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(57) ABSTRACT

Disclosed is a method for cleaning a semiconductor substrate
that can solve a problem of a conventional cleaning method
which should include at least five steps for cleaning a sub-
strate such as a semiconductor substrate. The method for
cleaning a semiconductor substrate comprises a first step of
cleaning a substrate with ultrapure water containing ozone, a
second step of cleaning the substrate with ultrapure water
containing a surfactant, and a third step of removing an
organic compound derived from the surfactant, with a clean-
ing liquid containing ultrapure water and 2-propanol. After
the third step, plasma of noble gas such as krypton is applied
to the substrate to further remove the organic compound
derived from the surfactant.
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METHOD FOR MANUFACTURING
SEMICONDUCTOR DEVICE AND METHOD
FOR CLEANING SEMICONDUCTOR
SUBSTRATE

TECHNICAL FIELD

[0001] This invention relates to a method for manufactur-
ing a semiconductor device such as a semiconductor inte-
grated circuit and, more specifically, relates to a method for
cleaning a semiconductor substrate. This invention particu-
larly relates to a gate insulating film forming preprocess that
can obtain an ultraclean semiconductor surface with less
number of steps as compared with a conventional preprocess.

BACKGROUND ART

[0002] There has been continuous progress in miniaturiza-
tion and integration of a semiconductor integrated circuit
formed on a semiconductor substrate. In order to achieve the
miniaturization and integration, a substrate surface should be
kept ultraclean. That is, organic compounds, metal, various
particles, and oxides (oxide film) should be removed from the
substrate surface and, for that purpose, substrate cleaning is
carried out.

[0003] Conventionally, as a cleaning method for the sub-
strate surface, RCA cleaning described in Non-Patent Docu-
ment 1 was predominantly used. However, since this RCA
cleaning uses a large amount of a high-temperature and high-
concentration chemical solution and comprises a very large
number of steps, there are concerns about the productivity
and cost and even about the influence on environment.
[0004] In view of this, there have been proposed various
cleaning methods in place of the RCA cleaning. For example,
Patent Document 1 proposes a cleaning method comprising a
first step of carrying out cleaning with ultrapure water con-
taining ozone, a second step of carrying out cleaning with a
cleaning liquid containing hydrofluoric acid, ultrapure water,
and a surfactant while applying vibration at a frequency of
500 kHz or more, a third step of carrying out cleaning with
ultrapure water containing ozone, a fourth step of carrying out
cleaning with a cleaning liquid containing hydrofiuoric acid
and ultrapure water for removing an oxide film, and a fifth
step of carrying out cleaning with ultrapure water.

[0005] According to the cleaning method described in
Patent Document 1, all the steps are carried out at room
temperature and it is possible to carry out the cleaning with
less number of steps than RCA.

[0006] This cleaning method can remove an organic com-
pound and a part of metals in the first step and can remove
particles, the metals, and an oxide film in the second step.
[0007] Thus, the necessary cleaning is completed through
the first and second steps. However, since the surfactant used
in the second step remains on a substrate surface, the cleaning
with ultrapure water containing ozone should be carried out
again in the third step.

[0008] The surfactant can be removed by the cleaning with
ozone-containing ultrapure water, but it is to be noted that an
oxide film is formed on the surface. In order to remove this
oxide film, the cleaning with the cleaning liquid containing
hydrofiuoric acid and ultrapure water is carried out and then
the final cleaning with ultrapure water is carried out.

[0009] As described above, the cleaning method of Patent
Document 1 has the problem that the superfluous step of
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cleaning is necessary by using ultrapure water so as to further
clean new contamination resulting from the cleaning.

[0010] On the other hand, the inventors of this application
have previously proposed, in Patent Document 2, a method
for treating a semiconductor substrate with an aqueous solu-
tion containing alcohol (e.g. 2-propanol) and ketone and then
removing the alcohol and ketone adhering to a semiconductor
surface. The present inventors have made it clear that, by the
treatment with the aqueous solution containing alcohol as
described above, it is possible to suppress a dissolution
amount of semiconductor atoms into the treatment solution
and, as a result, the surface with a small surface roughness can
be obtained. Further, the present inventors have also proposed
to remove the alcohol adhering to the semiconductor surface
by a treatment with xenon gas plasma.

Prior Art Document

Patent Document
[0011] Patent Document 1: JP-A-H11-57636
[0012] Patent Document 2: W0O2006/009003

Non-Patent Document

[0013] Non-Patent Document 1: W. Kern et al. RCA Rev.,
No. 31, p 187, 1970

DISCLOSURE OF THE INVENTION
Problem to be Solved by the Invention

[0014] This invention has been made in view of the above-
mentioned problem and seeks to provide a semiconductor
substrate cleaning method that can obtain an ultraclean semi-
conductor surface with a reduced number of steps even as
compared with Patent Document 1.

[0015] Further, this invention seeks to provide a semicon-
ductor device manufacturing method having a gate insulating
film forming pretreatment process that can obtain an ultra-
clean semiconductor surface with less number of steps as
compared with a conventional pretreatment process.

[0016] Further, this invention seeks to provide a cleaning
method that can even remove an organic compound derived
from a surfactant.

Means for Solving the Problem

[0017] As a result of intensive studies to solve the above-
mentioned conventional problems, the present inventors have
found a gate insulating film forming pretreatment process that
can obtain an ultraclean semiconductor surface with a
reduced number of steps even as compared with Patent Docu-
ment 1 by employing the following structure, and have com-
pleted this invention.

[0018] Specifically, a semiconductor device manufacturing
method according to this invention is characterized by per-
forming a first step of cleaning, with ultrapure water contain-
ing ozone, a semiconductor surface of a substrate of which at
least the surface is a semiconductor, a second step of cleaning
the surface with a cleaning liquid containing hydrofluoric
acid, hydrogen peroxide, ultrapure water, and a surfactant
while applying vibration at a frequency of 500 kHz or more,
a third step of cleaning the surface with a cleaning liquid
containing 2-propanol and ultrapure water, and then a gate
insulating film forming step after irradiation of plasma of a
noble gas. Herein, there is no need to carry out cleaning with
ultrapure water between the first step and the second step and,
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further, there is no need to carry out cleaning with ultrapure
water even after the third step.

[0019] In this invention, the cleaning with ultrapure water
containing ozone is first carried out (first step). In this first
step, organic compounds and most of metals are removed. By
performing this first step, it is possible to reduce variation in
surface roughness after all the cleaning steps.

[0020] After the first step, the cleaning with the cleaning
liquid containing hydrofluoric acid, hydrogen peroxide, ultra-
pure water, and surfactant of the second step can be started
without carrying out the cleaning with ultrapure water as
described above. In other words, it is possible to omit one
ultrapure water cleaning step. What remains on the substrate
surface after the first step is ozone-containing ultrapure water
and thus there is no adverse influence even if the second step
is started with the ozone-containing ultrapure water remain-
ing on the substrate surface as it is. In this event, the ozone
concentration is preferably 2 ppm to 50 ppm. If it is less than
2 ppm, the removal of metal becomes insufficient, while if it
exceeds 50 ppm, the roughness of the substrate surface
becomes significant.

[0021] The second step is the cleaning with the cleaning
liquid containing hydrofluoric acid, hydrogen peroxide, ultra-
pure water, and surfactant while applying vibration at a fre-
quency of 500 kHz or more and, by this cleaning, it is possible
to remove particles and metals in an oxide film. Further, an
increase in surface roughness can be made extremely small.
The surfactant is preferably a nonionic surfactant in terms of
surface tension reduction and solubility.

[0022] The concentration of the surfactant is preferably 10
ppm to 500 ppm. If it is less than 10 ppm, re-adhesion of
particles becomes significant. If it is 500 ppm or more, the
micellized surfactant hinders the cleaning.

[0023] It is preferable that hydrogen be contained at 0.01
ppmto 1.6 ppm in the ultrapure water in the second step. This
is because the particle removal efficiency increases by the
addition of hydrogen. If the hydrogen concentration is 0.01
ppm, the particle removal efficiency decreases. On the other
hand, it is difficult to dissolve the hydrogen at the concentra-
tion of 1.6 ppm or more in the ultrapure water.

[0024] The hydrofluoric acid concentration in the second
step is preferably 0.1% to 3%. If it is less than 0.1%, an oxide
film cannot be sufficiently etched, while if it is 3% or more,
the surface roughness is adversely affected.

[0025] The hydrogen peroxide concentration in the second
step is preferably 0.1% to 10%. If it is less than 0.1%, the
metal removal efficiency decreases, while if it is 10% or more,
the surface is oxidized.

[0026] The third step is the cleaning with the cleaning lig-
uid containing 2-propanol and ultrapure water. Using the
2-propanol, it is possible to remove most of the surfactant
remaining in the second step. Further, as described in Patent
Document 2, an increase in substrate surface roughness can
be made extremely small by the cleaning with the cleaning
liquid containing 2-propanol and ultrapure water.

[0027] The 2-propanol concentration is preferably 30% to
50%. If it is less than 30%, an increase in substrate surface
roughness cannot be sufficiently suppressed. On the other
hand, even if it is 50% or more, there is observed no more
effect than a certain level. In addition, if the concentration is
high, the viscosity of the chemical solution becomes high and
further a disadvantage occurs in terms of cost, and therefore,
it can be said that 30% to 50% is optimal.
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[0028] After the third step, the semiconductor integrated
circuit substrate is dried by rotation and transferred into a
chamber for gate insulating film formation. Then, the surfac-
tant (organic compounds derived from the surfactant) on the
substrate surface can be completely removed by irradiation of
plasma of a noble gas before the gate insulating film forma-
tion.

[0029] The surfactant removal effect has been observed
when either one of helium, argon, krypton, and xenon has
been used as the noble gas, but since krypton plasma is opti-
mal for the gate insulating film formation thereafter, the
plasma irradiation of the krypton gas is convenient.

Effect of the Invention

[0030] According to this invention, there are obtained a
cleaning method and a semiconductor device manufacturing
method each capable of removing, by noble gas plasma, not
only an organic compound that cannot be removed by a pre-
ceding cleaning step, but also hydrogen terminating a surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] FIG. 1 is an exemplary cross-sectional view of a
plasma processing apparatus used in an Example of this
invention.

[0032] FIG. 2 is a graph showing the relationship between
irradiation time of krypton plasma and removal of hydrogen
termination on a silicon surface.

MODE FOR CARRYING OUT THE INVENTION

[0033] Hereinbelow, a preferred embodiment of this inven-
tion will be illustratively described in detail. Kinds of gases,
cleaning liquid concentrations, and so on described in
Examples thereof are not intended to limit the scope of this
invention only thereto and are merely explanatory examples
unless otherwise stated specifically.

Cleaning Method of Example 1 and Cleaning
Method of Comparative Example 1

[0034] A silicon (100) substrate (size; 8 inches, resistance
value; 1 to 1000 Q-cm) manufactured by a Cz (Czochralski)
method was immersed in a chemical solution obtained by
diluting ICP-MS Multi-Element Standard Solution IV
(manufactured by MERCK Co., Ltd.) 20 times with ultrapure
water, thereby causing Fe, Ni, and Cu to adhere to a silicon
wafer surface at about 10'*/cm?, respectively.

[0035] Like in Example 1, there was prepared a silicon
wafer for use in a cleaning method of Comparative Example
1 and then Fe, Ni, and Cu were caused to adhere also to a
surface of this silicon wafer at about 10*3/cm?, respectively.
[0036] The above-mentioned metal-contaminated wafers
were respectively cleaned by the method of Example 1 and
the method of Comparative Example 1 which will be
described below. Table 1 shows the results of measuring the
concentrations of Fe, Ni, and Cu on the silicon wafer surfaces
using a total reflection fluorescent X-ray analysis apparatus
after the cleaning.

Cleaning Method of Example 1

[0037] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step) and thereafter,
cleaning with a cleaning liquid which contains ultrapure
water to which hydrofluoric acid (0.5%), hydrogen peroxide
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(1%), and hydrogen (1.2 ppm) are added, together with a
surfactant (50 ppm) was carried out for 10 minutes while
applying vibration at a frequency of 900 kHz (second step),
and cleaning with a cleaning liquid containing 30% 2-pro-
panol and ultrapure water was carried out for 10 minutes
(third step).

Cleaning Method of Comparative Example 1

[0038] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step), cleaning with
a cleaning liquid which contains ultrapure water to which
hydrofiuoric acid (0.5%), hydrogen peroxide (1%), and
hydrogen (1.2 ppm), together with a surfactant (50 ppm) was
carried out for 10 minutes while applying vibration at a fre-
quency of 900 kHz (second step), cleaning with ultrapure
water containing ozone (5 ppm) was carried out for 5 minutes
(third step), cleaning with a cleaning liquid containing
hydrofluoric acid (0.5%) and ultrapure water was carried out
for 1 minute (fourth step), and cleaning with ultrapure water
was carried out for 10 minutes (fifth step).

TABLE 1
Comparative
Example 1 Example 1
Fe Ni Cu Fe Ni Cu

Before Cleaning ~ 10%3 1013 1043 1013 1043 1013
After Cleaning <10° <10° <10° <10° <10° <10°

unit: atomns/cm’

[0039] As is clear from Table 1, it is seen that the metal
impurities on the wafer surfaces were removed to a range
below the detection limit both in the case where the cleaning
was carried out by the five steps as in Comparative Example
1 and in the three-step cleaning method (Example 1) accord-
ing to this invention wherein, in the five-step cleaning method
of Comparative Example 1, the third step of cleaning with
ultrapure water containing ozone and the fourth step of clean-
ing with the cleaning liquid containing hydrofluoric acid and
ultrapure water were excluded and the final step was replaced
by the cleaning with the cleaning liquid containing 30%
2-propanol and ultrapure water. That is, in a semiconductor
integrated circuit manufacturing method according to
Example 1 of this invention, the metal impurities were suffi-
ciently removed like in Comparative Example 1 comprising
the five steps.

Cleaning Method of Example 2 and Cleaning
Method of Comparative Example 2

[0040] Preparation was made about a chemical solution in
which silicon nitride powder; SiN (Alfa Aesar SiN (IV) alpha
phase 99.9% manufactured by Johnson Matthey Japan Incor-
porated) was dissolved in ultrapure water.

[0041] Silicon (100) substrates (size; 8 inches, resistance
value; 1 to 1000 Q-cm) manufactured by the Cz method were
immersed in the above-mentioned SiN-contaminated chemi-
cal solution, thereby causing about 3000 SiN particles to
adhere to each of silicon surfaces.

[0042] The above-mentioned SiN-contaminated wafers
were respectively cleaned by the following methods (clean-
ing method of Example 2) and (cleaning method of Compara-
tive Example 2). Table 2 shows the results of measuring the
number of SiN particles on the silicon wafer surfaces using a
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wafer surface foreign matter inspection apparatus (minimum
measurable particle size; 0.079 um) after the cleaning.

Cleaning Method of Example 2

[0043] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step) and cleaning
with a cleaning liquid which contains ultrapure water includ-
ing hydrofluoric acid (0.5%), hydrogen peroxide (1%), and
hydrogen (1.2 ppm), together with a surfactant (50 ppm) was
carried out for 10 minutes while applying vibration at a fre-
quency of 900 kHz (second step), and cleaning with a clean-
ing liquid containing 30% 2-propanol and ultrapure water
was carried out for 10 minutes (third step).

Cleaning Method of Comparative Example 2

[0044] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step), cleaning with
a cleaning liquid containing hydrofiuoric acid (0.5%), hydro-
gen peroxide (1%), ultrapure water added with hydrogen (1.2
ppm), and a surfactant (50 ppm) was carried out for 10 min-
utes while applying vibration at a frequency of 900 kHz
(second step), cleaning with ultrapure water containing ozone
was carried out for 5 minutes (third step), cleaning with a
cleaning liquid containing hydrofluoric acid (0.5%) and ultra-
pure water was carried out for 1 minute (fourth step), and
cleaning with ultrapure water was carried out for 10 minutes
(fifth step).

TABLE 2
Example 2 Comparative Example 2
=0.079 ym  =0.2 um =0.079 pm =0.2 ym
Before Cleaning 2809 874 2828 927
After Cleaning 49 6 262 13

unit: particles/wafer

[0045] Asis clear from the numbers of SiN particles on the
silicon wafer surfaces in Example 2 and Comparative
Example 2 shown in Table 2, it is seen that, as compared with
the cleaning method of the five steps shown in Comparative
Example 2, the particles on the wafer surface were reduced in
the cleaning method according to Example 2 of this invention
wherein, in the five-step cleaning method of Comparative
Example 2, the third step of cleaning with ultrapure water
containing ozone and the fourth step of cleaning with the
cleaning liquid containing hydrofiuoric acid and ultrapure
water were excluded and the final step was replaced by the
cleaning with the cleaning liquid containing 30% 2-propanol
and ultrapure water. This is presumably because since the
number of steps was reduced, contamination or the like dur-
ing transfer was reduced. That is, in a semiconductor inte-
grated circuit manufacturing method according to this inven-
tion, it is possible to realize a highly clean wafer surface with
less SiN particles than in the conventional method.

[0046] Then, a surfactant left on a silicon wafer surface was
analized by measurement using a thermal desorption system-
atmospheric pressure ionization mass spectrometer (TDS-
APIMS). The sampling area was set to 86.6 cm? and argon
was caused to flow as a carrier gas at 1.2 L/min. The heating
rate of'a wafer was set to 30° C./min. By measuring fragments
with a mass-to-charge ratio of 45 using the APIMS, the
residual amount of the surfactant was comparatively evalu-
ated.
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[0047] Hereinbelow, an oxide film forming pretreatment
using plasma will be described. FIG. 1 is a cross-sectional
view showing one example of a plasma processing apparatus
using aradial line slot antenna, which is used in this invention.
[0048] The plasma processing apparatus shown in FIG. 1
comprises a vacuum vessel 101, a shower plate 102 disposed
in the vacuum vessel 101, a sample stage 104 for supporting
a silicon substrate 103, a coaxial waveguide 105, a line slot
antenna 106, and a dielectric plate 107.

[0049] In FIG. 1, first, the inside of the vacuum vessel
(process chamber) 101 is evacuated and, then, while first
introducing a krypton gas from the shower plate 102, the
pressure in the process chamber 101 is set to about 133 Pa (1
Torr).

[0050] The silicon substrate 103 is placed on the sample
stage 104 having a heating mechanism (not illustrated),
where the temperature of the sample is set to about 400° C.
When the temperature of the silicon substrate 103 is in the
range of 200 to 550° C., the results described below will be
almost the same.

[0051] Since the silicon substrate 103 was cleaned with
hydrofluoric acid or a cleaning liquid containing hydrofluoric
acid, hydrogen peroxide, and a surfactant in a pretreatment
cleaning step carried out immediately before, dangling bonds
on a silicon surface are terminated with hydrogen.

[0052] Then, a microwave having a frequency of 2.45 GHz
is supplied to the radial line slot antenna 106 through the
coaxial waveguide 105 so that the microwave is introduced
into the process chamber 101 from the radial line slot antenna
106 through the dielectric plate 107 provided in part of a wall
surface of the process chamber 101.

[0053] The introduced microwave excites the krypton gas
introduced into the process chamber 101 from the shower
plate 102 and, as a result, high-density krypton plasma is
formed just under the shower plate 102.

[0054] When the frequency of the supplied microwave is in
the range of about 900 MHz or more to about 10 GHz or less,
the results described below will be almost the same.

[0055] In the structure of FIG. 1, the distance between the
shower plate 102 and the silicon substrate 103 is setto S cm in
this Example. As this distance decreases, faster film forma-
tion is enabled. In this Example, the results of using the
plasma apparatus using the radial line slot antenna are shown,
but a microwave may be introduced into a process chamber
using another method to thereby excite plasma.

[0056] Inthis Example, the output of the microwave was set
to 3500 W and the irradiation time of the krypton plasma was
set to 10 seconds.

Cleaning Method of Example 3 and Cleaning
Methods of Comparative Examples 3 to 6

[0057] Table 3 shows the results of carrying out the TDS-
APIMS measurement after cleaning 8-inch silicon (100)
wafers by five cleaning methods of the following conditions,
respectively.

(Cleaning Method of Example 3: Cleaning Method
of Carrying Out a Plasma Treatment After
Three-Step Cleaning)

[0058] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step) and then,
cleaning with a cleaning liquid containing ultrapure water
which includes hydrofluoric acid (0.5%), hydrogen peroxide
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(1%), and hydrogen (1.2 ppm), together with a surfactant (50
ppm) was carried out for 10 minutes while applying vibration
ata frequency of 900 kHz (second step). Subsequently, clean-
ing with a cleaning liquid containing 2-propanol (30%) and
ultrapure water was carried out for 10 minutes (third step).
[0059] Thereafter, irradiation of krypton plasma was per-
formed for 10 seconds in the above-mentioned plasma pro-
cessing apparatus.

(Cleaning Method of Comparative Example 3:
Five-Step Cleaning)

[0060] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step), cleaning with
a cleaning liquid containing ultrapure water which includes
hydrofiuoric acid (0.5%), hydrogen peroxide (1%), and
hydrogen (1.2 ppm), together with a surfactant (50 ppm) was
carried out for 10 minutes while applying vibration at a fre-
quency of 900 kHz (second step), cleaning with ultrapure
water containing ozone (5 ppm) was carried out for 5 minutes
(third step), cleaning with a cleaning liquid containing
hydrofluoric acid (0.5%) and ultrapure water was carried out
for 1 minute (fourth step), and cleaning with ultrapure water
was carried out for 10 minutes (fifth step).

(Cleaning Method of Comparative Example 4:
Three-Step Cleaning)

[0061] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step), cleaning with
a cleaning liquid containing ultrapure water which includes
hydrofiuoric acid (0.5%), hydrogen peroxide (1%), and
hydrogen (1.2 ppm), together with a surfactant (50 ppm) was
carried out for 10 minutes while applying vibration at a fre-
quency of 900 kHz (second step), and cleaning with ultrapure
water was carried out for 10 minutes (third step). The cleaning
method of Comparative Example 4 differs from Example 3 in
that only ultrapure water was used in the third step and that the
plasma irradiation was not carried out.

(Cleaning Method of Example 4: Three-Step
Cleaning)

[0062] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step), cleaning with
a cleaning liquid containing ultrapure water which includes
hydrofiuoric acid (0.5%), hydrogen peroxide (1%), and
hydrogen (1.2 ppm), together with a surfactant (50 ppm) was
carried out for 10 minutes while applying vibration at a fre-
quency of 900 kHz (second step), and cleaning with a clean-
ing liquid containing 2-propanol (30%) and ultrapure water
was carried out for 10 minutes (third step). Example 4 differs
from Example 3 in that the plasma treatment was not carried
out.

(Cleaning Method of Comparative Example 5)

[0063] Cleaning with ultrapure water containing ozone (5
ppm) was carried out for 5 minutes (first step), cleaning with
a cleaning liquid containing ultrapure water which includes
hydrofiuoric acid (0.5%), hydrogen peroxide (1%), and
hydrogen (1.2 ppm), together with a surfactant (50 ppm) was
carried out for 10 minutes while applying vibration at a fre-
quency of 900 kHz (second step), and cleaning with ultrapure
water was carried out for 10 minutes (third step). Thereafter,
irradiation of krypton plasma was performed for 10 seconds
in the above-mentioned plasma processing apparatus. Com-
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parative Example 5 differs from Example 3 in that ultrapure
water was used in the third step.

TABLE 3
Compar-  Compar-
ative ative Comparative

Example 3 Example 3 Example 4 Example4 Example 5

Before 0.01% 0.01% 0.01% 0.01% 0.01%
Treatment

After 0.01% 0.01% 0.6% 0.09% 0.06%
Treatment

[0064] In Comparative Example 3, there was no change in

the amount of organic compound on a wafer surface before
and after the treatment. On the other hand, in Comparative
Example 4 comprising the three steps that carried out the final
cleaning with ultrapure water, the organic compound was
detected as much as about 60 times as compared with Com-
parative Example 3. Accordingly, it is seen that the organic
compound was not removed even by carrying out the cleaning
only with ultrapure water after the cleaning with the cleaning
liquid containing the surfactant.

[0065] In three-step Example 4 that carried out the final
cleaning with the cleaning liquid containing ultrapure water
and 2-propanol, it was possible to reduce the organic com-
pound derived from the surfactant to 0.09% as compared with
Comparative Example 4.

[0066] On the other hand, in Comparative Example 5 that
carried out the plasma irradiation after the final cleaning with
ultrapure water, the organic compound derived from the sur-
factant was only removed to about 0.06% even by carrying
out the plasma irradiation. On the other hand, in Example 4,
although the plasma irradiation was not carried out, it was
possible to significantly remove the organic compound as
compared with Comparative Example 4 using only ultrapure
water. Further, in Example 3, the residual amount of the
organic compound was on the same level as in Comparative
Example 3 and there was no change before and after the
treatment.

[0067] Thatis, it has been found that itis possible to prevent
a surfactant from remaining and to obtain the same effect as
that of the conventional five-step cleaning method only by
irradiation of krypton plasma after a first step of carrying out
cleaning with ultrapure water containing ozone, a second step
of carrying out cleaning with a cleaning liquid containing
hydrofluoric acid, hydrogen peroxide, ultrapure water, and a
surfactant while applying vibration at a frequency of 500 kHz
or more, and a third step of carrying out cleaning with a
cleaning liquid containing 2-propanol and ultrapure water.
[0068] Krypton wasused as anoble gas inthis Example, but
the same effect can be obtained using helium, argon, or
xenon.

[0069] Inthis Example, the output of the microwave was set
to 3500 W and the plasma irradiation time was set to 10
seconds. However, any combination of output and irradiation
time will do as long as it can completely remove the surfac-
tant.

[0070] Further, by carrying out the plasma irradiation, it is
possible to remove terminating hydrogen on the silicon wafer
surface along with the surfactant. FIG. 2 shows the results of
measuring the hydrogen termination removal effect on a sili-
con surface under the conditions of this Example by the
FTIR-ATR method (Fourier transform infrared spectroscopy-
attenuated total reflectance spectroscopy).
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[0071] InFIG.2, the abscissa axis represents the wavenum-
ber (cm™") and the ordinate axis represents the absorptivity,
wherein there is shown the relationship between irradiation
time of krypton plasma and change in removal of hydrogen
termination on a silicon surface.

[0072] As shown in FIG. 2, it is seen that infrared absorp-
tion around wavenumber 2100 cm-1, which specifies silicon-
hydrogen bonds, almost disappeared by krypton plasma irra-
diation for only about 1 second and almost completely
disappeared by irradiation for about 10 seconds.

[0073] As described above, by irradiation of noble gas
plasma before oxide film formation, it is possible to simulta-
neously perform removal of a surfactant and removal of ter-
minating hydrogen on a silicon wafer surface and thus to
improve the effect of reducing the leakage current of a gate
insulating film. Following the plasma irradiation, the gate
insulating film is formed on the cleaned surface in the same
plasma processing apparatus. The formation of the gate insu-
lating film can include one or both of a step of forming an
oxide film by directly oxidizing a semiconductor surface
using plasma of krypton and oxygen and a step of forming a
nitride film by directly nitriding a semiconductor surface
using plasma of a gas containing a noble gas such as krypton
and nitrogen. A high-permittivity insulating film may further
be deposited thereon by plasma CVD or the like.

INDUSTRIAL APPLICABILITY

[0074] This invention is applicable not only to a manufac-
turing method for a semiconductor device having a gate insu-
lating film, but also to manufacturing methods for various
substrates that require cleaning.

DESCRIPTION OF SYMBOLS

[0075] 101 vacuum vessel (process chamber)
[0076] 102 shower plate

[0077] 103 silicon substrate

[0078] 104 sample stage

[0079] 105 coaxial waveguide

[0080] 106 radial line slot antenna

[0081] 107 dielectric plate

1. A semiconductor device manufacturing method com-
prising performing a first step of cleaning, with ultrapure
water containing ozone, a semiconductor surface of a sub-
strate of which at least the surface is a semiconductor, a
second step of cleaning the surface with a cleaning liquid
containing hydrofluoric acid, hydrogen peroxide, ultrapure
water, and a surfactant while applying vibration at a fre-
quency of 500 kHz or more, a third step of cleaning the
surface with a cleaning liquid containing 2-propanol and
ultrapure water, and then a step of forming a gate insulating
film on the surface after irradiation of plasma of a noble gas
onto the surface.

2. The semiconductor device manufacturing method
according to claim 1, wherein hydrogen is added to the ultra-
pure water in the second step.

3. The semiconductor device manufacturing method
according to claim 2, wherein the concentration of the hydro-
gen added to the ultrapure water in the second step falls within
arange of 0.01 ppm to 1.6 ppm.

4. The semiconductor device manufacturing method
according to claim 1, wherein the surfactant in the second step
is a nonionic surfactant.
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5. The semiconductor device manufacturing method
according to claim 1, wherein the concentration of the sur-
factant in the second step is 10 ppm to 500 ppm.

6. The semiconductor device manufacturing method
according to claim 1, wherein the concentration of the hydrof-
luoric acid in the second step is 0.1% to 3%.

7. The semiconductor device manufacturing method
according to claim 1, wherein the concentration of the hydro-
gen peroxide in the second step is 0.1% to 10%.

8. The semiconductor device manufacturing method
according to claim 1, wherein the ozone concentration in the
ultrapure water containing the ozone in the first step is in a
range of 2 ppm to 50 ppm.

9. The semiconductor device manufacturing method
according to claim 1, wherein the concentration of the 2-pro-
panol in the third step is 30% to 50%.

10. The semiconductor device manufacturing method
according to claim 1, comprising removing organic com-
pound derived from the surfactant remaining on the surface,
by the irradiation of the plasma of the noble gas.

11. The semiconductor device manufacturing method
according to claim 10, comprising removing terminating
hydrogen on the surface by the irradiation ofthe plasma of the
noble gas.

12. The semiconductor device manufacturing method
according to claim 1, wherein the noble gas is at least one of
krypton, argon, and xenon.

13. The semiconductor device manufacturing method
according to claim 11, wherein the noble gas is krypton.

14. A semiconductor substrate cleaning method compris-
ing a first step of carrying out cleaning with ultrapure water
containing ozone, a second step of carrying out cleaning with
a cleaning liquid containing hydrofluoric acid, hydrogen per-
oxide, ultrapure water, and a surfactant while applying vibra-
tion at a frequency of 500 kHz or more, and a third step of
carrying out cleaning with a cleaning liquid containing 2-pro-
panol and ultrapure water.
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15. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein hydrogen is added to the ultrapure
water in the second step.

16. The semiconductor substrate cleaning method accord-
ing to claim 15, wherein the concentration of the hydrogen
added to the ultrapure water in the second step is in a range of
0.01 ppm to 1.6 ppm.

17. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein the surfactant in the second step is a
nonionic surfactant.

18. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein the concentration of the surfactant in
the second step is 10 ppm to 500 ppm.

19. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein the concentration of the hydrofluoric
acid in the second step is 0.1% to 3%.

20. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein the concentration of the hydrogen
peroxide in the second step is 0.1% to 10%.

21. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein the ozone concentration in the ultra-
pure water containing the ozone in the first step is in a range
of 2 ppm to 50 ppm.

22. The semiconductor substrate cleaning method accord-
ing to claim 14, wherein the concentration of the 2-propanol
in the third step is 30% to 50%.

23. A cleaning method comprising cleaning a semiconduc-
tor substrate with a cleaning liquid containing a surfactant and
then removing the surfactant remaining on the semiconductor
substrate with a cleaning liquid containing 2-propanol and
ultrapure water.

24. The cleaning method according to claim 23, wherein,
after cleaning with the cleaning liquid containing the 2-pro-
panol and the ultrapure water, irradiation of noble gas plasma
is performed to further remove organic compound derived
from the surfactant remaining on the substrate.
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