiconductor region 10 may be,
for example, 2x10'7/cm> or less. In the example, excluding
the signal due to noise, the Si concentration in the first
nitride semiconductor region 10 is 1x10'7/cm® or less.
[0038] On the other hand, the Si concentration in the first
layer region 21 is less than 5x10"7/cm?®. The Si concentra-
tion in the first layer region 21 may be, for example,
2x10"7/em? or less. In the example, excluding the signal due
to noise, the Si concentration in the first layer region 21 is
1x10"7/cm? or less.

[0039] The Si concentration in the second layer region 22
is slightly high in the surface region (where the position pZ
is 2 nm or less). Other than this region, the Si concentration
in the second layer region 22 is less than 5x10'7/cm>. The
Si concentration in the second layer region 22 may be, for
example, 2x10'7/cm?® or less. In the example, excluding the
signal due to noise, the Si concentration in the second layer
region 22 is 2x10"7/cm® or less.

[0040] Thus, a region where the Si concentration is high
locally is provided. This region corresponds to the interme-
diate region 15.

[0041] As shown in FIG. 2B, a peak of the charge density
CD is observed at the vicinity of the interface between the
first layer region 21 and the second layer region 22. For
example, it is considered that the peak originates in a
two-dimensional electron gas (2 DEG). On the other hand,
the charge density CD in the intermediate region 15 is
3x10'7/cm? or less. In the example, the charge density CD
in the intermediate region 15 is 1x10'%cm? or less.

[0042] Thus, in the semiconductor element 110 according
to the embodiment, the intermediate region 15 where the Si
concentration is high locally is provided. For example, it is
considered that three-dimensional growth occurs when
forming (performing crystal growth of) the second nitride
semiconductor region 20 on such an intermediate region 15.
Thereby, dislocations can be reduced.

[0043] Although the Si concentration is high in the inter-
mediate region 15, the charge density CD in the intermediate
region 15 is low. Thereby, unfavorable effects on the elec-
trical characteristics are suppressed. For example, unfavor-
able effects of the charge of the intermediate region 15 on a
current using the two-dimensional electron gas can be
suppressed. For example, the dislocations can be reduced
while maintaining a high mobility based on the two-dimen-
sional electron gas.

[0044] In the embodiment, it is possible to improve the
characteristics while suppressing the unfavorable effects on
the electrical characteristics.

[0045] FIG. 3A and FIG. 3B are graphs illustrating a
semiconductor element of a first reference example.
[0046] These figures illustrate characteristics of the semi-
conductor element 1194 of the first reference example.
[0047] FIG. 3A illustrates the profiles of the elements of
the semiconductor element 119a. As shown in FIG. 3A, the
second layer region 22, the first layer region 21, an inter-
mediate region 15A, and the first nitride semiconductor
region 10 are provided in the semiconductor element 119a as
well. In the semiconductor element 1194, the Si concentra-
tion in the intermediate region 15A is about 2x10™%/cm>.
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[0048] In the semiconductor element 119a as shown in
FIG. 3B, the charge density CD has two peaks. One of the
peaks originates in the two-dimensional electron gas. The
other one of the peaks corresponds to the intermediate
region 15A. The charge density CD in the intermediate
region 15A is about 5x10'%/cm>. In the semiconductor
element 1194, unfavorable effects on the electrical charac-
teristics occur. For example, the mobility decreases.
[0049] Examples of measurement results of the mobility
will now be described.

[0050] In the semiconductor element 110 according to the
embodiment, the mobility of the electrons is 1700 cm*/Vs.
In the semiconductor element 1194 of the first reference
example, the mobility of the electrons is 510 cm?/Vs. It is
considered that this is because in the first reference example,
the electrons inside the two-dimensional electron gas (2
DEG) are scattered by the charge (the carriers) of the
intermediate region 15. Thus, a high mobility is obtained due
to the intermediate region 15 having the low charge density
CD. For example, the information that relates to the mobility
is obtained by a Hall effect measurement.

[0051] FIG. 4A and FIG. 4B are graphs illustrating a
semiconductor element of a second reference example.
These figures illustrate characteristics of the semiconductor
element 1195 of the second reference example. FIG. 4A
illustrates the profiles of the elements of the semiconductor
element 1195. An intermediate region is not provided in the
semiconductor element 1195 of the second reference
example. In the semiconductor element 1196 as shown in
FIG. 4B, the charge density CD has one peak. The mobility
of the second reference example is 1600 cm*/Vs. In the
second reference example, a high Si concentration is not
provided in the region including the first nitride semicon-
ductor region 10 and the second nitride semiconductor
region 20. The mobility of the second reference example is
higher than the mobility of the first reference example.
However, the mobility of the second reference example is
lower than the mobility of the embodiment. Because the
intermediate region is not provided in the second reference
example, the dislocation density is high; and it is difficult to
obtain sufficiently high crystal quality. Thereby, it is difficult
to obtain a sufficiently high mobility.

[0052] FIG. 5A and FIG. 5B are graphs illustrating a
semiconductor element of a third reference example. These
figures illustrate characteristics of the semiconductor ele-
ment 119¢ of the third reference example. FIG. 5A illustrates
the profiles of the elements of the semiconductor element
119c. In the semiconductor element 119¢ of the third refer-
ence example, the intermediate region is not provided; and
the first layer region 21 and the first nitride semiconductor
region 10 include a low concentration of Si. In the semi-
conductor element 119c¢, the first layer region 21 and the first
nitride semiconductor region 10 are n-type nitride semicon-
ductor regions. In the semiconductor element 119¢ as shown
in FIG. 5B, the charge density CD has one peak. The
mobility of the third reference example is 1150 cm*/Vs. The
mobility of the third reference example is higher than the
mobility of the first reference example. However, the mobil-
ity of the third reference example is lower than the mobility
of the embodiment. Because the intermediate region is not
provided in the third reference example, the dislocation
density is high; and it is difficult to obtain sufficiently high
crystal quality. Thereby, it is difficult to obtain a sufficiently
high mobility.
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[0053] Thus, according to the embodiment, a semiconduc-
tor element can be provided in which the characteristics can
be improved.

[0054] Here, a parameter P that relates to the relationship
between the charge density CD and the Si concentration CSi
is introduced. The parameter P is the ratio of the charge
density CD in the intermediate region 15 or 15A to the Si
concentration CSi in the region.

[0055] In one example of the semiconductor element 110
recited above, the Si concentration CSi in the intermediate
region 15 is not less than 1x10'%/cm® and not more than
1x10*/cm?; and the charge density CD in the intermediate
region 15 is 3x10'7/cm?® or less. In such a case, the parameter
P is 0.01 or less.

[0056] In the first reference example recited above, the Si
concentration CSi in the intermediate region 15A is about
1.5x10"*/cm?; and the charge density CD in the intermediate
region 15A is about 5x10'%/cm?. In such a case, the param-
eter P is 0.22.

[0057] The parameter P is not derived for the second and
third reference examples recited above.

[0058] In the embodiment, for example, it is favorable for
the parameter P recited above to be less than 0.33. The
parameter P is, for example, 0.1 or less. The parameter P
may be, for example, 0.05 or less. The parameter P may be,
for example, 0.01 or less.

[0059] An example of a method for measuring the charge
density CD recited above will now be described.

[0060] FIG. 6A, FIG. 6B, FIG. 7A, FIG. 7B, FIG. 8A, and
FIG. 8B are graphs illustrating characteristics of the semi-
conductor elements

[0061] FIG. 6A and FIG. 6B correspond to the semicon-
ductor element 110 according to the embodiment. FIG. 7A
and FIG. 7B correspond to the semiconductor element 1194
of the first reference example. FIG. 8A and FIG. 8B corre-
spond to the semiconductor element 1196 of the second
reference example. In these figures, the horizontal axis
corresponds to the voltage (an applied voltage V1) applied
between the base body 40 and the second nitride semicon-
ductor region 20. In FIG. 6A, FIG. 7A, and FIG. 8A, the
vertical axis corresponds to an electrical capacitance C1 of
the depletion layer between the base body 40 and the second
nitride semiconductor region 20. In FIG. 6B, FIG. 7B, and
FIG. 8B, the vertical axis corresponds to the charge density
CD.

[0062] For example, an electrode is formed on the second
nitride semiconductor region 20 side; and a Schottky junc-
tion is formed. For example, the second nitride semicon-
ductor region 20 side is set to be positive; the base body 40
side is set to be negative; and the measurement of the
capacitance-voltage characteristic (the C-V characteristic) is
performed. Thereby, the measurement results of the capaci-
tance-voltage characteristic (the C-V characteristic) such as
those shown in FIG. 6A, FIG. 7A, and FIG. 8A are obtained.

[0063] The charge density distribution (the concentration)
of the region depleted by a micro change dV when the
applied voltage is changed from V to V+dV is taken to be a
constant. W is the width of the depletion region. N (W) is
the charge density distribution in the depletion region. The
charge density distribution is provided by the following
Formula (1).

NAON=C((geoe AP (dC/AV)) M
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[0064] In Formula (1), “q” is the elementary charge. “g,”
is the dielectric constant of a vacuum. “g,” is the relative
dielectric constant of the second nitride semiconductor
region 20. “A” is the surface area of the electrode (the
contact region or the Schottky junction region) when mea-
suring the electrical capacitance. “C” is the electrical capaci-
tance. “V” is the applied voltage. The width W of the
depletion region corresponds to the distance from the elec-
trode.

[0065] The width W of the depletion region is provided by
the following Formula (2).

W=gqe,A/C @

[0066] Accordingly, from the applied voltage value and
the electrical capacitance value of the capacitance-voltage
characteristic (the C-V characteristic), for example, the
charge density distribution N (W) in the width W of the
depletion region can be obtained based on Formula (1) and
Formula (2). FIG. 6B, FIG. 7B, and FIG. 8B illustrate the
charge density CD with respect to the applied voltage V1.

[0067] The distribution along the thickness direction of the
charge density CD is obtained from these results. Based on
such results, the characteristics illustrated in FIG. 2B, FIG.
3B, and FIG. 4B are obtained.

SECOND EMBODIMENT

[0068] The embodiment relates to a method for manufac-
turing a semiconductor element.

[0069] An example of an overview of the method for
manufacturing the semiconductor element 110 according to
the embodiment will now be described.

[0070] For example, processing of the first nitride semi-
conductor region 10 is performed in an atmosphere includ-
ing Si. After this processing, surface processing of the first
nitride semiconductor region 10 is performed. After the
surface processing, the second nitride semiconductor region
20 is formed on the first nitride semiconductor region 10.

[0071] For example, the first nitride semiconductor region
10 is formed on the buffer layer 60 provided on the base
body 40. For example, crystal growth of the first nitride
semiconductor region 10 is performed. Then, after the
surface processing, crystal growth of the second nitride
semiconductor region 20 is performed on the first nitride
semiconductor region 10.

[0072] In one example, for example, the surface process-
ing may include a first processing including irradiating UV
light. For example, the irradiation of the UV light is per-
formed in an atmosphere including oxygen.

[0073] In one example, the surface processing may
include a second processing using an alkaline liquid. In one
example, the second processing (the processing using the
alkaline liquid) is performed after the first processing (the
irradiation of the UV light).

[0074] In one example, the surface processing may
include a third processing using a liquid including an acid
(e.g., at least one selected from the group consisting of
hydrochloric acid, nitric acid, and hydrofiuoric acid). The
third processing is performed between the first processing
and the second processing.

[0075] An example of the method for manufacturing the
semiconductor element 110 according to the embodiment
will now be described.
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[0076] FIG. 9A to FIG. 9F are schematic cross-sectional
views illustrating the method for manufacturing the semi-
conductor element according to the second embodiment.
[0077] As shown in FIG. 9A, the buffer layer 60 and the
first nitride semiconductor region 10 are sequentially formed
by epitaxial growth on the base body 40. For example, the
formation is performed inside a chamber of an epitaxial
growth apparatus.

[0078] The processing body (the base body 40, the buffer
layer 60, and the first nitride semiconductor region 10) is
removed from the chamber. The surface of the first nitride
semiconductor region 10 contacts air.

[0079] Thereby, as shown in FIG. 9B, a substance 18 that
includes Si (e.g., a compound including Si) adheres to the
surface of the first nitride semiconductor region 10. In one
example, the substance 18 includes Si and oxygen. The
substance 18 includes, for example, siloxane. In one
example, the substance 18 may include Si and C (carbon).
[0080] As shown in FIG. 9C, UV light is irradiated on the
surface of the first nitride semiconductor region 10 (the first
processing). For example, an excimer lamp or a mercury
lamp is used as the light source of the UV light. The peak
wavelength of the UV light emitted from the excimer lamp
is, for example, about 172 nm. The peak wavelength of the
mercury lamp is, for example, 185 nm or 254 nm. By the
irradiation of the UV light, for example, the substance 18
that includes Si (the compound including Si) and is adhered
to the first nitride semiconductor region 10 is oxidized. By
the irradiation of the UV light, for example, an oxide 18a (Si
oxide) that includes Si is formed. By the irradiation of the
UV light, for example, an oxide (Ga oxide) that includes Ga
also may be formed.

[0081] For example, the UV light is irradiated in an
atmosphere including oxygen. For example, the oxidization
of the surface of the first nitride semiconductor region 10 is
promoted. It is favorable for the oxygen concentration in the
atmosphere to be not less than 1% and not more than 25%.
In the case where the oxygen concentration in the atmo-
sphere is less than 0.1%, for example, the oxidation effect is
not sufficient; and the formation of oxide is not sufficient. In
the case where the oxygen concentration in the atmosphere
is greater than 40%, for example, the absorption of the UV
light by the oxygen is large; and the formation of oxide is not
sufficient. When the oxygen concentration in the atmosphere
is not less than 1% and not more than 25%, the oxidation
effect is obtained more effectively, and the oxide is formed
more effectively, for example. It is more favorable for the
oxygen concentration in the atmosphere to be not less than
2% and not more than 10%.

[0082] Inoneexample as shown in FIG. 9D, the surface of
the first nitride semiconductor region 10 irradiated with the
UV light is caused to contact an atmosphere (a liquid or a
gas) including an acid (the third processing). For example,
the atmosphere (the liquid) that includes the acid includes,
for example, at least one selected from the group consisting
of hydrochloric acid, nitric acid, and hydrofluoric acid. Due
to the liquid (the acidic aqueous solution), the amount of the
oxide 185 (the Ga oxide or the Si oxide) at the surface of the
first nitride semiconductor region 10 is reduced (e.g.,
etched).

[0083] Inone example as shown in FIG. 9E, the surface of
the first nitride semiconductor region 10 irradiated with the
UV light is caused to contact an alkaline liquid (the second
processing). The alkaline liquid (e.g., the aqueous solution)
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includes, for example, at least one of a potassium hydroxide
(KOH) aqueous solution or a tetramethyl ammonium
hydroxide (TMAH) aqueous solution. Due to the liquid (the
alkaline aqueous solution), the amount of the oxide 18¢ (the
Ga oxide (e.g., the gallium oxide) or the Si oxide (e.g., the
silicon oxide)) at the surface of the first nitride semiconduc-
tor region 10 is reduced (e.g., etched).

[0084] In one example, the processing that uses the alka-
line aqueous solution is performed after the processing using
the acidic aqueous solution. For example, processing that
uses hydrochloric acid can be performed; subsequently,
processing that uses hydrofluoric acid can be performed;
further, processing that uses TMAH can be performed. Due
to the processing using hydrochloric acid, for example, the
Ga oxide (e.g., the gallium oxide) is removed. Due to the
processing using hydrofluoric acid, for example, a portion of
the silicon oxide (e.g., the silicon oxide) is removed. Due to
the processing using TMAH, for example, at least one of the
Ga oxide (e.g., the gallium oxide) or a portion of the silicon
oxide (e.g., the silicon oxide) is removed. By such process-
ing, a portion of the Si compound formed at the surface of
the first nitride semiconductor region 10 may be removed.

[0085] Subsequently, the processing body is introduced to
a chamber. As shown in FIG. 9F, the second nitride semi-
conductor region 20 is formed on the first nitride semicon-
ductor region 10 after the surface processing. The interme-
diate region 15 is formed by the processing recited above.

[0086] The intermediate region 15 includes Si. It is con-
sidered that the Si is stabilized by the surface processing
recited above. For example, it is considered that an electri-
cally neutral and stable compound including Si and oxygen
is formed. It is considered that the charge density CD is
reduced thereby. For example, as shown in FIG. 2A, a peak
of'the Si concentration is observed in the intermediate region
15. As shown in FIG. 2B, a peak of the charge density CD
is not observed in the intermediate region 15.

[0087] In one example, the intermediate region 15 may
include oxygen. For example, electrical neutrality is
obtained easily by including Si and oxygen.

[0088] In the example recited above, a substance that
includes Si (e.g., a compound including Si) adheres to the
surface of the first nitride semiconductor region 10 due to the
surface of the first nitride semiconductor region 10 contact-
ing air. In another example, the surface of the first nitride
semiconductor region 10 may be caused to contact a gas
including Si.

[0089] For example, the formation of the first nitride
semiconductor region 10 and the second nitride semicon-
ductor region 20 recited above is performed by metal-
organic chemical vapor deposition (MOCVD), metal-or-
ganic vapor phase epitaxy (MOVPE), molecular beam
epitaxy (MBE), hydride vapor phase epitaxy (HVPE), etc.

[0090] For example, in the case where MOCVD or
MOVPE is used, the following can be used as the source
material when forming each semiconductor layer. For
example, TMGa (trimethylgallium) and TEGa (triethylgal-
lium) can be used as the source material of Ga. For example,
TMALI (trimethyl aluminum), etc., can be used as the source
material of Al. For example, NH; (ammonia)), MMHy
(monomethylhyd razine), DMHy (dimethylhydrazine), etc.,
can be used as the source material of N. For example, TMIn
(trimethylindium), TEIn (triethylindium), etc., can be used
as the source material of In.
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[0091] An example of the measurement results of the Si
concentration and the charge density of samples made using
the manufacturing method recited above will now be
described.

[0092] First to fitth samples have structures similar to that
of the semiconductor element 110.

[0093] In the first sample, the second nitride semiconduc-
tor region 20 is formed after causing the surface of the first
nitride semiconductor region 10 to contact air. The surface
processing is not performed for the first sample.

[0094] For the second sample, UV light is irradiated (the
first processing) after causing the surface of the first nitride
semiconductor region 10 to contact air. Subsequently, the
second nitride semiconductor region 20 is formed.

[0095] For the third sample, UV light is irradiated (the first
processing) after causing the surface of the first nitride
semiconductor region 10 to contact air. The surface of the
first nitride semiconductor region 10 irradiated with the UV
light is caused to contact a tetramethyl ammonium hydrox-
ide (TMAH) aqueous solution (the second processing).
Subsequently, the second nitride semiconductor region 20 is
formed. The third sample is the second sample for which the
second processing is further performed.

[0096] For the fourth sample, UV light is irradiated (the
first processing) after causing the surface of the first nitride
semiconductor region 10 to contact air. The surface of the
first nitride semiconductor region 10 irradiated with the UV
light is caused to contact hydrochloric acid (the third pro-
cessing) and a tetramethyl ammonium hydroxide (TMAH)
aqueous solution (the second processing) in this order.
Subsequently, the second nitride semiconductor region 20 is
formed. The fourth sample is the third sample for which the
third processing is further performed after the first process-
ing.

[0097] For the fifth sample, processing that uses a tetram-
ethyl ammonium hydroxide (TMAH) aqueous solution (the
second processing) is performed after causing the surface of
the first nitride semiconductor region 10 to contact air.
Subsequently, UV light is irradiated on the surface of the
first nitride semiconductor region 10 on which the process-
ing is performed (the first processing). Subsequently, the
second nitride semiconductor region 20 is formed. The fifth
sample is the third sample for which the order of the first
processing and the second processing is reversed.

[0098] For the sixth sample, UV light is irradiated (the first
processing) after causing the surface of the first nitride
semiconductor region 10 to contact air. The surface of the
first nitride semiconductor region 10 irradiated with the UV
light is caused to contact a tetramethyl ammonium hydrox-
ide (TMAH) aqueous solution (the second processing) and
hydrochloric acid (the third processing) in this order. Sub-
sequently, the second nitride semiconductor region 20 is
formed. The sixth sample is the fourth sample for which the
order of the second processing and the third processing is
reversed.

[0099] In the first sample, the Si concentration in the
intermediate region 15 is 7x10'%cm?; and the charge den-
sity CD is 4.5x10'%/cm>. The parameter P is 0.64.

[0100] In the second sample, the Si concentration in the
intermediate region 15 is 4.2x10'%/cm>; and the charge
density CD is 2.8x10"7/cm>. The parameter P is 0.07. The
parameter P of the second sample is lower than the param-
eter P of the first sample. The Si concentration and the
charge density CD can be reduced by the surface processing
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using the irradiation of the UV light. It is considered that the
parameter P can be reduced by the surface processing using
the irradiation of the UV light.

[0101] In the third sample, the Si concentration in the
intermediate region 15 is 3.6x10'%/cm?; and the charge
density CD is 8x10'%cm®. The parameter P is 0.02. It is
considered that the Si concentration and the charge density
CD can be reduced further by performing the processing
using the alkaline liquid (the second processing) in addition
to the irradiation of the UV light as the surface processing.
For example, it is considered that the parameter P can be
reduced by the conditions of the third sample.

[0102] In the fourth sample, the Si concentration in the
intermediate region 15 is 3x10'%/cm?; and the charge den-
sity CD is 1x10'%cm® or less. The parameter P is 0.01 or
less. It is considered that the Si concentration and the charge
density CD can be reduced further by performing the
processing using the atmosphere (the liquid or the gas)
including the acid (the third processing) in addition to the
processing using the alkaline liquid (the second processing)
and the irradiation of the UV light as the surface processing.
For example, it is considered that the parameter P can be
reduced by the conditions of the fourth sample.

[0103] In the fifth sample, the Si concentration in the
intermediate region 15 is 3.8x10'%cm?®, and the charge
density CD is 2x10'7/cm® or less. The parameter P is 0.05.
It is considered that the Si concentration and the charge
density CD are reduced more easily by performing the
second processing after the first processing in the case of
including the processing using the alkaline liquid (the sec-
ond processing) and the irradiation of the UV light (the first
processing) as the surface processing. For example, it is
considered that the parameter P can be reduced further by the
conditions of the fifth sample.

[0104] In the sixth sample, the Si concentration in the
intermediate region 15 is 3.6x10'%/cm>; and the charge
density CD is 4x10"7/cm? or less. The parameter P is 0.01.
It is considered that the Si concentration and the charge
density CD are reduced more easily by performing the first
processing, the third processing, and the second processing
in this order in the case of including the processing using the
acidic liquid (the third processing), the processing using the
alkaline liquid (the second processing), and the irradiation of
the UV light (the first processing) as the surface processing.
For example, it is considered that the parameter P can be
reduced further by the conditions of the sixth sample.

[0105] In the first reference example recited above, for
example, a d-doped layer is formed as the intermediate
region 15A. For example, crystal growth that uses SiH,
(monosilane), Si,Hg (disilane), etc., as the source material of
Si is performed. For example, the 6-doped layer is formed by
supplying ammonia and monosilane at a temperature of 600°
C. or more. In such a case, a peak of the charge density CD
corresponding to the peak of the Si concentration CSi occurs
(referring to FIG. 3A and FIG. 3B). In other words, it is
considered that, for example, an electrically active com-
pound including Si is formed as the d-doped layer. It is
considered that the peak of the charge density CD occurs
thereby.

[0106] As described above, the intermediate region is not
provided in the second reference example recited above. In
the second reference example, the first nitride semiconduc-
tor region 10 is a non-doped nitride semiconductor region.
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[0107] As described above, the intermediate region is not
provided in the third reference example recited above. In the
third reference example, the first nitride semiconductor
region 10 is an n-type nitride semiconductor region includ-
ing a low concentration of Si. In the third reference example,
the Si concentration CSi in the first nitride semiconductor
region 10 is about 1.2x107/cm>; and the charge density CD
in the first nitride semiconductor region 10 is about 1x10'7/
cm® (referring to FIG. 5A and FIG. 5B).

[0108] Also, there is a fourth reference example in which
the Si concentration of the configuration of the third refer-
ence example is high. In the fourth reference example, the
first nitride semiconductor region 10 is an n-type nitride
semiconductor region including a medium concentration of
Si. In the fourth reference example, for example, the Si
concentration CSi in the first nitride semiconductor region
10 is about 2x10"%/cm>; and the charge density CD in the
first nitride semiconductor region 10 is about 1.7x10*%/cm?.
[0109] Inthe third and fourth reference examples, the ratio
of the charge density CD to the Si concentration CSi is high.
It is considered that the Si inside the nitride semiconductor
of an n-type nitride semiconductor is electrically active. For
example, a reference example also may be considered in
which the first layer region 21 is an n-type nitride semicon-
ductor region including a medium concentration of Si. It is
considered that in such a reference example as well, the Si
inside the nitride semiconductor is electrically active. For
example, in these reference examples, it is difficult to obtain
a high mobility.

[0110] FIG. 10 is a schematic cross-sectional view illus-
trating a portion of the semiconductor element according to
the embodiment.

[0111] FIG. 10 shows an example of the buffer layer 60. In
the example, the buffer layer 60 includes an AIN foundation
layer 62, an AlGaN foundation layer 63, and a GaN foun-
dation layer 61. The AIN foundation layer 62 is provided on
the base body 40. The AlGaN foundation layer 63 is
provided on the AIN foundation layer 62. The GaN foun-
dation layer 61 is provided on the AlGaN foundation layer
63. The base body 40 is, for example, a silicon substrate.
[0112] In the example, the buffer layer 60 includes a GaN
intermediate layer 65a, a high Al composition layer 655, and
alow Al composition layer 65¢. The GaN intermediate layer
65a is provided between the low Al composition layer 65¢
and the GaN foundation layer 61. The high Al composition
layer 6556 is provided between the low Al composition layer
65¢ and the GaN intermediate layer 65a. The high Al
composition layer 656 and the low Al composition layer 65¢
include nitride semiconductors. The composition ratio of Al
in the high Al composition layer 655 is higher than the
composition ratio of Al in the low Al composition layer 65c¢.
The GaN intermediate layer 654, the high Al composition
layer 655, and the low Al composition layer 65¢ are included
in one stacked structure. In the embodiment, the buffer layer
60 may include multiple stacked structures. For example, the
appropriate stress can be stored; for example, cracks, etc.,
can be suppressed.

[0113] FIG. 11 is a schematic cross-sectional view illus-
trating a semiconductor element according to the embodi-
ment.

[0114] As shown in FIG. 11, the semiconductor element
111 according to the embodiment further includes a third
nitride semiconductor region 30 in addition to the first
nitride semiconductor region 10, the second nitride semi-
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conductor region 20, and the intermediate region 15. The
third nitride semiconductor region 30 is provided between
the intermediate region 15 and the second nitride semicon-
ductor region 20. Otherwise, the configuration of the semi-
conductor element 111 is similar to the configuration of the
semiconductor element 110.

[0115] For example, the concentration of the impurity
included in the first nitride semiconductor region 10 is
different from the concentration of the impurity included in
the third nitride semiconductor region 30. For example, the
first nitride semiconductor region 10 includes carbon as the
impurity. For example, the third nitride semiconductor
region 30 includes carbon as the impurity. For example, the
concentration of the impurity included in the first nitride
semiconductor region 10 is higher than the concentration of
the impurity included in the third nitride semiconductor
region 30. For example, the concentration of the carbon
included in the first nitride semiconductor region 10 is
higher than the concentration of the carbon included in the
third nitride semiconductor region 30. The concentration of
the impurity (e.g., carbon) included in the first nitride
semiconductor region 10 is, for example, not less than
1x10*/cm? and not more than 1x10'°/cm>. The concentra-
tion of the impurity (e.g., carbon) included in the third
nitride semiconductor region 30 is, for example, not less
than 1x10%%/cm® but less than 1x10'7/em®. By such impu-
rities, for example, the mobility can be increased.

[0116] FIG. 12A and FIG. 12B are schematic cross-sec-
tional views illustrating semiconductor elements according
to the embodiment.

[0117] As shown in FIG. 12A, a semiconductor element
210 according to the embodiment includes first to third
electrodes 51 to 53 in addition to the first nitride semicon-
ductor region 10, the second nitride semiconductor region
20, and the intermediate region 15. In the example, the
semiconductor element 210 further includes the base body
40 and the buffer layer 60.

[0118] In the example, the second nitride semiconductor
region 20 includes the first layer region 21 and the second
layer region 22. The first layer region 21 includes Al ;Ga,_
*N (0=x1<1). The second layer region 22 includes Al,,Ga,_
x2N (0<x2=<1 and x1<x2). The first layer region 21 is
provided between the second layer region 22 and the inter-
mediate region 15.

[0119] The second layer region 22 includes a first partial
region 22a and a second partial region 22b. A second
direction from the first partial region 22a toward the second
partial region 224 crosses a first direction (a Z-axis direc-
tion) from the first nitride semiconductor region 10 toward
the second nitride semiconductor region 20. In the example,
the second direction corresponds to an X-axis direction.
[0120] The first electrode 51 is electrically connected to
the first partial region 22a. The second electrode 52 is
electrically connected to the second partial region 22b. The
position of the third electrode 53 in the second direction (the
X-axis direction) is between the position of the first elec-
trode 51 in the second direction and the position of the
second electrode 52 in the second direction.

[0121] A two-dimensional electron gas 55 is formed in the
semiconductor element 210. The semiconductor element
210 is, for example, a gallium nitride (GaN)-based HEMT
(High Electron Mobility Transistor).

[0122] For example, the dislocations can be reduced by
the intermediate region 15. Also, the unfavorable effects of
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the charge of the intermediate region 15 on a current using
the two-dimensional electron gas can be suppressed. For
example, a high mobility is obtained. For example, a low
ON-resistance is obtained.

[0123] The third nitride semiconductor region 30 (refer-
ring to FIG. 11) may be provided in the semiconductor
element 210. The third nitride semiconductor region 30 is,
for example, GaN. The thickness (the length along the
Z-axis direction) of the third nitride semiconductor region
30 is, for example, not less than 10 nm and not more than 40
nm (e.g., 20 nm).

[0124] In the semiconductor element 210, the first layer
region 21 includes GaN. The thickness of the first layer
region 21 is, for example, 50 nm. The second layer region 22
includes AlGaN. The composition ratio of Al in the second
layer region 22 is, for example, 0.2. The thickness of the
second layer region 22 is, for example, not less than 5 nm
and not more than 50 nm (e.g., 30 nm). For example, the
second nitride semiconductor region 20 is formed by
regrowth.

[0125] As shown in FIG. 12B, a semiconductor element
220 according to the embodiment includes the first electrode
51 and the second electrode 52 in addition to the first nitride
semiconductor region 10, the second nitride semiconductor
region 20, and the intermediate region 15. The second nitride
semiconductor region 20 includes the first layer region 21,
the second layer region 22, and a third layer region 23. The
third layer region 23 is provided between the first layer
region 21 and the second layer region 22. The first layer
region 21 and the second layer region 22 include, for
example, GaN. The third layer region 23 includes InGaN.
The first layer region 21 is of a first conductivity type. The
second layer region 22 is of a second conductivity type. The
third layer region 23 is a light-emitting layer. In the example,
the second nitride semiconductor region 20 includes a low
impurity region 21i. The concentration of the impurity in the
low impurity region 21/ is lower than the concentration of
the impurity in the first layer region 21 and lower than the
concentration of the impurity in the second layer region 22.
The impurity includes, for example, one of Si or Mg. The
low impurity region 21/ is, for example, i-GaN. In the
example, the first electrode 51 is electrically connected to
the first layer region 21. The second electrode 52 is electri-
cally connected to the second layer region 22. The semi-
conductor element 220 is a semiconductor light-emitting
element. The semiconductor element 220 is, for example, a
laser or an LED.

[0126] A field effect transistor that has a heterostructure of
AlGaN/GaN is an example of a semiconductor element
using a nitride semiconductor. For example, the character-
istics of the semiconductor element can be improved by
reducing the defects inside the nitride semiconductor. For
example, the characteristics of the semiconductor element
can be improved by reducing the dislocations.

[0127] According to the embodiments, a semiconductor
element and a method for manufacturing the semiconductor
element can be provided in which the characteristics can be
improved.

[0128] In the specification, “nitride semiconductor”
includes all compositions of semiconductors of the chemical
formula B,In AlLGa, . N (0sx=<l, Osy=<l, O=z<l, and
x+y+z=<1) for which the composition ratios x, y, and z are
changed within the ranges respectively. “Nitride semicon-
ductor” further includes group V elements other than N
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(nitrogen) in the chemical formula recited above, various
elements added to control various properties such as the
conductivity type and the like, and various elements
included unintentionally.

[0129] Inthe specification of the application, “perpendicu-
lar” and “parallel” refer to not only strictly perpendicular
and strictly parallel but also include, for example, the
fluctuation due to manufacturing processes, etc. It is suffi-
cient to be substantially perpendicular and substantially
parallel.

[0130] Hereinabove, exemplary embodiments of the
invention are described with reference to specific examples.
However, the embodiments of the invention are not limited
to these specific examples. For example, one skilled in the
art may similarly practice the invention by appropriately
selecting specific configurations of components included in
semiconductor elements such as nitride semiconductor
regions, intermediate regions, basic bodies, buffer layers,
electrodes, etc., from known art. Such practice is included in
the scope of the invention to the extent that similar effects
thereto are obtained.

[0131] Further, any two or more components of the spe-
cific examples may be combined within the extent of tech-
nical feasibility and are included in the scope of the inven-
tion to the extent that the purport of the invention is
included.

[0132] Moreover, all semiconductor elements, and meth-
ods for manufacturing the same practicable by an appropri-
ate design modification by one skilled in the art based on the
semiconductor elements, and the methods for manufacturing
the same described above as embodiments of the invention
also are within the scope of the invention to the extent that
the purport of the invention is included.

[0133] Various other variations and modifications can be
conceived by those skilled in the art within the spirit of the
invention, and it is understood that such variations and
modifications are also encompassed within the scope of the
invention.

[0134] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inven-
tions. Indeed, the novel embodiments described herein may
be embodied in a variety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the embodiments described herein may be made without
departing from the spirit of the inventions. The accompa-
nying claims and their equivalents are intended to cover
such forms or modifications as would fall within the scope
and spirit of the invention.

What is claimed is:

1. A semiconductor element, comprising:

a first nitride semiconductor region;

a second nitride semiconductor region; and

an intermediate region provided between the first nitride
semiconductor region and the second nitride semicon-
ductor region,

a Si concentration in the intermediate region being not
less than 1x10'%/cm? and not more than 1x10'%/cm?,

a charge density in the intermediate region being 3x10'7/
cm?® or less.

2. The element according to claim 1, wherein a length of

the intermediate region along a direction from the first
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nitride semiconductor region toward the second nitride
semiconductor region is not less than 0.25 nm and not more
than 30 nm.

3. The element according to claim 1, wherein the inter-
mediate region further includes Ga and N.

4. The element according to claim 1, wherein the inter-
mediate region further includes oxygen.

5. The element according to claim 1, wherein a Si
concentration in the first nitride semiconductor region is less
than 5x10'7/cm?.

6. The element according to claim 1, wherein

the second nitride semiconductor region includes:

a first layer region including Al Ga, ;N (0=x1<1);
and

a second layer region including Al,,Ga, ,N (0<x2 =1
and x1<x2), and

the first layer region is provided between the second layer
region and the intermediate region.

7. The element according to claim 6, wherein a Si
concentration in the first layer region is less than 5x10'7/
cm’.

8. The element according to claim 6, further comprising
first to third electrodes,

the second layer region including a first partial region and
a second partial region, a second direction from the first
partial region toward the second partial region crossing
a first direction from the first nitride semiconductor
region toward the second nitride semiconductor region,

the first electrode being electrically connected to the first
partial region,

the second electrode being electrically connected to the
second partial region,

a position of the third electrode in the second direction
being between a position of the first electrode in the
second direction and a position of the second electrode
in the second direction.

9. The element according to claim 1, further comprising

a third nitride semiconductor region provided between the
intermediate region and the second nitride semiconductor
region.

10. The element according to claim 9, wherein a concen-
tration of an impurity included in the first nitride semicon-
ductor region is different from a concentration of an impurity
included in the third nitride semiconductor region.

11. The element according to claim 9, wherein the impu-
rity included in the first nitride semiconductor region
includes carbon.

12. A method for manufacturing a semiconductor element,
comprising:

processing a first nitride semiconductor region in an
atmosphere including Si;

performing surface processing of the first nitride semi-
conductor region after the processing; and

forming a second nitride semiconductor region on the first
nitride semiconductor region after the surface process-
ing.

13. The method according to claim 12, wherein the
surface processing includes a first processing including
irradiating UV light.

14. The method according to claim 13, wherein the
irradiating of the UV light is performed in an atmosphere
including oxygen.

-x1
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15. The method according to claim 13, wherein the
surface processing further includes a second processing
using an alkaline liquid.

16. The method according to claim 15, the alkaline liquid
includes at least one selected from the group consisting of a
potassium hydroxide (KOH) aqueous solution and a tetram-
ethyl ammonium hydroxide (TMAH) aqueous solution.

17. The method according to claim 13, wherein

the surface processing further includes a second process-

ing using an alkaline liquid, and

the second processing is performed after the first process-

ing.

18. The method according to claim 17, wherein the
surface processing further includes a third processing
between the first processing and the second processing, the
third processing using a liquid including at least one selected
from the group consisting of hydrochloric acid, nitric acid,
and hydrofluoric acid.

#* #* #* #* #*
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