A surface treatnment for use in the fabrication of MEMS devices Field of
the.invention The present invention relates to nethods for ”mﬂmmwwuumws
(mcro- electronechani cal devices), and in particular to a ;

treatment nethod 5 for use in such nethods. Background of |nvegptison
Recently there has been nuch research to devel op MEMS devices in which one
or nore el ements are fabricated from seni conductor wafer, jMﬂWWMWﬂmmwmm
particular a silicon wafer. Etching techn?ques, such as dr at
is, techniques in which a plasma is applied to the silicon to:ceuse a
physical or chenical reaction) or wet etching (that is, techniques in
which a liquid etchant is applied to the silicon), are comonly used to
produce Si MEMS struct Ar;wfg@atmﬁd@mp%hﬁfﬂe‘ubﬂ%ﬁdrhef MEMS deviebst he
resulting surfaces is very 15 inportant in order to produce devices having
hi gh perforng & of V&htio he conventional etching techniques mentioned
above usual | urfaces, due to the nonfunlfornlreact!on.of t he
silicon to the etching gas (in the case of dry etching) or the liquid
etchant (in The gpasserdf imaintiehchélagds 0 MethdAes Fobi forfihghomEdIde (hprbay
the etched suyface so that jt is a flat plane, and use a nmechanical polish
met hod such §ECEIPEEORBIRAE devieeehand i paﬁ@ﬁulémtmg)sqr{a(?emeameent?@emvc\rhacﬁ
snoot hness. R thness is often required on a surface iC
for sonesfeaggﬁﬁﬁgﬁﬁgghgﬂeﬁgpgshed. For exanple, in previous patent

applications the present inventors have proposed 25 MEMS notors which
conpri se conBaskaosindiafiinventidneeves and shafts. One

Recently there has been much research to develop MEMS devices in which
one or more elements are fabricated from semiconductor wafer; and in

10 particular a silicon wafer. Etching techniques, such as dry etching (that is,
techhiques in which a plasma is applied to the silicon to cause a physical or
chemical reaction) or wet etching (that is, techniques in which a liquid etchant
is applied to the silicon), are commonly used to produce Si MEMS structures.
For certain MEMS devices the texture of the resulting surfaces is very’

15 important in order to produce devices having high performance. However, the

- conventional etching techniques mentioned above usually leave rough

surfaces, due to the noh-uniform reaction of the silicon to the etching gas (in

the case of dry etching) or the liquid etchant (in the case of wet etching).

20  One possibility would be to lay the etched surface so that it is a flat plane, and
use a mechanical polish method such as CMP (chemical mechanical
polishing) to improve the surface smoothness. However, high smoothness is
often required on a surface which for some reason cannot be polished. For
example, in previous patent applications the present inventors havei proposed

25 MEMS motors which comprise components such as sleeves and.shafts. One
wafer may be processed to produce a number of Iatérally spaced .components
(i.e. components spaced apart in the plane of the surface of the silicon wafer) .

having a given three-dimensional shape, and then a plurality of wafers



waf er may be processed to produce a nunber of |aterally spaced conponents

(i ..e. conponents spaced apart in the plane of the surface of the silicon
wafer) having a given three-di nensional shape, and then a plurality of
wafers 2 brought together. In this way, for exanple, the sleeves and
shafts of a MEMS notor are |ocated close to each other to forma narrow
gap. In such devices, in which the elenents are typically produced by DRI E
(deep reactive ion etching), it can be dffficult to apply anot her

treatment to inprove their surface 5 snoot hness, since the elenents are so
shaped that it is difficult to place them on a surface such that the
critical surfaces are horizontal and exposed, so that they can be

pol i shed. Howkeaught togetbac hn gyis maws fort example; the sipevesiandtshaftstdie MEMS
between the el enments, is, nade as snall  .as ssi bl e, and undesirabl e
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Summary of the I nvention The preSent 1nvention ‘proposes a technique for use
in a MEMS de®tddng) hisand difficulirtoapply anether treatraently infprosertitinswtaceof a

surface a 1.C r In_general terng. t resent
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oxide is sub €At Py PrlshRE e verwst S RYSigMeribisasty impodpattngt thel |y,
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| east one s h surface conpris
mechanical vibration could arise if there is any mechanical contact between

10 the sleeve and shaft due the roughness on their respective surfaces.

Summary of' the Invention

The present invention proposes a technique for use in a MEMS device
fabrication process, for increasing the smoothness of a surface of a
15 semiconductor element. '

In general terms, the present invention proposes that, in a MEMS device
fabrication process in which at least one surface of a component of the device
is produced by an etching technique, that surface is oxidised to form a surface

oxide layer, and the oxide is subsequently removed by a wet etching process.

20  Specifically, the invention proposes a method of fabricating a MEMS device |
requiring at least one smooth surface comprising:

shaping an Si substrate using a selective etching process to form at
least one etched surface; |

oxidising the etched surface of the substrate to form a surface oxide
- 25 layer; and

removing the oxide layer by wet etching.



shaping an 'Si substrate using a selective etching process to format |east
one.etched surface; oxidising the etched surface of the substrate to forma
surface oxide 25 layer; and renoving the oxide |ayer by wet etching. 3 An
advant age of the present technique is that it is applicable to techniques
in which MEMS devices are produced in a batch process, i.e. one in which
mul tiple MEMS devices (usually a large n er) are produced at the sane
time using ene or nore silicon wafers. THe respective conponents of a 5
plurality of MEMS. devices are formed fromdifferent respective laterally-
spaced portions of the wafers (e.g. a nunber of shafts may be fornmed from
respective laterally-spaced portions of a first wafer, and a plurality of

sl eeves nmayAbadvaniaeg afrtbmar @§%dﬁpb@iqumiﬁﬁ_aaﬂ i iss ppelaabiota teghsliqy{esdn
d waf ; ; | not. requi r.e that any
ur aces of Y NS MCviogt ot HPRIGCRARR R G Eiefe o S0 R W

hori zont al | ynultiplé MEME @&Fcepi(oseslly ddagie hesbaboums pldiicedi stathicosarpkeep
may be perfornmed at el evated tenperature in an atnosphere containing
oxygen, whi dHNEeYSIBE e UnMAset Hicomwaterandher regpeciive tcasppenaiiemfcal

conpoundg e. 8, Sife 5 v 0X: performed by
wet et chisng %gf"’ﬁ@' ?&Eﬂ @é\ﬁ%f ?ée-\?g?jé ?)?dzérg?éc%gr oé%ﬁ%@ﬁ#ﬁpgﬁ%g&rﬁ aci d.
Brief Descrispdoed pdrtidhe ofitheveafery &.gr menurhbat of ahafté iy bienfoembt dromwi | |

now be desCrriegggcti\;eolratérgﬁy-ss%légeg fportions of a first wafer, and a plurality of sleeves
may be formed from respective laterally-spaced portions of a second wafer).

Note that the proposed technique does not require that any surfaces of the

10 components of the MEMS devices can be placed horizontally, as in the CMP

process described above.

The oxidation step may be performed at elevated temperature in an
atmosphere containing oxygen, which may be present either as O, and/or as -

part of a chemical compound, e.g. as steam.

15  The removal of the oxygen may be performed by wet etching using BOE
(buffered oxide etcher) or liquid hydrofluoric acid.

Brief Description of The Figures

Preferred features of the invention will now be described, for the sake of
illustration only, with reference to the followling figures in which:

20 Fig. 1, which is composed of Figs. 1(a) to 1(d), shows schematically
the steps of a processing a silicon substrate to form a MEMs device in a
method which is-an embodiment of the invention;

Fig. 2, which is compdsed of Figs. 2(a) to 2(d), shows schematically
the cross-section of a surface part of the substrate at stages corresponding

25 respectively to Figs. 1(a) to 1(d); and

Fig. 3, which is composed of Figs. 3(a) to 3(c), shows results from a
experiment using the embodiment of Fig. 1. |



illustration only, with reference to the following figures in which: 20
Fig. 1, which is conmposed of Figs. 1(a) to 1(d), shows schematically the
'steps of a processing a silicon substrate to forma MEMs device in a

met hod which is an enbodi nent of the invention; Fig. 2, which is conposed
of Figs. 2(a) to 2(d), shows schematically the cross-section of a surface
part of the substrate at stages corresponding 25 respectively to Figs.
1(a) to 1(d); and Fig. 3, which is conposed of Figs. 3(a) to 3(c), shows
results froma experinment using the enbodinment of Fig. 1. 4 Detailed
Description of the embodiments Referring to Fig. 1(a), the starting point
of a MEMS fabrication technlque |s a semiconductor substrate, typically a
Si subst r at eDe{ailgdilResdri ¢ empoglirhentsn 5 wafer. Such wafers are
typically forned as a S|ngle crystal so they are very flat. Their surface
roughness.is alnost zero (with a peak to.trough anplitude typically |less
than 5nm, bRé%ﬂﬁﬁg‘t@ﬂ% ans), ttb(@bié&hrhg'Fé”ﬂlo?@tMEﬂn@fa@YBaﬂbﬁQ@c%ﬁlq@@fsoée the
stage shown in Fi cross-section of a portion 2 of the upper
surface 4 ofSftrﬁ@owdﬂéﬁorEUb§tr§ﬂ¢oWPl¢a“Y@1Sasglédratee‘wwmclﬂsmomaiwa&tDCtDrm a

Usi ng o phot BaieRe bR R e IRMRIEI T o B EFRAR okt lind) Flwen”™ °°°°°
resol ution Iilathiﬁgemghyf)acelreugmwstls alranst zer%t(wmtalbéah&ytraggﬁamﬁli@@de

di rensional  surface. This is illustrated in Fig as a cavity 3, but
general |y th@p@”Xéi‘?ﬁﬁ Hanaanneh b@Pat‘%thW%@WplﬁﬂﬁﬁéhﬁFt t, MR nragesfe much

mor e conpl eXpefore the stage shown in Fig. 1(a). A cross-section of a portion 2 of the upper

surface 4 of the wafer 1 is shown in enlarged view in Fig. 2(a).

10
In a first step of the process, a known etching process, such as a DRIE
process using a photo-resist mask 6 produced by lithography (normally low-

- resolution lithography), is used to form a structure having a three dimensional

surface. This is illustrated in Fig. 1(b) as a cavity 3, but generally the

15 configuration of the three-dimensional surface may be much more complex
than this, e.g. if the MEMS device being fabricated is a motor. Typically, the-
substrate may -actually be shaped to have a periodically repeating pattern in at
least one lateral direction. Laterally spaced portions of the substrate are
shaped to form respective components of a plurality of MEMS devices. For

20 example, the substrate 1 may be shaped so that it includes a plurality of
elements which will become the respective shafts of a plurality of MEMS

devices.

At this point, the surface of the substrate 1 is relatively rough, as shown in-Fig.
25 2(b).

In a second step of the process, an oxidation process is carried out. This may
- be performed at high temperatures (e.g. at least about 850°C, and at most
about 1150°C, such as about 1000°C), in an atmosphere containing oxygen.

30 As shown in Fig. 2(c), this slightly smoothes the surface, since the oxidation



than this, e.g. if the MEMS device being fabricated is a notor. Typically,
the. substrate may actually be shaped to have a periodically repeating
pattern in at least one lateral direction. Laterally spaced portions of
the substrate are shaped to formrespective conmponents of a plurality of
MEMS devi ces. For -20 exanple, the substrate 1 may be shaped so that it

I ncludes a plurality of elenents which wll beconme the respective shafts
of a plurality of MEMS devices. At this point, the surface of the
substrate 1 is relatively rough, as shown in Fig. 25 2(b). In a second
step of the process, an oxidation process Is carried out. This may be
performed at high tenperatures ( . at |east about 850C, and at nost
about- 1150C, p@@@ﬁs §§U§%§Pm§d@(§@ﬁmg af the ReatssiiBe subase alhe FyTass guide 30

As shown in IS
oxi dat 1 on 5 YPE o e TBE g Ky RERALOGrE RS LB R R tioRe .
The surface thandR,, duahers atdeasstaboudd0Ximaéb®,0xi de | ayer shoul d preferably

be significantly thicker than Ra, such as at |east about 10 tinmes Ra. 5 In
athird step of the nmethod, the surface oxide layer 5 is renoved, as shown

in Fig. d)} | -] e
l'iquid, ]5(suc Jml&is%b cg%?ere @xﬂlPl e etc %ﬁ %ﬁ%('ﬁ%'ﬂ???ﬂo%gﬁ%?d)
whi ch react sin Fig. t{b. EhIS|maylbe>byctd!ppln1gth’ecstmstrahsﬂarintdeayreteh(an’rI|qu1d
substanti al | ot elf. Thus, .the silicon oxide
s subst ant | 4141 os hpRebbis e ffde Ftend 8 Hf' BRI IE ESche MRS | ne
sErface ofF tf@ﬁtzh%tj@ﬁédrﬁéﬂdé ' b@ng 0e8sér Je§r@RAbNSShsthRfalfl et AHyEd AL, as
shown in Fig.
gsmcon_ltself. Thus, the silicon oxide is substantially completely removed. This
10 eliminates the peaks on the surface of the substrate 1, and greatly smoothes

the etched surface, as shown in Fig. 2(d).

Following this step, the substrate 1 can be used according to known
techniques. For example, the substrate can be combined with one or more

15  other substrates having the same or different shapes, and the combination of
substrates cut so as to singulate individual MEMS devices. For example, the
substrate 1 may be shaped so as to include a plurality of elements which are
to become respective shafts of respective MEMS devices. Following thev
smoothing technique, the substrate 1 can be combined with (i.e. placed

20 adjacent to or touching) one of more other substrates which have been
shaped to include multiple portions which are to become other components of
the MEMS devices, e.g. respective sleeves. These other substrates have
preferably also been subjected to the same smoothing process. Once the
substrates have been combined, the set of substrates can be cut together, to

25  singulate individual MEMS devices. Thus, the entire process is a MEMS

device fabrication process in which MEMS devices are produced in batches.

Experimental results of the embodiment are shown in Fig. 3. Fig. 3(a) shows
an AFM (atomic force microscope) image of a 5 micrometer by 5 micrometer

30 square portion of a silicon surface at the moment shown in Figs. 1(b) and



Following this step, the substrate 1 can be used according to known

techni ques. For exanple, the substrate can be conbined wth one or nore 15
ot her substrates having the same or different shapes, and the conbi nation
of substrates cut so as to singulate individual MEMS devices. For exanpl e,
the substrate 1 may be shaped so as to include a plurality of elenents
which are to becone respective shafts ofy respective MEMS devi ces.

Foll owi ng the snoothing technique, the substrate 1 can be conbined with
(i.e. placed 20 adjacent to or touching) one of nore other substrates which
have been shaped to include nmultiple portions which are to becone ot her
conponents o the, MEMS devi ces, _e. respective, sl eeves. These ot her
substrates h&be INghisrexPabme |a§]OS|b\@gfﬁr§@Bj ekiched Py PR el heBBilsi ng
process. Onc HRISO trates can
be cut toget'ﬁrgFag?ggg%gsFren ul a ggfertﬂﬁﬁ?g%ggp éeé\;/ﬁ%gtfm% he entire
process is apagEutiomngor Zéef:abd$clatr\gcﬁ4l"m dbess Stepwd!necappVENBeﬂeaiedQslnare

d d ntal res odi mrent are. shovvn in
o5 o, A Brid i B ot it GGl Sue ARG oS 5
m cronet ey  bandthd étrcﬁn‘i%t;ﬁbcégs fdontinged If@rna fitaPofs1d0 ARRUEE gﬁ%&fe the
nmonment shown in Fi and 6 _2(b). In this experinent an waf er has

been et ched ﬂb\?'m% ofﬁm DEThpr%mgmbye@m@nmane pastiart efthag gases for
14 seconds, éLﬂJfali %Q)ﬁ (%gg eaéd ﬁnégﬁwﬁ%gibgﬁn&?al ;I'hese st eps

are applled rep y 1’n erna |on et chi ng
rate of 3.5 mcrons per mnute, 5 and the etching process was conti nued for
a total of 100 minutes to produce the image of Fig, 3(a). The 5 micron

by.5 nicron SoRgxkiaienstemwes ther performed, using wet oxidation (ie. an
10 atmosphere containing steam) for a total of 10 hours at a temperature of

1100°C. The silicon reacts with the oxygen in the water to with generation of
hydrogen (Si + 2H,0 — SiO, + 2H,). This gave a SiO; coating of thickness
1.8 microns. Fig. 3(b) is an image of the substrate surface at this moment
(corresponding to that of Flg 1(c) and 2(c)). The 5 micron by 5 micron square

15  portion of the surface has an R, value of 75nm.

- The silicon dioxide is then removed by wet etching using a BOE for 20
minutes. The BOE was composed of HF and NH3F, and had a pH of 1. Fig.
3(c) is an image of the substrate surface afterwards (i.e. at the stage of Figs.
20  1(d) and 2(d)). The 5 micron by 5 micron square portion of the surface has an

Ra value of only 14nm.



surface has a Ra (average surface roughness) value of 290nm The oxi dation
step was then perforned, using wet oxidation (i.e. an 10 atnosphere
‘containing steam) for a total of 10 hours at a tenperature of 1100C. The
silicon reacts with the oxygen in the water to with generation 95 gx ogen
(SI + 2H20 - SI2 + 2H2). This gave a Si 2 coating of t hi cknes&tOYD

mcrons. Fig. 3(b) is an inmage of the substrate surface at this noment
(corresponding to that of Fig. 1(c) and 2(c)). The 5 micron by 5 mcron
square 15 portion of the surface has an Ra val ue of 75nm The silicon
dioxide is then renoved by wet etching using a BCE for 20 mnutes. The BOE
was conposed, 6f HF and NH3F, and had a pH of 1. Fig. 3(c) is an inmage of

the substra®@@®8rface afterwards (i.e. at the stage of Figs. 20 1(d) and
2(d)). The § m CAQﬂet}wdSomabrneau %WIEMEWde'vQ@ Rlquiriy) aticaaeBneamaedth Ra
val ue of only 14nm LLOYD W SE Cl ai nms . A method of fabricating a MEMS

devi ce requsurfage, dhe metbed sampsising: h surface, t he nmet hod conpri sing:
shaping an Si substrate using a selective etching process to selectively 5

remove portions | sy ; I east
one etched surf%’f‘:eFS n@xalﬁdlsil ng t aﬁé ?Eég%ﬁ é;gteO‘E ?@e&%é@s?&@%lg form
a surface orndeve pestions @frtder&nsnbsrtlgte,hbecetchiegImgeeséaﬁom&mtg at Hashgne

etched surface;

oxidising the etched surface of the substrate to form a surface oxide
layer; and

removing the oxide layer by wet etching.

10 2. A method according to claim 1 in which the oxidation step is performed
at a temperature in the range 850°C to 1150°C in an atmosphere containing

oxygen.

3. A method according to claim 1 in which the wet etching is performed
using a buffered oxide etcher.

15 4. A method according to claim 1 in which the wet etching is performed
using hydrofluoric acid.

5. A method according to any preceding claim in which in the shaping of
the substrate the substrate is etched to form simultaneously respective

components for each of a plurality of different MEMS devices.

20 - 6. A method according to claim 5 in which, following removal of the oxide,
the substrate is combined with one or more other shaped substrates, and the
substrates are cut to singulate individual MEMS devices.

7. A method according to claim 6 in which the MEMS devices are MEMS
motors each having a shaft and a sleeve, the shaft and sleeve being spaced
25 apart by a gap.



10 2. A nmet'’hod according to claim1 in which the oxidation step is
perforned at a tenperature in the range 850C to 1150C in an atnosphere
containing oxygen. 3. A nethod according to claim1l in which the wet
etching is performed using a buffered oxide etcher. 15 4. A net Ha®YD WISE
according to claim1 in which the wet etching is perforned using
hydrofluoric acid. 5. A nethod according to any preceding claimin which in
-the shaping of the substrate the substrale is etched to form

si mul t aneously respective conponents for each of a plurality of different
MEMS devices. 20 6. A nethod according to claim5 in which, follow ng
removal of the oxide, the substrate is conbined with one or nore other
shaped subst Bat esA htiMBhdevisalmbdates byr & methdd astadilgte dnydpidcdaplg VEVS
devi ces. 7. nmet hod according to claim6 in which the MEMS devices are
MEMS notors® h having a shaft and a sl eeve, the shaft and sl eeve being
spaced 25 apart by a gap. LLOYD WSE 8 8. A MEMS device produced by a

nmet hod according to any preceding claim



