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Description

[0001] This invention relates to a method of plasma etching a silicon carbide workpiece,
[0002] Silicon carbide is widely acknowledged as being an extremely difficult material to etch. It can be difficult to
achieve etched features in silicon carbide which are substantially free of defects. Without being limited by any particular
theory or conjecture, it is believed that this is due to surface imperfections formed in the substrate during previous process
steps.
[0003] Figure 1a and b are optical micrographs showing typical defects resulting from plasma etching of silicon carbide
using SF6/O2, SF6/O2/He, SF6/O2/Ar, or SF6/O2/Ar/He process gases. SiC layers are typically lapped down to ca.100
micron thickness and bonded to carrier wafers prior to patterning and plasma etching. Significant defect formation is
observed.
[0004] Nickel is frequently used as a hard mask for etching features such as vias into silicon carbide. A typical prior
art process is shown in Figure 2, in which (Figure 2a) a thin barrier or adhesion layer of 50nm Ti or TiW 3 is deposited
on a SiC wafer 4, followed by deposition of a seed layer of ca. 0.5 micron gold 2. A photoresist 1 is then formed on the
gold seed layer 2 using known photolithographic processes to define the position of the mask. A nickel mask 5 (typically
ca. 5 microns thickness) is electroplated onto the gold seed layer 2 (Figure 2b). After electroplating with nickel, the
photoresist is stripped and the seed layers over the vias removed by wet chemistry as can be seen in Figure 2c. More
particularly, gold is removed with KI solution and TiW is removed with hydrogen peroxide. Figure 2d shows the results
of an anisotropic SiC via etch process, showing a single etched via 6.
[0005] As stated above, Figure 2(c) depicts a processing stage after the photoresist has been stripped and the seed
layers over the vias removed by wet chemistry. If processing then directly proceeds with a bulk etch step, then typically
heavy defect formation is observed. It is common for greater than 50% of vias features to contain defects. It is known
to perform a breakthrough step prior to commencement of the bulk etch step. A breakthrough step is a specific step of
process conditions which are used to initiate the SiC etch step, prior to the bulk etch step. An argon plasma breakthrough
step has been used for this purpose, and this is often enhanced by the addition of some oxygen to remove traces of
photoresist or other organic material. In some instances this is sufficient to clear seed layer residues. However, depending
on the level of residue that is present, a breakthrough step of this type may be insufficient to remove residues and
damage prior to the main, bulk, SiC etch step, resulting in the presence of defects in the etched product. An example
of a workpiece where the simple breakthrough step using an argon plasma is insufficient to avoid defect formation is
lapped (but unpolished) silicon carbide. It has been suggested that the defects are caused by residues of seed layers
present and dislocations created by the SiC lapping step (Ju-Ai Ruan et al, SiC Substrate Via Etch Process Optimisation,
CS MANTECH Conference, May 18th - 21st, 2009, Tampa, FL, USA). Also, it has been recommended to reduce defect
formation by controlling various process parameters during the bulk etch step, such as by reducing pressure (Ruan et
al, ibid; Semiconductor Today Compounds & Advanced Silicon, Vol.4, 10, December 2009/January 2010, 54-55; N
Okamoto et al, Backside Process Considerations for Fabricating Millimetre-Wave GaN HEMT MMICs, CS MANTECH
Conference, May 17th-20th, 2010, Portland, OR, USA).
[0006] US 2007/281462 describes a method of manufacturing a SiC semiconductor device having a trench gate
structure, using dry etching and high-density inductively coupled plasma.
[0007] US 2008/293240 describes a single, bulk etch of a SiC layer using an etching gas of SF6/O2/Ar.
[0008] US 5 571 374 describes a method of etching SiC using a mask layer that has a Mohs hardness of four or greater
using a plasma of O2/SF6.
[0009] The present invention, in at least some of its embodiments, provides an improved process for etching silicon
carbide which reduces the density of defects significantly. This can also provide a substantial reduction in the process
time. Associated apparatus for performing the method of the invention are also provided.
[0010] According to a first aspect of the invention there is provided a method of plasma etching a silicon carbide
workpiece including the steps of:

forming a mask on the surface of the silicon carbide workpiece;
performing an initial plasma etch of the masked surface using a first set of process conditions, wherein the plasma
is produced using an etchant gas mixture which includes (i) oxygen and (ii) at least one fluorine rich gas which is
present in the etchant gas mixture at a volume ratio of less than 50%, wherein the at least one fluorine rich gas is
CF4 and/or SF6; and
subsequently performing a bulk plasma etch process using a second set of process conditions which differ from the
first set of process conditions, in which the bulk plasma etch process etches much more deeply into the silicon
carbide workpiece than the initial plasma etch step.

[0011] The fluorine rich gas may be present in the etchant gas mixture at a volume ratio in the range 0.1-20%, preferably
in the range 0.1-10%, more preferably in the range 0.5-7%, more preferably still in the range 1.0-5.0%. Most preferably,
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the fluorine rich gas is present in the etchant gas mixture at a volume ratio of about 1.5%.
[0012] The fluorine rich gas or gases may be present in the etching gas mixture with oxygen only. Alternatively, the
etchant gas mixture may contain one or more diluent gases. In some embodiments the etchant gas mixture further
includes an inert gas carrier. The inert gas carrier may be a noble gas, preferably argon. Helium may also be used.
[0013] It is preferred to use a single fluorine rich gas, and it is most preferred to use CF4 as a single fluorine rich gas.
Mixtures of fluorine rich gases, e.g. CF4 and SF6, may be used. Where a mixture of fluorine rich gases is used, the
volume ratios of the fluorine rich gas described herein are understood to refer to the volume ratio with respect to all of
the fluorine rich gases present in the etchant gas mixture.
[0014] The mask may be formed from any material used in photolithographic processes and which is compatible with
silicon carbide. The mask may be a metallic mask, and often a nickel mask is used.
[0015] The surface of the silicon carbide workpiece on which the mask is formed may be unpolished. The surface of
the silicon carbide workpiece on which the mask is formed may be lapped. Without wishing to be bound by any particular
theory or conjecture, it is believed that the lapped surface of the silicon carbide workpiece has defects which, if not
removed or at least reduced in density prior to the main etch, will result in columnar growths in the etched feature. It is
possible that these defects also interact with the barrier and seed layers used in the masking process. This mechanism
may apply to other silicon carbide surfaces.
[0016] The initial plasma etch may be performed to an etch depth of at least 250nm. In some embodiments, the initial
plasma etch is performed to an etch depth of at least 700nm. In general, the attainment of greater etch depths during
initial plasma etch provides enhanced reductions in the known defects.
[0017] The plasma etching of the silicon carbide workpiece may be performed to provide one or more vias. The
production of other etched features is also within the scope of the invention.
[0018] In some embodiments, an inductively coupled plasma (ICP) is used to perform the etching. Other forms of
plasma etching may be employed.
[0019] Other process conditions of the initial plasma etch can be varied in order to optimise the process. For example,
it has been found that increasing the process pressure during the initial plasma etch step can provide reductions in
defect levels. In one system, an increase in pressure from 5 to 10 mTorr resulted in improvements. For etching processes
which utilise a substrate bias it has been found that increasing the bias power can result in reductions in the defect level.
[0020] The invention may be performed in various ways and specific embodiments will now be described, by way of
example only, with reference to the accompanying drawings, in which:-

Figure 1 shows (a) an optical micrograph of eight vias of 80 micron diameter, 100 micron depth containing defects
following SiC etching using a SF6/He plasma, and (b) a top down optical micrograph showing defect formation during
plasma etching of SiC;
Figure 2 shows (a) the formation of a photoresist on a silicon carbide surface (b) the formation of a mask (c) the
removal of the photoresist and seed layers and (d) the formation of an etched feature in a prior art process for
etching silicon carbide;
Figure 3 shows (a) the formation of a photoresist on a silicon carbide surface (b) the formation of a mask (c) the
removal of the photoresist and seed layers (d) a breakthrough step and (e) a bulk etch step to produce an etched
feature in a process for etching silicon carbide in accordance with the invention;
Figure 4 shows SEM cross sections and optical micrographs of silicon carbide vias produced in accordance with
the invention; and
Figure 5 is a semi-schematic diagram of apparatus used in accordance with the invention.
Figure 3 is a representation of a process of the invention. Figure 3 shares a number of the steps and features shown
in Figure 2 and identical numerals are used to denote such shared features. In particular, Figures 3a-c are essentially
identical to Figures 2a-c. Figure 3d shows an additional, breakthrough step provided by the invention. The break-
through step is an initial plasma etch step which breaks through the surface and begins the etch by forming an initial
etch feature 7. Subsequently, a bulk plasma etch process is performed which etches much more deeply into the
silicon carbide workpiece.

[0021] A typical prior art breakthrough step with Ar and O2 only removes a few tens of nm of SiC in 15 minutes. For
highly polished surfaces this can be sufficient to achieve satisfactory etching which is free of defects. However, in other
instances, such as for lapped surfaces, this results in greater than 50% of etched features such as vias having defects.
It has been found that the additional of a relatively small amount of CF4 (at a volume ratio of about 1.4-1.8%) increases
the SiC etch rate so that the CF4/Ar/O2 etching gas mixture results in the removal of 300nm SiC in 15 minutes. Reduced
levels of defects are observed. SF6 has been used in place of CF4, i.e., etching gas mixtures comprising SF6/Ar/O2 have
been used. It has been found that similar, relatively low, mixing ratios result in a similar improvement in the level of
defects being observed with SF6. The use of higher mixing ratios of CF4 or SF6 eventually results in an increase in the
level of defects on lapped SiC. It is believed this is because of preferential etching where lapping damage is greatest,
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causing pitting of the surface.
[0022] Etching was performed using a commercially available inductively coupled plasma (ICP) apparatus such as
an Omega (RTM) ICP tool produced by SPTS Technologies Limited (Newport, NP18 2TA, UK) which applies an RF
bias to the wafer. Figure 5 is a semi-schematic diagram depicting apparatus used for the experiments. The apparatus
comprises a chamber 10 which houses a platen 12. The workpiece wafer 14 is disposed on the platen 12. An RF coil
16 is located around the periphery of the chamber 10, and RF power is supplied to the RF coil by an RF power supply
18 at an RF frequency of 13.56MHz. A separate RF bias is applied to the platen 12 by a further RF power supply 20.
The process gases are introduced into the chamber 10 through an inlet 22. The gas supply lines, valves, mass flow
controllers and pumping arrangements which are associated with the supply of process gases to chamber 10 and their
removal therefrom are not shown in Figure 5 for presentational simplicity. However, the skilled reader will appreciate
that the design of the apparatus and its operation in order to perform the bulk etch is well understood in the art. The
apparatus further comprises a controller 24 which controls the operation of the RF power supplies 18, 20 and the operation
of the gas supply system and pumping arrangements (not shown) to control the supply of the process gases into the
chamber 10. The skilled reader will appreciate that the general principles of using a controller 24 to control these process
parameters is well understood, and the types of devices which may be used as controllers 24 is also well understood.
The present invention can be implemented by adapting such known controllers to also control the initial plasma etch
step provided by the present invention. The controller 24 is also configured to stop the initial plasma etch at an appropriate
time, and to commence the bulk plasma etch. In these experiments, the initial, breakthrough plasma etch and the bulk
etch are performed in the same chamber. The bulk etch was a conventional SF6/O2 etch. Ar or He might be added as
well. It is within the scope of the invention to perform the two etched steps in different chambers, but it is believed that
it is operationally more attractive to use a single chamber. It was found that the process could be optimised through
variation of various process parameters. In particular, it was found that increasing the process pressure and the RF bias
increases the etch depth achieved during the initial plasma etch from 300nm to greater than 800nm in 15 minutes. This
further reduces the level of defects to a highly satisfactorily level. Process parameters and results are shown in Table 1.

[0023] Figure 4 shows (a) a SEM cross section of a SiC via etched according to process A and (b) an optical micrograph
of SiC vias etched according to process A. Figure 4 also shows (c) a SEM cross section of a SiC via etched in accordance
to process C and (d) an optical micrograph of SiC vias etched in accordance with process C. The benefit of removing
around 800nm or more of the lapped SiC surface is evident from the elimination of defects in the vias.
[0024] It has been demonstrated that the defect levels attained can be varied by varying process conditions in the
initial, breakthrough plasma etch and by varying the etch depth achieved during this etching step. The duration of the
initial breakthrough plasma etch can be optimised together with other process parameters depending on the quality of
the SiC wafers to be etched.
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Claims

1. A method of plasma etching a silicon carbide workpiece including the steps of:

forming a mask on a surface of the silicon carbide workpiece;
performing an initial plasma etch on the masked surface using a first set of process conditions, wherein the
plasma is produced using an etchant gas mixture which includes i) oxygen and ii) at least one fluorine rich gas
which is present in the etchant gas mixture at a volume ratio of less than 50%, wherein the at least one fluorine
rich gas is CF4 and/or SF6; and
subsequently performing a bulk plasma etch process using a second set of process conditions which differ from
the first set of process conditions, in which the bulk plasma etch process etches much more deeply into the
silicon carbide workpiece than the initial plasma etch step.

2. A method according to claim 1 in which the fluorine rich gas is present in the etchant gas mixture at a volume ratio
in the range 0.1-20%, preferably in the range 0.1-10%, more preferably in the range of 0.5-7%, more preferably still
in the range 1.0-5.0%, and most preferably of about 1.5%.

3. A method according to claim 1 or claim 2 in which the etchant gas mixture further includes an inert carrier gas.

4. A method according to claim 3 in which the inert carrier gas is a noble gas, preferably argon.

5. A method according to any previous claim in which the mask is a metallic mask.

6. A method according to claim 5 in which the mask is a nickel mask.

7. A method according to any previous claim in which the surface of the silicon carbide workpiece on which the mask
is formed is unpolished.

8. A method according to claim 7 in which the surface of the silicon carbide workpiece on which the mask is formed
is lapped.

9. A method according to any previous claim in which the initial plasma etch is performed to the etch depth of at least
250nm.

10. A method according to claim 9 in which the initial plasma etch is performed to an etch depth of at least 700nm.

11. A method according to any previous claim in which the plasma etching of the silicon carbide workpiece is performed
to provide one or more vias.

Patentansprüche

1. Verfahren zum Plasmaätzen eines Siliciumcarbidwerkstücks, das die folgenden Schritte beinhaltet:

Ausbilden einer Maske auf einer Oberfläche des Siliciumcarbidwerkstücks;
Durchführen eines anfänglichen Plasmaätzens auf der maskierten Oberfläche unter Verwendung eines ersten
Satzes von Prozessbedingungen, wobei das Plasma unter Verwendung eines Ätzgasgemisches erzeugt wird,
das i) Sauerstoff und ii) wenigstens ein fluorreiches Gas beinhaltet, das in dem Ätzgasgemisch bei einem
Volumenverhältnis von weniger als 50 % vorhanden ist, wobei das wenigstens eine fluorreiche Gas CF4 und/oder
SF6 ist; und
anschließendes Durchführen eines Bulkplasmaätzprozesses unter Verwendung eines zweiten Satzes von Pro-
zessbedingungen, die sich von dem ersten Satz von Prozessbedingungen unterscheiden, in denen der Bulk-
plasmaätzprozess viel tiefer in das Siliciumcarbidwerkstück als der anfängliche Plasmaätzschritt ätzt.

2. Verfahren nach Anspruch 1, in dem das fluorreiche Gas in dem Ätzgasgemisch bei einem Volumenverhältnis in
dem Bereich 0,1-20 %, bevorzugt in dem Bereich 0,1-10 %, stärker bevorzugt in dem Bereich 0,5-7 %, stärker
bevorzugt noch in dem Bereich 1,0-5,0 % und am stärksten bevorzugt von etwa 1,5 % vorhanden ist.
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3. Verfahren nach Anspruch 1 oder 2, in dem das Ätzgasgemisch ferner ein inertes Trägersubstanzgas beinhaltet.

4. Verfahren nach Anspruch 3, in dem das inerte Trägersubstanzgas ein Edelgas, bevorzugt Argon, ist.

5. Verfahren nach einem vorhergehenden Anspruch, in dem die Maske eine Metallmaske ist.

6. Verfahren nach Anspruch 5, in dem die Maske eine Nickelmaske ist.

7. Verfahren nach einem vorhergehenden Anspruch, in dem die Oberfläche des Siliciumcarbidwerkstücks, auf dem
die Maske ausgebildet ist, unpoliert ist.

8. Verfahren nach Anspruch 7, in dem die Oberfläche des Siliciumcarbidwerkstücks, auf dem die Maske ausgebildet
ist, geläppt ist.

9. Verfahren nach einem vorhergehenden Anspruch, in dem das anfängliche Plasmaätzen bis zu der Ätztiefe von
wenigstens 250 nm durchgeführt wird.

10. Verfahren nach Anspruch 9, in dem das anfängliche Plasmaätzen bis zu einer Ätztiefe von wenigstens 700 nm
durchgeführt wird.

11. Verfahren nach einem vorhergehenden Anspruch, in dem das Plasmaätzen des Siliciumcarbidwerkstücks durch-
geführt wird, um eine oder mehrere Durchkontaktierungen bereitzustellen.

Revendications

1. Procédé de gravure au plasma d’une pièce en carbure de silicium comportant les étapes suivantes :

la formation d’un masque sur une surface de la pièce en carbure de silicium ;
le fait d’effectuer une gravure au plasma initiale sur la surface masquée à l’aide d’un premier ensemble de
conditions de processus, dans lequel le plasma est produit à l’aide d’un mélange de gaz de gravure comportant
i) de l’oxygène et ii) au moins un gaz riche en fluor présent dans le mélange de gaz de gravure à un rapport
volumique inférieur à 50 %, dans lequel l’au moins un gaz riche en fluor est du CF4 et/ou du SF6 ; et
le fait d’effectuer ensuite d’un processus de gravure au plasma en masse à l’aide d’un second ensemble de
conditions de processus différant du premier ensemble de conditions de processus, dans lequel le processus
de gravure au plasma en masse grave beaucoup plus profondément dans la pièce en carbure de silicium que
l’étape de gravure au plasma initiale.

2. Procédé selon la revendication 1, dans lequel le gaz riche en fluor est présent dans le mélange de gaz de gravure
à un rapport volumique compris dans la plage de 0,1 à 20 %, de préférence dans la plage de 0,1 à 10 %, plus
préférablement dans la plage de 0,5 à 7 %, plus préférablement encore dans la plage de 1,0 à 5,0 %, et idéalement
d’environ 1,5 %.

3. Procédé selon la revendication 1 ou 2, dans lequel le mélange de gaz de gravure comprend en outre un gaz porteur
inerte.

4. Procédé selon la revendication 3, dans lequel le gaz porteur inerte est un gaz noble, de préférence de l’argon.

5. Procédé selon l’une quelconque des revendications précédentes, dans lequel le masque est un masque métallique.

6. Procédé selon la revendication 5, dans lequel le masque est un masque en nickel.

7. Procédé selon l’une quelconque des revendications précédentes, dans lequel la surface de la pièce en carbure de
silicium sur laquelle le masque est formé est non polie.

8. Procédé selon la revendication 7, dans lequel la surface de la pièce en carbure de silicium sur laquelle le masque
est formé est rodée.
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9. Procédé selon l’une quelconque des revendications précédentes, dans lequel la gravure au plasma initiale est
effectuée à la profondeur de gravure d’au moins 250 nm.

10. Procédé selon la revendication 9, dans lequel la gravure au plasma initiale est effectuée à une profondeur de gravure
d’au moins 700 nm.

11. Procédé selon l’une quelconque des revendications précédentes, dans lequel la gravure au plasma de la pièce en
carbure de silicium est effectuée pour fournir un ou plusieurs trou(s) de raccordement.
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