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A method for etching a silicon wafer includes: a main
etching process using a first mixed gas to perform a plasma
etching process to etch the silicon wafer until a pattern on
the silicon wafer reaches a specified aspect ratio, the first
mixed gas being configured to etch silicon and react with
silicon to form non-volatile reaction products; and an aux-
iliary etching process using a second mixed gas to perform
another plasma etching process, the second mixed gas being
configured to react with silicon to generate the non-volatile
reaction products, and a formation rate of the non-volatile
reaction products in the auxiliary etching process being
greater than a formation rate of the non-volatile reaction
products in the main etching process. The main etching
process and the auxiliary etching process are alternately
performed at least once until the pattern on the silicon wafer
reaches a specified etching depth.
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FIG. 3

A main etching process using a first mixed gas to perform a .S1
plasma etching process to etch the silicon wafer until a pattern
e On the silicon wafer reaches a specified aspect ratio, the first
mixed gas being configured to etch silicon and react with
silicon to form non-volatile reaction products

Alternately
performing

Y
An auxiliary etching process using a second mixed gas to perform
another plasma etching process, the second mixed gas being
configured to react with silicon to generate the non-volatile . S2
——————ireaction products, and a formation rate of the non-volatile
reaction products in the auxiliary etching process being greater
than a formation rate of the non-volatile reaction products in the
main etching process

FIG. 4
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FIG. 5B
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METHOD FOR ETCHING SILICON WAFER

TECHNICAL FIELD

[0001] The present disclosure relates to the technical field
of semiconductor technologies and, more particularly, to a
method for etching a silicon wafer.

BACKGROUND

[0002] Plasma etching process is widely used in semicon-
ductor manufacturing process. The anisotropic etching char-
acteristics of plasma allow the size of integrated circuit
components to be further reduced, thereby laying a solid
foundation for the continuous prosperity of integrated cir-
cuits for decades.

[0003] As the size of integrated circuit components con-
tinues to shrink, the limit of Moore’s Law (the number of
transistors that can be accommodated on an integrated
circuit will double approximately every 24 months) is get-
ting closer and closer. People attempt to make room in a
vertical direction on a silicon wafer to place more electronic
components. The high aspect ratio etching process may be
used to produce finer micro-nano structure. But in the
existing high aspect ratio etching process such as deep
trench silicon etching, the etching pattern demonstrates
isotropic etching, that is, severe lateral etching. For example,
when using bosh process for deep silicon etching, scallop
effect may appear on the sidewall of the pattern (trench or
via hole), resulting in rough and uneven sidewall topogra-

phy.
SUMMARY

[0004] The present disclosure intends to solve at least one
of the technical problems existing in the prior art, and
proposes a method for etching a silicon wafer, which solves
the problem in the prior art that rough and uneven sidewall
occurs in the high aspect ratio etching of silicon.

[0005] One aspect of the present disclosure provides a
method for etching a silicon wafer. The method includes: a
main etching process using a first mixed gas to perform a
plasma etching process to etch the silicon wafer until a
pattern on the silicon wafer reaches a specified aspect ratio,
the first mixed gas being configured to etch silicon and react
with silicon to form non-volatile reaction products; and an
auxiliary etching process using a second mixed gas to
perform another plasma etching process, the second mixed
gas being configured to react with silicon to generate the
non-volatile reaction products, and a formation rate of the
non-volatile reaction products in the auxiliary etching pro-
cess being greater than a formation rate of the non-volatile
reaction products in the main etching process. The main
etching process and the auxiliary etching process are alter-
nately performed at least once until the pattern on the silicon
wafer reaches a specified etching depth.

[0006] Optionally, the specified etching depth is smaller
than a target etching depth; and after the main etching
process and the auxiliary etching process are alternately
performed, the main etching process is performed at least
once until the pattern on the silicon wafer reaches the
specified etching depth.

[0007] Optionally, the specified aspect ratio achieved after
each main etching process is greater than or equal to N-1:1
and less than or equal to N:1, wherein N is a sequence
number of the main etching processes.
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[0008] Optionally, the specified aspect ratio is greater than
or equal to 3:1 and less than or equal to 5:1.

[0009] Optionally, a duration of the auxiliary process is
greater than or equal to 2 seconds and smaller than or equal
to 3 seconds.

[0010] Optionally, the first mixed gas includes sulfur
hexafluoride, and one or more of oxygen, hydrogen bro-
mide, silicon tetrafluoride, and silicon tetrachloride; and the
second mixed gas includes one or more of oxygen, hydrogen
bromide, silicon tetrafluoride, and silicon tetrachloride.
[0011] Optionally, if the first mixed gas and the second
mixed gas contain exactly the same gas types in the four
gases of oxygen, hydrogen bromide, silicon tetrafluoride,
and silicon tetrachloride, a flow rate of each gas included in
the four gases in the first mixed gas is smaller than the flow
rate of the same gas included in the four gases in the second
mixed gas; and if the gas types contained in the first mixed
gas and the second mixed gas are at least partially different
in the four gases of oxygen, hydrogen bromide, silicon
tetrafluoride, and silicon tetrachloride, a total flow rate of
these four gases in the first mixed gas is less than a total flow
rate of these four gases in the second mixed gas.

[0012] Optionally, the second mixed gas further includes
sulfur hexafluoride.

[0013] Optionally, the first mixed gas includes four gases:
sulfur hexafluoride, oxygen, hydrogen bromide, and silicon
tetrafluoride; and a flow ratio of sulfur hexafluoride, oxygen,
hydrogen bromide, and silicon tetraftuoride is (1.7-2.3):(1.
3-1.7):(13-17):1.

[0014] Optionally, when performing the main etching pro-
cess, a value range of an upper radio frequency (RF) power
is greater than or equal to 300 W and less than or equal to
2,500 W, a value range of the lower RF power is greater than
or equal to 15 W and less than or equal to 800 W, and a
pressure in a process chamber ranges between 10 mT and 90
mT; and when performing the auxiliary etching process, a
value range of an upper RF power is greater than or equal to
500 W and less than or equal to 2,000 W, a value range of
the lower RF power is greater than or equal to 50 W and less
than or equal to 500 W, and the pressure in the process
chamber ranges between 10 mT and 100 mT.

[0015] Optionally, before the main etching process is
performed for the first time, the method further includes: a
pre-etching process using a pre-etching gas to perform the
plasma etching process to etch the silicon wafer and remove
an oxide layer on the surface of the silicon wafer.

[0016] The present disclosure provides the following ben-
eficial effects. The method for etching the silicon wafer
provided in the embodiments of the present disclosure
includes alternately performing at least one main etching
process and one auxiliary etching process. The first mixed
gas used in the main etching process etches the silicon wafer.
Both the first mixed gas and the second mixed gas used in
the auxiliary etching process may react with silicon to
generate the non-volatile reaction products during the etch-
ing process. The non-volatile reaction products may be
attached to the sidewall and the top surface of the pattern to
form the protective layer, which suppresses the isotropic
etching of the silicon and ensures that the etching is aniso-
tropic. By making the generation rate of the non-volatile
reaction products in the auxiliary etching process greater
than the generation rate of the non-volatile reaction products
in the main etching process, more non-volatile reaction
products may be generated in the auxiliary etching process
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in the same time period as compared with the main etching
process to more effectively protect the sidewall of the
pattern, such that the lateral etching in the next main etching
process can be reduced. On one hand, the reduction of the
lateral etching avoids the scallop effect caused by excessive
lateral etching, the edge roughness on the sidewall of the
pattern can be significantly improved, and the smoother
sidewall appearance can be obtained to batter facilitate the
growth of the gate oxide and the filling of polysilicon. On the
other hand, the generation of the under cut on the top surface
can be further suppressed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a pattern topographic diagram showing a
scallop effect in the existing technology;

[0018] FIG. 2 is a trench topographic diagram showing
under cut in the existing technology;

[0019] FIG. 3 is a pattern topographic diagram showing a
steep sidewall in the existing technology;

[0020] FIG. 4 is a flowchart of an exemplary method for
etching a silicon wafer according to some embodiments of
the present disclosure; and

[0021] FIGS. 5A-5E are topographic views of trenches
obtained by using an exemplary method for etching a silicon
wafer according to some embodiments of the present dis-
closure.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0022] The present disclosure is described in detail below,
and embodiments of the present disclosure are shown in the
drawings. Same or similar reference numerals denote same
or similar components or components having the same or
similar functions throughout. In addition, detailed descrip-
tions of known technologies will be omitted if they are not
necessary to illustrate features of the present disclosure. The
embodiments described below with reference to the draw-
ings are merely exemplary for explaining the present dis-
closure, and should not be construed as limiting the present
disclosure.

[0023] Those skilled in the art should understand that,
unless otherwise defined, all terms (including technical
terms and scientific terms) used herein have the same
meanings as commonly understood by those of ordinary
skill in the art to which the present disclosure belongs. It
should also be understood that terms, such as those defined
in commonly used dictionaries, should be understood to
have meanings consistent with their meaning in the context
of'the prior art, and unless specifically defined as herein, are
not intended to have idealized or overly formal meanings.
[0024] Those skilled in the art should understand that the
singular forms “a”, “an” and “the” used herein may also
include plural forms unless otherwise stated. When an
element is referred to as being “connected” or “coupled” to
another element, it can be directly connected or coupled to
the other element or intervening elements may also be
present. Additionally, “connected” or “coupled” as used
herein may include wireless connection or wireless cou-
pling. The expression “and/or” used herein includes all or
any elements and all combinations of one or more associated
listed items.

[0025] The technical solution of the present disclosure and
how the technical solution of the present disclosure solves
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the above technical problems will be described in detail
below with specific embodiments.

[0026] Reasons for the rough and uneven sidewall appear-
ance in a high aspect ratio etching process in the prior art are
studied and analyzed below. When an etching process and a
deposition process are alternately executed during the high
aspect ratio etching process, due to strong chemical activity
of an etching gas, an etched pattern (trench or via hole)
shows isotropic etching, that is, a strong lateral etching,
resulting in a substantial lateral etching. During the alternate
execution of the etching process and the deposition process,
a protective layer formed in the deposition process may
protect the sidewall of the pattern. But the protective layer
is not sufficient to suppress the isotropic etching in the
etching process. Therefore, after multiple cycles, a scallop
effect may occur on the sidewall as shown in FIG. 1. In
addition, when an etching depth reaches a certain level, and
a top of the pattern is corroded by the etching gas for a long
time, an “under cut” symptom may also occur as shown in
FIG. 2, and may cause loss of critical dimensions. Moreover,
the alternating execution of the etching process and the
deposition process can only obtain the topographic appear-
ance with steep sidewalls as shown in FIG. 3. For power
devices such as TSV (through silicon via etching), IGBT
(insulated gate bipolar transistor), etc., a slightly inclined
trench angle is more desirable for gate oxide generation and
polysilicon addition.

[0027] Based on the above analysis and research, the
present disclosure provides a method for etching a silicon
wafer (hereinafter referred to as etching method), which can
be applied to any plasma etching equipment, and can be
applied to silicon deep hole and trench etching processes for
manufacturing integrated circuits MEMS (micro-electrome-
chanical systems), TSV, and IGBT. It is especially desirable
for etching patterns with high aspect ratios on silicon wafers.
The silicon wafers are wafers made of silicon. The silicon
may be single crystal silicon or polycrystalline silicon. The
pattern etched on the silicon wafer may be a trench with a
rectangular cross-section, or a through hole or a trench with
a circular cross-section, which is not limited in the present
disclosure.

[0028] As shown in FIG. 4, the silicon wafer etching
method includes the following processes.

[0029] At S1 (main etching process), a first mixed gas is
used to perform a plasma etching process to etch the silicon
wafer until a pattern on the silicon wafer reaches a specified
aspect ratio. The first mixed gas is configured to etch silicon
and react with silicon to form non-volatile reaction products.
[0030] At S2 (auxiliary etching process), a second mixed
gas is used to perform another plasma etching process. The
second mixed gas is configured to react with silicon to
generate the non-volatile reaction products. A formation rate
of the non-volatile reaction products in the auxiliary etching
process is greater than a formation rate of the non-volatile
reaction products in the main etching process. The main
etching process S1 and the auxiliary etching process S2 are
alternately performed at least once until the pattern on the
silicon wafer reaches a specified etching depth.

[0031] Specifically, the above plasma etching process
includes: feeding the first mixed gas into a process chamber
of a semiconductor process equipment, and turning on an
upper radio-frequency (RF) power supply and a lower RF
power supply. An upper RF power supplied to an upper
electrode by the upper RF power supply may excite the first
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mixed gas to form a plasma, and a lower RF power supplied
to a base in the process chamber by the lower RF power
supply may attract the plasma to move toward the silicon
wafer. In some embodiments, an inductively coupled plasma
etching device may be used to perform the above plasma
etching process.

[0032] It should be noted that as the number of the main
etching processes S1 increases, the etching depth of the
pattern also increase continuously. Thus, the specified aspect
ratios achieved by each main etching process S1 are differ-
ent. In some embodiments, the specified aspect ratio to be
achieved in each main etching process S1 may be estimated
based on process parameters such as an etching rate, an
etching duration, a gas flow rate, and the like.

[0033] The aspect ratio refers to a ratio of a depth to a
width of a pattern (trench or via hole).

[0034] In some other embodiments, the specified aspect
ratio achieved after each main etching process S1 is greater
than or equal to N-1:1 and less than or equal to N:1, where
N is a sequence number of the main etching processes. For
example, the specified aspect ratio is greater than or equal to
3:1 and less than or equal to 5:1.

[0035] For example, when performing the main etching
process S1 for the first time, the etching may have a specified
aspect ratio of 1:1. After switching to the auxiliary etching
process S2 and completing the auxiliary etching process S2
(the etching time is, for example, 2-3 seconds), the second
main etching process S1 is performed. When performing the
second main etching process S1, the etching is switched to
the auxiliary etching process S2 when the specified aspect
ratio of 2:1 is reached. After the auxiliary etching process S2
is completed, the etching is switched to the third main
etching process S1. When performing the third main etching
process S1, the etching is switched to the auxiliary etching
process S2 when the specified aspect ratio of 3:1 is reached.
The main etching process S1 and the auxiliary etching
process S2 are alternately performed until the pattern on the
silicon wafer reaches the specified etching depth, and then a
final main etching process S1 is performed. After the final
main etching process S1 is performed, the pattern with the
specified etching depth is obtained.

[0036] It should be noted that the number of alternating
cycles of the main etching process S1 and the auxiliary
etching process S2 may be configured according to the
specified etching depth and appearance requirements. For a
deep silicon etching process with the high aspect ratio, the
number of alternating cycles may be increased to achieve a
smoother high aspect ratio pattern.

[0037] During the alternating cycles of the main etching
process S1 and the auxiliary etching process S2, the non-
volatile reaction products are generated and adhered to the
sidewall and a top surface of the pattern to form the
protective layer, which suppresses the isotropic etching of
silicon and ensures an anisotropic etching of silicon (that is,
the etching rate in a depth direction is substantially greater
than that in a width direction, or the etching only occurs in
the depth direction). At the same time, the non-volatile
reaction products adhered to the sidewall of the pattern may
also increase an etching selectivity ratio between the non-
volatile reaction products and the mask (such as a silicon
dioxide mask) to prevent the mask from being overly etched,
thereby avoiding the above-described “under cut” symptom.
[0038] By reacting with the silicon to generate the non-
volatile reaction products during the main etching process
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S1 and the auxiliary etching process S2, the etching of the
silicon in the main etching process S1 and the auxiliary
etching process S2 is ensured to be anisotropic, such that
lateral etching can be reduced. At the same time, by making
a generation rate of the non-volatile reaction products in the
auxiliary etching process greater than a generation rate of
the non-volatile reaction products in the main etching pro-
cess, more non-volatile reaction products are generated in
the auxiliary etching process S2 in a same time period than
in the main etching process S1 to more effectively protect
the sidewall of the pattern. Thus, the lateral etching may be
reduced in subsequent main etching processes S1, that is, the
auxiliary etching process S2 generates the protective layer
with a sufficient thickness to reduce the lateral etching. On
one hand, the reduction of the lateral etching avoids the
scallop effect caused by excessive lateral etching, such that
the roughness on the sidewall of the pattern can be clearly
mitigated, and a smoother sidewall appearance can be
obtained, which is desirable in subsequent processes of gate
oxide growth and polysilicon filling. On the other hand, the
occurrence of the under cut symptom on the top surface of
the pattern may also be suppressed.

[0039] It should be noted that the auxiliary etching process
S2 is mainly used to generate more non-volatile reaction
products to reduce the lateral etching. In this case, the
second mixed gas may not contain any gas that can etch the
silicon, or may also contain a gas that can etch the silicon
making the etching rate in the auxiliary etching process S2
smaller than the etching rate in the main etching process S1,
which helps to etch a smaller amount of silicon and to
generate more non-volatile reaction products at the same
time. Thus, the generated amount is sufficient to cover the
sidewall of the pattern entirely and to improve smoothness
of the sidewall.

[0040] It should also be noted that the present disclosure
does not specifically limit the etching duration of each cycle
of the auxiliary etching process S2, and the etching duration
of different cycles of the auxiliary etching processes S2 may
be the same or different.

[0041] In some other embodiments, the specified etching
depth is smaller than a target etching depth. The target
etching depth is an etching depth of a finally obtained
pattern. In this case, after the main etching process S1 and
the auxiliary etching process S2 are alternately performed at
least once, the main etching process S1 is performed again,
such that the pattern on the silicon wafer reaches the target
etching depth. By performing the main etching process S1 at
the end of the etching, less non-volatile reaction products
may be formed on the sidewall, which is more desirable to
obtain a slightly inclined sidewall of the pattern. Moreover,
due to the higher etching rate in the main etching process S1,
the target etching depth may be reached quicker, thereby
improving an overall etching efficiency.

[0042] The specified etching depth may be a value smaller
than and close to the target etching depth. In practical
applications, the specified etching depth may also be made
equal to the target etching depth. In this case, it is not
necessary to alternately perform the main etching process S1
and the auxiliary etching process S2 at least once, and then
perform the main etching process S1 again at the end of the
etching.

[0043] In some embodiments, the first mixed gas and the
second mixed gas are of various kinds. For example, the first
mixed gas may include sulfur hexafluoride (SF6), and may
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also include one or more of oxygen (02), hydrogen bromide
(HBr), silicon tetrafluoride, and silicon tetrachloride (SiF4).
Sulfur hexafluoride (SF6) is used to etch the silicon wafer,
and gases such as hydrogen bromide (HBr), silicon tet-
rafluoride (SiF4), silicon tetrachloride (SiCl4), and oxygen
(02) may react with the silicon (including direct and indirect
reactions) to form silica SiO2, and the non-volatile reaction
products (polymers) such as Si—Br—O, SiOFX, and SiO-
CIX, etc. During the etching process, with the help of the
lower RF power supplied to the base, an RF bias may be
formed on the base, which attracts the plasma to etch the
silicon, and at the same time attracts the non-volatile reac-
tion products to the sidewall of the pattern (trench or via
hole).

[0044] An etching principle of the first mixed gas in the
process of etching the silicon (Si) is as follows.

[0045] (1) SF6 is used as the etching gas, and its
reaction process is as follows: SF61t——=SxFyt+F1,
Si+4F——Si F41.

[0046] (2) O2 reacts with Si to generate SiO2, which is
used to protect the sidewall.

[0047] (3) SiF4 (SiCl4) reacts with oxygen plasma to
generate SiOFx (SiOCIX) polymer, which may be
attached to the sidewall and the top surface of the
pattern to reduce the lateral etching. The specific reac-
tion process is as follows: SiFx+O—SiOFx.

[0048] (4) HBr reacts with S1 to generate Si—Br polymer,
which may be attached to the sidewall of the pattern, and O2
reacts with Si—DBr polymer to generate SiO2 and Si—
Br—O polymer, which further protects the sidewall of the
pattern.

[0049] In some embodiments, the first mixed gas may also
include helium (He). Helium may be used as a diluent gas
to adjust the flow rate of other gases under the condition of
ensuring a pressure of the process chamber. For example, a
flow of other gases may be decreased by increasing a flow
of helium. In addition, helium, as a good heat-conducting
gas, improves etching uniformity.

[0050] In some embodiments, the first mixed gas may
include four gases: sulfur hexafluoride, oxygen, hydrogen
bromide, and silicon tetrafluoride. The flow rates of various
gases may be designed according to the above etching
principle. For example, a flow ratio of sulfur hexafluoride,
oxygen, hydrogen bromide, and silicon tetrafluoride is (1.7-
2.3):(1.3-1.7):(13-17):1, such that various gases may fully
react with each other during the etching process, the gen-
eration of non-volatile reaction products may be increased
under the condition of ensuring the etching rate, and the
sidewall of the pattern may be effectively protected. In some
embodiments, the flow ratio of sulfur hexafluoride, oxygen,
hydrogen bromide, and silicon tetrafluoride is 2:1.5:15:1,
which has a desired protection effect on the sidewall of the
pattern. Further, the flow rates of sulfur hexafluoride and
oxygen may be greater than or equal to 10 sccm and less than
or equal to 200 sccm. Hydrogen bromide may be used as an
optional process adjustment gas, and the flow rate thereof
may be greater than or equal to 5 sccm and less than or equal
to 1,000 sccm.

[0051] In some other embodiments, when performing the
main etching process S1, a value range of the upper RF
power (continuous wave) output by the upper RF power
supply may be greater than or equal to 300 W and less than
or equal to 2,500 W, and a value range of the lower RF
power (continuous wave) output by the lower RF power
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supply may be greater than or equal to 15 W and less than
or equal to 800 W. In some embodiments, frequencies of the
upper RF power supply and the lower RF power supply both
may be 13.56 MHz. The pressure in the process chamber
(that is, the chamber pressure) ranges approximately
between 10 mT and 90 mT. A temperature range of the base
(such as an electrostatic chuck) may be 100° C. or less,
preferably between 20° C. and 80° C. (inclusive). A tem-
perature range of the process chamber may be greater than
or equal to 10° C. and less than or equal to 40° C.

[0052] In the etching method provided by the embodi-
ments of the present disclosure, both the main etching
process S1 and the auxiliary etching process S2 may be
performed under relatively low process pressure conditions,
thereby reducing energy consumption and saving resources.
It should be noted that the above parameters such as power,
pressure, and temperature are merely intended to be exem-
plary, and the present disclosure is not limited thereto.
[0053] Similar to composition of the first mixed gas, the
second mixed gas may also include one or more of oxygen,
hydrogen bromide, silicon tetrafluoride and silicon tetra-
chloride. On this basis, the second mixed gas may also
contain an appropriate amount of sulfur hexafluoride for
etching.

[0054] Insome embodiments, if the first mixed gas and the
second mixed gas contain exactly the same gas types in the
four gases of oxygen, hydrogen bromide, silicon tetrafluo-
ride, and silicon tetrachloride, the flow rate of each gas
included in the four gases in the first mixed gas is smaller
than the flow rate of the same gas included in the four gases
in the second mixed gas. That is, the flow rate of oxygen
and/or hydrogen bromide and/or silicon tetrafluoride and/or
silicon tetrachloride in the main etching gas may be less than
that of oxygen and/or hydrogen bromide and/or silicon
tetrafluoride and/or silicon tetrachloride in the auxiliary
etching gas, respectively. For example, the flow rate of
oxygen in the main etching gas is less than the flow rate of
oxygen in the auxiliary etching gas; or, the flow rate of
hydrogen bromide in the main etching gas is less than the
flow rate of hydrogen bromide in the auxiliary etching gas;
or, the flow rate of silicon tetrafluoride in the main etching
gas is less than the flow rate of silicon tetrafluoride in the
auxiliary etching gas. If the gas types contained in the first
mixed gas and the second mixed gas are at least partially
different (that is, partially different or completely different)
in the four gases of oxygen, hydrogen bromide, silicon
tetrafluoride, and silicon tetrachloride, a total flow rate of
these four gases in the first mixed gas is less than a total flow
rate of these four gases in the second mixed gas. This
configuration ensures that the auxiliary etching process S2
produces enough non-volatile reaction products, further
reduces the lateral etching, and plays a more effective role in
protecting the sidewall and the top surface of the etched
pattern, thereby ensuring a desirable sidewall topographic
appearance when etching the silicon with the higher aspect
ratio.

[0055] In some embodiments, when the auxiliary etching
process S2 is performed, the value range of the upper RF
power (continuous wave) output by the upper RF power
supply may be greater than or equal to 500 W and less than
or equal to 2,000 W, and the value range of the lower RF
power (continuous wave) output by the lower RF power
supply may be greater than or equal to 50 W and less than
or equal to 500 W. The frequencies of the upper RF power
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supply and the lower RF power supply both may be 13.56
MHz. The pressure in the process chamber (that is, the
chamber pressure) is greater than or equal to 10 mT and less
than or equal to 100 mT. The temperature of the process
chamber may be greater than or equal to 10° C. and less than
or equal to 40° C. It should be noted that the power, pressure,
temperature and other parameters here are merely intended
to be exemplary, and the present disclosure is not limited
thereto.

[0056] In some embodiments, before performing the first
main etching process S1, the etching method further
includes:

[0057] a pre-etching process, in which a pre-etching gas is
used to perform a plasma etching process to etch the silicon
wafer and remove an oxide layer on the surface of the silicon
wafer.

[0058] The pre-etching gas may include one or more
combinations of carbon tetrafluoride (CF4) or other fluorine-
containing hydrocarbon organic gases (CHxFy) to remove
the oxide layer on the silicon surface.

[0059] In some embodiments, a critical dimension of the
silicon wafer is about 0.3 um, the target etching depth of the
pattern is about 1.6 um, and the target aspect ratio is about
5:1. Referring to the Table 1 below, the etching method may
be divided into four stages.

[0060] The first stage includes the pre-etching process, the
first main etching process S1, and the first auxiliary etching
process S2, which are performed sequentially. When per-
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forming the first main etching process S1, the etching is
switched to the first auxiliary etching process S2 after the
specified aspect ratio of 1:1 is reached. The etching duration
of the first auxiliary etching process S2 is about 2 s to 3 s.
[0061] The second stage includes the second main etching
process S1 and the second auxiliary etching process S2.
When performing the second main etching process S1, the
etching is switched to the second auxiliary etching process
S2 until the specified aspect ratio of 2:1 is reached. The
etching duration of the second auxiliary etching process S2
is about 2 s to 3 s.

[0062] The third stage includes the third main etching
process S1 and the third auxiliary etching process S2. When
performing the third main etching process S1, the etching is
switched to the third auxiliary etching process S2 until the
specified aspect ratio of 3:1 is reached. The etching duration
of the third auxiliary etching process S2 is about 2 s to 3 s.
[0063] The fourth stage includes the fourth main etching
process S1, the fourth auxiliary etching process S2, and the
fifth main etching process S1, which are performed sequen-
tially. When performing the fourth main etching process S1,
the etching is switched to the fourth auxiliary etching
process S2 until the specified aspect ratio of 4:1 is reached.
The etching duration of the fourth auxiliary etching process
S2 is about 2 s to 3 s. The fifth main etching process S1 is
performed until the specified aspect ratio of 5:1 is reached.
Thus, the etching topographic views of the smooth sidewall
and top surface without the under cut can be obtained as
shown in FIGS. 5A-5E.

TABLE 1

Comparison of various stages and parameters

First
stage

Second
stage

Third
stage

1" main etching
process S1

274 main etching
process S1

3" main etching
process S1

Pre-etching process The chamber pressure is 8 mT, the upper RF power

is 400 W, the lower RF power is 150 W, the flow
rate of CF4 is 100 sccm, the temperature of the
process chamber is 20° C., and the process duration
is 4s.

The chamber pressure is 50 mT, the upper RF
power is 1,000 W, the lower RF power is 210 W, the
flow rate of SF6 is 835 scem, the flow rate of O2 is
70 scem, the flow rate of HBr is 620 scem (silicon
tetrafluoride and silicon tetrachloride may be added
in proper amount), the temperature of the process
chamber is 20° C.

1% auxiliary etching The chamber pressure is 50 mT, the upper RF
process S2

power is 1,000 W, the lower RF power is 210 W, the
flow rate of O2 is 70 sccm, the flow rate of HBr is
620 scem, the flow rate of silicon tetrafluoride is

40 scem, and the temperature of the process
chamber is 20° C.

The chamber pressure is 50 mT, the upper RF

power is 1,000 W, the lower RF power is 210 W, the
flow rate of SF6 is 835 scem, the flow rate of O2 is
70 scem, the flow rate of HBr is 620 scem (silicon
tetrafluoride and silicon tetrachloride may be added
in proper amount), and the temperature of the
process chamber is 20° C.

274 gquxiliary etching The chamber pressure is 50 mT, the upper RF
process S2

power is 1,000 W, the lower RF power is 210 W, the
flow rate of O2 is 70 sccm, the flow rate of HBr is
620 scem, the flow rate of silicon tetrafluoride is

40 scem, and the temperature of the process
chamber is 20° C.

The chamber pressure is 50 mT, the upper RF

power is 1,000 W, the lower RF power is 210 W, the
flow rate of SF6 is 835 scem, the flow rate of O2 is
70 scem, the flow rate of HBr is 620 scem (silicon
tetrafluoride and silicon tetrachloride may be added
in proper amount), the temperature of the process
chamber is 20° C.
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TABLE 1-continued

Comparison of various stages and parameters

Fourth
stage

3 quxiliary etching The chamber pressure is 50 mT, the upper RF
process S2 power is 1,000 W, the lower RF power is 210 W, the
flow rate of O2 is 70 sccm, the flow rate of HBr is
620 scem, the flow rate of silicon tetrafluoride is
40 scem, and the temperature of the process
chamber is 20° C.
4™ main etching The chamber pressure is 50 mT, the upper RF
process S1 power is 1,000 W, the lower RF power is 210 W, the
flow rate of SF6 is 85 scem, the flow rate of O2 is
70 scem, and the flow rate of HBr is 620 sccm
(silicon tetrafluoride and silicon tetrachloride may
be added in proper amount), the temperature of the
process chamber is 20° C.
47 auxiliary etching The chamber pressure is 50 mT, the upper RF
process S2 power is 1,000 W, the lower RF power is 210 W, the
flow rate of O2 is 70 sccm, the flow rate of HBr is
620 scem, the flow rate of silicon tetrafluoride is
40 scem, and the temperature of the process
chamber is 20° C.
5% main etching The chamber pressure is 50 mT, the upper RF
process S1 power is 1,000 W, the lower RF power is 210 W, the
flow rate of SF6 is 85 scem, the flow rate of O2 is
70 scem, and the flow rate of HBr is 620 sccm
(silicon tetrafluoride and silicon tetrachloride may
be added in proper amount), the temperature of the
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process chamber is 20° C.

[0064] The method for etching the silicon wafer provided
in the embodiments of the present disclosure includes alter-
nately performing at least one main etching process and one
auxiliary etching process. The first mixed gas used in the
main etching process etches the silicon wafer. Both the first
mixed gas and the second mixed gas used in the auxiliary
etching process may react with silicon to generate the
non-volatile reaction products during the etching process.
The non-volatile reaction products may be attached to the
sidewall and the top surface of the pattern to form the
protective layer, which suppresses the isotropic etching of
the silicon and ensures that the etching is anisotropic. By
making the generation rate of the non-volatile reaction
products in the auxiliary etching process greater than the
generation rate of the non-volatile reaction products in the
main etching process, more non-volatile reaction products
may be generated in the auxiliary etching process in the
same time period as compared with the main etching process
to more effectively protect the sidewall of the pattern, such
that the lateral etching in the next main etching process can
be reduced. On one hand, the reduction of the lateral etching
avoids the scallop effect caused by excessive lateral etching,
the edge roughness on the sidewall of the pattern can be
significantly improved, and the smoother sidewall appear-
ance can be obtained to batter facilitate the growth of the
gate oxide and the filling of polysilicon. On the other hand,
the generation of the under cut on the top surface can be
further suppressed.

[0065] It should be understood that, the above embodi-
ments are merely exemplary for illustrating the operation
principle of the present disclosure, but the present disclosure
is not limited thereto. For those skilled in the art, various
modifications and improvements may be made without
departing from the spirit of the present disclosure, and these
modifications and improvements are also regarded as the
protection scope of the present disclosure.

[0066] In the description of the present disclosure, it
should be understood that the orientations and positional

relationships indicated by the terms “center”, “upper”,

2 < 2 <

“lower”, “front”, “rear”, “left”, “right”, “vertical”, “horizon-
tal”, “top”, “bottom”, “inner”, “outer”, etc. are based on the
orientations or positional relationships shown in the draw-
ings, and are merely for the convenience of describing the
present disclosure and simplifying the description, rather
than indicating or implying that the referenced devices or
elements must have a particular orientation, or must be
constructed and operated in a particular orientation. Thus,
they should not be construed as limiting the present disclo-
sure.

[0067] The terms “first” and “second” are used for
descriptive purposes only, and should not be understood as
indicating or implying relative importance or implicitly
specifying the quantity of indicated technical features. Thus,
a feature defined as “first” and “second” may explicitly or
implicitly include one or more of these features. In the
description of the present disclosure, unless otherwise speci-
fied, “plurality” means two or more.

[0068] In the description of the present disclosure, it
should be noted that unless otherwise specified and limited,
the terms “installation”, “attaching”, and “connection”
should be understood in a broad sense. For example, it may
be a fixed connection, a detachable connection, or an inte-
grally connected connection. It may be directly connected,
or indirectly connected through an intermediary. It may be
the internal connection of two elements. Those of ordinary
skill in the art should understand the specific meanings of the
above terms in the present disclosure in specific situations.

[0069] In the description of the specification, specific
features, structures, materials or characteristics may be
combined in any one or more embodiments or examples in
an appropriate manner.

[0070] The above descriptions are only some implemen-
tations of the present disclosure. It should be pointed out that
for those of ordinary skill in the art, improvements and
modifications can be made without departing from the spirit
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of the present disclosure. These improvements and modifi-
cations should be regarded as within the protection scope of
the present disclosure.

1. A method for etching a silicon wafer, comprising:

a main etching process using a first mixed gas to perform
a plasma etching process to etch the silicon wafer until
a pattern on the silicon wafer reaches a specified aspect
ratio, the first mixed gas being configured to etch
silicon and react with silicon to form non-volatile
reaction products; and

an auxiliary etching process using a second mixed gas to
perform another plasma etching process, the second
mixed gas being configured to react with silicon to
generate the non-volatile reaction products, and a for-
mation rate of the non-volatile reaction products in the
auxiliary etching process being greater than a formation
rate of the non-volatile reaction products in the main
etching process;

wherein the main etching process and the auxiliary etch-
ing process are alternately performed at least once until
the pattern on the silicon wafer reaches a specified
etching depth.

2. The method according to claim 1, wherein:

the specified etching depth is smaller than a target etching
depth; and

after the main etching process and the auxiliary etching
process are alternately performed, the main etching
process is performed at least once until the pattern on
the silicon wafer reaches the specified etching depth.

3. The method according to claim 1, wherein:

the specified aspect ratio achieved after each main etching
process is greater than or equal to N-1:1 and less than
or equal to N:1, wherein N is a sequence number of the
main etching processes.

4. The method according to claim 3, wherein:

the specified aspect ratio is greater than or equal to 3:1 and
less than or equal to 5:1.

5. The method according to claim 1, wherein:

a duration of the auxiliary process is greater than or equal
to 2 seconds and smaller than or equal to 3 seconds.

6. The method according to claim 1, wherein:

the first mixed gas includes sulfur hexafluoride, and one
or more of oxygen, hydrogen bromide, silicon tet-
rafluoride, and silicon tetrachloride; and

the second mixed gas includes one or more of oxygen,
hydrogen bromide, silicon tetrafluoride, and silicon
tetrachloride.

7. The method according to claim 6, wherein:

if the first mixed gas and the second mixed gas contain
exactly the same gas types in the four gases of oxygen,
hydrogen bromide, silicon tetrafluoride, and silicon
tetrachloride, a flow rate of each gas included in the
four gases in the first mixed gas is smaller than the flow
rate of the same gas included in the four gases in the
second mixed gas; and

if the gas types contained in the first mixed gas and the
second mixed gas are at least partially different in the
four gases of oxygen, hydrogen bromide, silicon tet-
rafluoride, and silicon tetrachloride, a total flow rate of
these four gases in the first mixed gas is less than a total
flow rate of these four gases in the second mixed gas.

8. The method according to claim 6, wherein:

the second mixed gas further includes sulfur hexafluoride.
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9. The method according to claim 6, wherein:

the first mixed gas includes four gases: sulfur hexafluo-
ride, oxygen, hydrogen bromide, and silicon tetrafluo-
ride; and

a flow ratio of sulfur hexafluoride, oxygen, hydrogen
bromide, and silicon tetrafluoride is (1.7-2.3):(1.3-1.7):
(13-17):1.

10. The method according to claim 1, wherein:

when performing the main etching process, a value range
of an upper radio frequency (RF) power is greater than
or equal to 300 W and less than or equal to 2,500 W, a
value range of the lower RF power is greater than or
equal to 15 W and less than or equal to 800 W, and a
pressure in a process chamber ranges between 10 mT
and 90 mT; and

when performing the auxiliary etching process, a value
range of an upper RF power is greater than or equal to
500 W and less than or equal to 2,000 W, a value range
of the lower RF power is greater than or equal to 50 W
and less than or equal to 500 W, and the pressure in the
process chamber ranges between 10 mT and 100 mT.

11. The method according to claim 1, further comprising

before the main etching process is performed for the first
time:

a pre-etching process using a pre-etching gas to perform
the plasma etching process to etch the silicon wafer and
remove an oxide layer on the surface of the silicon
wafer.

12. The method according to claim 9, wherein:

the flow ratio of sulfur hexafluoride, oxygen, hydrogen
bromide, and silicon tetrafluoride is 2:1.5:15:1.

13. The method according to claim 10, wherein:

frequencies of the upper and lower RF powers are 13.56
MHz in both the main etching process and the auxiliary
etching process.

14. The method according to claim 10, wherein:

when performing the main etching process, a temperature
range of a base in the process chamber is less than or
equal to 100° C., and a temperature range of the process
chamber is greater than or equal to 10° C. and less than
or equal to 40° C.; and

when performing the auxiliary etching process, the tem-
perature range of the process chamber is greater than or
equal to 10° C. and less than or equal to 40° C.

15. The method according to claim 14, wherein:

when performing the main etching process, the tempera-
ture range of the base in the process chamber is greater
than or equal to 20° C. and less than or equal to 80° C.

16. The method according to claim 11, wherein:

the pre-etching gas includes one or more combinations of
carbon tetrafluoride or other fluorine-containing hydro-
carbon organic gases.

17. A process chamber for etching a silicon wafer, com-

prising:

a base configured to hold the silicon wafer;

an upper radio frequency (RF) power supply configured to
supply an upper power to an upper electrode to excite
a mixed gas fed into the process chamber to form a
plasma; and

a lower RF power supply configured to supply a lower RF
power to the base to attract the plasma to move toward
the silicon wafer;
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wherein the mixed gas includes a first mixed gas and a
second mixed gas, and etching the silicon wafer
includes:

a main etching process using the first mixed gas to
perform a plasma etching process to etch the silicon
wafer until a pattern on the silicon wafer reaches a
specified aspect ratio, the first mixed gas being
configured to etch silicon and react with silicon to
form non-volatile reaction products; and

an auxiliary etching process using the second mixed
gas to perform another plasma etching process, the
second mixed gas being configured to react with
silicon to generate the non-volatile reaction products,
and a formation rate of the non-volatile reaction
products in the auxiliary etching process being
greater than a formation rate of the non-volatile
reaction products in the main etching process;

wherein the main etching process and the auxiliary
etching process are alternately performed at least
once until the pattern on the silicon wafer reaches a
specified etching depth.
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18. The process chamber according to claim 17, wherein:

the specified etching depth is smaller than a target etching
depth; and

after the main etching process and the auxiliary etching
process are alternately performed, the main etching
process is performed at least once until the pattern on
the silicon wafer reaches the specified etching depth.

19. The process chamber according to claim 17, wherein:

the specified aspect ratio achieved after each main etching
process is greater than or equal to N-1:1 and less than
or equal to N:1, wherein N is a sequence number of the
main etching processes.

20. The process chamber according to claim 19, wherein:

the specified aspect ratio is greater than or equal to 3:1 and
less than or equal to 5:1.
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