1 Methods for producing hard disk drives of reduced size, hard disk drives produced by the method,
and systems including the hard disks. Field of the invention The present invention relates to hard disk
drives (HDDs), to methods for 5 fabricating HDDs, and to portable electronic devices including HDDs.
Background of Invention Most modern computers employ data storage systems including hard disk
drives (HDDs) - that is systems in which an inflexible disk including magnetic 10 material stores data
which is written/read by a magnetic head which moves, over the surface of the disk but does not come
into physical contact with the disk. Hard disk drives provide high capability for storing information, and
over the years, the data storage capacity of HDDs has been increased by several technological
innovations, such as the use of GMR (Giant Magneto-Resistive) 15 heads and fluid bearing type
spindle motors. (HaB WP edlEHeTHE A" @D&A@% b&FP%&&Hé%‘egliB?SFPJ@gdﬁng%@ in
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demand for port2ig 3 el OIS HSIOMA NS | ther rdiehdiskshere has been an
increasing need for a small HDD, but it is dlfflcult to 20 produce small HDDs by applying conventional
production methodrissahasnrEagisHoN machining and assembly techniques because there are
difficulties in producing smaller parts and assembling them. For example, the spindle motor of an
HDD basically consists of a stator and a r which carries magnetic 'Eiﬁﬁfd th the stator and the
rotor consist of r%ler%ﬁ% Yan 1\ ﬁ?ﬁ?‘? %@ﬁ{ﬁ[gﬁéﬁi%\ra? }(Bﬁs rtl 'i'ﬁ%ﬂ? ﬁw@ﬁents for
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Background of Invention

Most modern computers employ data storage systems including hard disk
drives (HDDs) — that is systems in which an inflexible disk including magnetic

10  material stores data which is written/read by a magnetic head which moves
over the surface of the disk but does not come into physical contact with the
disk. Hard disk drives provide high capability for storing information, and over
the years, the data storage capacity of HDDs has been increased by several
technological innovations, such as the use of GMR (Giant Magneto-Resistive)

15 heads and fluid bearing type spindle motors. So far, however, the usage of
HDDs has been restricted to storing information in computer systems, rather
than in smaller items of consumer electronics. Recently, with increasing
demand for portable consumer products, such as PDAs and cellular phones,
there has been an increasing need for a small HDD, but it is difficult to

20 produce small HDDs by applying conventional production methods such as
precision machining and assembly techniques because there are difficulties in
producing smaller parts and assembling them. For example, the spindle motor
of an HDD basically consists of a stator and a rotor which carries magnetic
disks. Both the stator and the rotor consist of several parts, such as a shaft, a

25 magnet and coils.

In addition, the requirements for the mechanical performance of an HDD are

highly demanding, because high reliability is required of a HDD system. Apart



highly demanding, because high reliability is required of a HDD system. Apart 2 from high precision in
the fabrication of the rotor and stator, precise mechanical control is required of other components too,
such as the actuator which moves the head used for reading data from the magnetic disk. 5 Summary
of the Invention The present invention aims to provide a new and useful HDD system. In general
terms, the present invention proposes an HDD system including a MEMS spindle motor including a
rotor and a stator, the rotor carrying at least 10 one filmy of magnetic film, and a head arranged to
communicate data with the magnetic film. Since the spindle motor is a MEMS device, the HDD
system is smaller than a conventional HDD system. This makes the present HDD system very
suitable for use in portable appliances such as PDAs and cellular phones. 15 Preferably the diameter

of the rotor is Ieﬁ:?m : g&iﬁgﬂ m"t@ﬁd}%%@@gﬁgﬁﬁ%Hboé%lj&fﬁﬁm 2mm. The rotors

are produced by formirig rotor elements within a su as anSis rate (for example by
steps describednieshagigaireopdielis sgplicadsf UTTOIMPoNERlg thp1eusba$iberardoatanhich was

unpublished ZO%R{HOW\%gt%%fﬁQ%@r ?&%%nga anel Gtting Atﬁg ﬁ;r&gq(around the
circumfrence of the rotor elements to singulate the rotor elements, and turn them into individual rotors.
The rotor elements may be formed including a magnetic film before the substrate is cut, or may be
attached to5ano§1§ﬁ1§hlg.§}rg{t@n%a{ﬁmig}¢ film so 25 that the two substrates are cut together to form
individual rotors. The HDD element may comprise a plurality of rotors attached to a single

The present invention aims to provide a new and useful HDD system.

In general terms, the present invention proposes an HDD system including a
MEMS spindle motor including a rotor and a stator, the rotor carrying at least
10  one film of magnetic film, and a head arranged to communicate data with the

magnetic film.

Since the spindle motor is a MEMS device, the HDD system is smaller than a
conventional HDD system. This makes the present HDD system very suitable

for use in portable appliances such as PDAs and cellular phones.

15  Preferably the diameter of the rotor is less than 15mm, and the total height of

the spindle motor is less than 2mm.

The rotors are produced by forming rotor elements within a substrate such as
an Si substrate (for example by steps described in Singapore patent
application 200207479-7 filed on 10 December 2002, which was unpublished
20 at priority date of the present application), and cutting the substrate around
the circumfrence of the rotor elements to singulate the rotor elements, and

turn them into individual rotors.

The rotor elements may be formed including a magnetic film before the
substrate is cut, or may be attached to another substrate carrying the film so

25 that the two substrates are cut together to form individual rotors.

The HDD element may comprise a plurality of rotors attached to a single

stator element, which may itself be an Si substrate.



stator element, which may itself be an Si substrate. 3 The system may be operable so that the plurality
of rotors and corresponding heads perform as a RAID (redundant array of independent disks) system.
We have found that the embodiments of the present invention may be able to provide a recording
density of over 31 gigabits/cm2 (200 gigabits per square 5 inch), when used with other HDD relates
technologies which are emerging. Brief Description of The Figures Preferred features of the invention
will now be described, for the sake of illustration only, with reference to the following figures in which:
Fig. 1, which is composed of Figs. 1(a) to (e) shows the process steps 10 of a first method for
fabricating a rotor suitable for use in an embodiment of the invention; Fig. 2 is a cross-sectional view
of a coated substrate formed in a first step of a method of forming rotor elements used in the process

of Fig. 1; Fig. 31 Q%téﬁ%&b%%?%%’ *%?ﬁ%@t SHBILIAfI of rdR % Q”ttihs&f}\‘\é% EE@E%F@ section

a substrate which cart be pr e substrate of Fig. 2;°Fig. 5 shows the two ates of
Fig. 2 in an assé@edlisdoedafyuratbRAHIY . (Edhodanharsaysohbigascrigest sligkiNstemave been

formed in 20 it; Fig. 7 shows the assembly of Fig. 6 with the addition of magnetic material; Fig. 8
shows the asseqyhnglEibuhafiRbatREEhbagiRfaitCenfestsb dertiAlention may be able to

provide a recording density of over 31 gigabits/cm? (200 gigabits per square

5 inch), when used with other HDD relates technologies which are emerging.

Brief Description of The Figures

Preferred features of the invention will now be described, for the sake of
illustration only, with reference to the following figures in which:
Fig. 1, which is composed of Figs. 1(a) to (e) shows the process steps
10  of a first method for fabricating a rotor suitable for use in an embodiment of
the invention;
Fig. 2 is a cross-sectional view of a coated substrate formed in a first
step of a method of forming rotor elements used in the process of Fig. 1;
Fig. 3 is a top view of the coated substrate shown in Fig. 2;
15 Fig. 4 shows in cross section a substrate which can be produced from
the substrate of Fig. 2;
Fig. 5 shows the two substrates of Fig. 2 in an assembled
configuration;

Fig. 6 shows the assembly of Fig. 5 after cavities have been formed in

20 it
Fig. 7 shows the assembly of Fig. 6 with the addition of magnetic
material;
Fig. 8 shows the assembly of Fig. 7 after a stator has been connected
to it; and
25 Fig. 9 shows an operation of cutting the substrate formed by joining the

substrates of Fig. 1;

Fig. 10 shows a spindle motor resulting from the cutting operation of Fig. 9;



25 Fig. 9 shows an operation of cutting the substrate formed by joining the substrates of Fig. 1; Fig.
10 shows a spindle motor resulting from the cutting operation of Fig. 9; 4 Fig. 11, which is composed
of Figs. 11(a) to 11(f), shows the process steps of a second method for fabricating a rotor suitable for
use in an embodiment of the invention; Fig. 12, which is composed of Figs. 12(a) to 12(d), shows the
5 fabrication of a rotor-stator assembly from stators and from rotors produced by first or second rotor
fabrication methods; Fig. 13, which is composed of FigE. 13(a) to 13(e) shows the fabrication of a
head actuator suitable for use in an embodiment of the invention; 10 Fig. 14, which is composed of
Figs. 14(a) to 14(d), shows the assembly of a head actuator produced as shown in Fig. 13, with a
rotor-stator assemblies produced as shown in Fig. 12(c) and Fig. 12(d), to form a hard disk drive
which is an embodimept of the | ' 1 Cxipti e ' ferring to Fig.
1, the steps are shown&gé?a{ri’e\#;hggﬂvsﬁ%ﬁ@gﬁégm%%ﬁﬁégtp %?t%ﬁ@étﬂ%%ﬂﬁ%ﬁ%%ﬁvhich is for
manufacturing &tep®alhiceeendaneirodifidibiisatiottae aioeatdabEofmheseétranl employs two Si

substrates 2, 4 @msgcﬂrge?ﬁ%{h@miq&y in Figs. 1(a) and 1(c), and are of a type commonly used

in industry. A first SI substrate 2 is to be formed into magnetic disks, while the second Si substrate 4
is to be formed into MENGS t8topkich is composed of Figs. 12(a) to 12(d), shows the

5 fabrication of a rotor-stator assembly from stators and from rotors produced
by first or second rotor fabrication methods;

Fig. 13, which is composed of Figs. 13(a) to 13(e) shows the
fabrication of a head actuator suitable for use in an embodiment of the
invention;

10 Fig. 14, which is composed of Figs. 14(a) to 14(d), shows the assembly
of a head actuator produced as shown in Fig. 13, with a rotor-stator
assemblies produced as shown in Fig. 12(c) and Fig. 12(d), to form a hard

disk drive which is an embodiment of the invention.

15 Detailed Description of the embodiments

Referring to Fig. 1, the steps are shown of a method which is an embodiment
of the present invention, and which is for manufacturing a HDD which is itself

an embodiment of the invention.

20
The method employs two Si substrates 2, 4 which are shown respectively in
Figs. 1(a) and 1(c), and are of a type commonly used in industry. A first Si
substrate 2 is to be formed into magnetic disks, while the second Si substrate
4 is to be formed into MEMS rotors.

25

In a first step, the upper surface of the substrate 2 is coated with one or more
layers, of the kinds used in to form the magnetic layers of known HDD
devices. These layers include at least one magnetic film, and may optionally
include other layers, such as a carbon overcoat.

30



25 In afirst step, the upper surface of the substrate 2 is coated with one or more layers, of the kinds
used in to form the magnetic layers of known HDD devices. These layers include at least one
magnetic film, and may optionally include other layers, such as a carbon overcoat. 30 5 The material
deposited on the surface of the substrate 2 is then patterned. This can be done using known
processes for forming MEMS devices, such a photo-lithography and etching. The result is shown in
Fig. 1(b), having patterns 8 of magnetic material which will be come parts of the HDDs. 5 The Si
substrate 4 is processed to form rotor elements 6 which are still attached to and part of the substrate
4 but which will subsequently be divided to form respective rotors. 10 The substrates 2 and 4 are then
attached to each other with their respective surfaces against each other. This can be performed by a

known wafer b%'}ﬁéf‘etcﬁg]i% é&%@%‘f’t’ﬁ@é%ﬁ%@@ﬁtﬂé%?{gfgr?tg%g"&%ﬁ[%ﬁ Ajagye. in the

case of anodic bonding material Corning Pyrex /740 may be deposited onto either one of the Si
surfaces to be abitigrean Aeddpes UdNGWNDIBUYSLERSEPIciommingHdEdsuderinsagaiest @ach other,

followed by a st Ho%-ﬂmé@ﬁy’&#&%&ﬁﬁg?ﬁfﬁé%ﬁﬂ'&’%@fﬁ%\mHirlﬁ %gfm er bonding, a

polymer film such as CYT L -809M is deposited onto either one of the Si surfaces to be

adhered, the twpaiierase? piasagngajisimsateis winieh witbehearaskpaiis PdheimPiscess carried out.
20 5

The Si substrate 4 is processed to form rotor elements 6 which are still

attached to and part of the substrate 4 but which will subsequently be divided

to form respective rotors.

10 The substrates 2 and 4 are then attached to each other with their respective
surfaces against each other. This can be performed by a known wafer
bonding technique such as anodic bonding or polymer bonding. For example,
in the case of anodic bonding, the material Corning Pyrex 7740 may be
deposited onto either one of the Si surfaces to be adhered, and then the two

15  substrates placed with those surfaces against each other, followed by a step
of applying a voltage between the substrates. In the case of polymer bonding,
a polymer film such as CYTOP CTL —809M is deposited onto either one of the
Si surfaces to be adhered, the two surfaces placed against each other, and
then a known bonding process carried out.

20
Subsequently, the substrates 2, 4 are portioned along vertical lines to form
individual motors. This is done by depositing a mask onto the upper surface of

the substrate 2, and then applying a dry etching process.

25  There are many ways in which the formation of the rotor elements 6 can be
performed. One of these ways is by a process described in Singapore patent
application 200207479-7 filed on 10 December 2002 (which was unpublished
at priority date of the present application). This process is described below

with reference to Figs. 2 to 9. In fact, the method employs two Si substrates



Subsequently, the substrates 2, 4 are portioned along vertical lines to form individual motors. This is
done by depositing a mask onto the upper surface of the substrate 2, and then applying a dry etching
process. 25 There are many ways in which the formation of the rotor elements 6 can be performed.
One of these ways is by a process described in Singapore patent application 200207479-7 filed on 10
December 2002 (which was unpublished at priority date of the present application). This process is
described below with reference to Figs. 2 to 9. In fact, the method employs two Si substrates 6 (i.e.
instead of the single substrate 4 shown in Fig. 1). These substrates are respectively referred to as 13
and 23. The process step shown in Fig. 2 is carried out to each of them. Referring 5 firstly to Fig. 2, a
thin layer 1 of protective masking material is formed by spin- coating on the surface of a substrate 3.

Multiple Cirw'afgee?m a Bfeh LN IBIBSHAYE ) L R%ERM G fg .'fﬂ%%gf%ﬂ%?é“s%ﬁfé‘y- Fig. 3 is

atop view of the coated substrate. 10 The coated substrate 13 is treat ry plasma etching,
in which etcharfegag velgastriraadassdlid amwrglasma ions which are accelerated by a high
electrical potential toward the coated surface of the substrate 23, causing rapid corrosion. Since the
ions travel straight towards the substrate, openings 15 with cylindrical walls 13 are formed through
about half of thel 1§ pieraes SieMIsdWPsNtg12 i CeaBTigs shivim eachg4hBinchiferinge substrate

13 s provided erjangres e dan ) QBeARAB AR b RAREA s e Al Tty gping the

masking layer 1 (su hoto-resist) with a tapered cross-sectional profile, so as to be Sloped at its

20 end. This caf®¥iagm toe exifapeoby exksitrie ReMuliplepcinguias easgings 5 are

formed in the layer 1 by conventional lithography in an array. Fig. 3 is a top

view of the coated substrate.

10  The coated substrate 13 or 23 is treated by dry plasma etching, in which
etchant gas is released and used to form plasma ions which are accelerated
by a high electrical potential toward the coated surface of the substrate 23,
causing rapid corrosion. Since the ions travel straight towards the substrate,
openings 15 with cylindrical walls 13 are formed through about half of the

15 thickness of the substrate 13 or 23, as shown in Fig. 4.

By contrast the substrate 13 is provided a tapered profile for the openings 15
by plasma etching. This is done by forming the masking layer 1 (such as
photo-resist) with a tapered cross-sectional profile, so as to be sloped at its

20 end. This can be done, for example, by extended heat curing. In this case,
the portion of the layer 1 having reduced thickness will provide less masking,
and so permit a degree of etching of the substrate below it which is dependent
upon the thickness of the masking layer 1. In other words, an opening would
be produced with a degree of corrosion at any point which is related to the

25  thickness of the masking layer at that point.

In each of the methods described above, the openings 15 are formed to
extend through approximately half the thickness of the substrates. Following
that, etching methods are employed on the opposite surfaces of the

30 substrates (the lower surface as shown in Fig. 4) to produce cylindrical



the portion of the layer 1 having reduced thickness will provide less masking, and so permit a degree
of etching of the substrate below it which is dependent upon the thickness of the masking layer 1. In
other words, an opening would be produced with a degree of corrosion at any point which is related to
the 25 thickness of the masking layer at that point. In each of the methods described above, the
openings 15 are formed to extend through approximately half the thickness of the substrates.
Following that, etching methods are employed on the gpposite surfaces of the 30 substrates (the
lower surface as shown in Fig. 4) to produce cylindrical 7 openings 17. Thus, through holes are formed
in the substrates 3 as shown in Figs. 4. The mask layer 1 is then removed. A coating film (labelled 19
in the Fig. 5) is then deposited on the interior 5 surface of the openings 15 17 on both of the

substrates 13, %ﬁ@% InFignBs cﬁke éﬁrﬁoqég Qgﬁg%ﬁ%ﬂr@tﬂggﬁ ich the BickaR

coefficientis s as diamon arbon (DLC cussed later, t e openings 15, 17 will
subsequently bé& igsed tofbenmaskelayerdr m&gﬁaﬁm@stator and in this case the film 19 provides
a lubricating effect due to its low friction 10 property. The film 19 can be formed by a deposition
technique, such as a sputtering or chemical vaporization method. The required uniform film thickness

can be achieved\wisdingddmlirbedie¢dtiol the gy dads Hosowiprositedepbiigonierivie layer 19, a
thin electrically condiuctiggylin,gln; gsﬂ;epp,-s%%%t%? FansRHAS §40sEls Jw P 19- 5

which was formerly covered by the layer 1. The film 21 may be a Nickel-Iron (Ni-Fe) alloy, deposited

on the substratéd13Tbg &avacddhisgierceed.fmie supsteriakafavhighatbetiiptioncepralisiaswisin Fig. 5,
with the openingsnLa such as diamond-like-carbon (DLC). As discussed later, the openings

15, 17 will subsequently be used to form a sleeve for the shaft of the stator,

and in this case the film 19 provides a lubricating effect due to its low friction
10  property. The film 19 can be formed by a deposition technique, such as a

sputtering or chemical vaporization method. The required uniform film

thickness can be achieved without complicated control techniques.

Following the deposition of the layer 19, a thin electrically conducting film 21
15 is deposited on the surface of the substrate 13 of the Fig. 5 which was
formerly covered by the layer 1. The film 21 may be a Nickel-lron (Ni-Fe)

alloy, deposited on the substrate 13 by a vacuum process.

The substrates 13, 23 are positioned as shown in Fig. 5, with the openings 15
20 facing each other, so that they together define a chamber 24. A shaft 27 is
positioned between the substrate 3. The shaft 27 is circularly symmetric
about an axis which is made to coincide with the axis 11. The shaft 27
includes two relatively narrow portions 29 at each end, and a relatively wide
portion 31 between them. The wide portion 31 is located within the chamber
25 24 formed between the substrates 13, 23. The shaft 27 may be fabricated
from a hard rod, such as steel or titanium, by a conventional grinding process,
and then preferably polished to achieve surface smoothness. Optionally, a
DLC film of low friction coefficient is coated over essentially the entire outer
surface of the shaft 27 to reduce friction at the contact surfaces of the shaft 27

30 which are to contact the contact surfaces of the substrates 13, 23. This DLC



20 facing each other, so that they together define a chamber 24. A shaft 27 is positioned between the
substrate 3. The shaft 27 is circularly symmetric about an axis which is made to coincide with the axis
11. The shaft 27 includes two relatively narrow portions 29 at each end, and a relatively wide portion
31 between them. The wide portion 31 is located within the chamber 25 24 formed between the
substrates 13, 23. The shaft 27 may be fabricated from a hard rod, such as steel or titanium, by a
conventional grinding process, and then preferably pogshed to achieve surface smoothness.
Optionally, a DLC film of low friction coefficient is coated over essentially the entire outer surface of
the shaft 27 to reduce friction at the contact surfaces of the shaft 27 30 which are to contact the
contact surfaces of the substrates 13, 23. This DLC 8 layer (not shown in Fig. 5) can be formed using

a conventional it ique; T ' i [ it icrascopic
alignment methqci)%pérs@%gz , pi&ggy%ﬁéﬁg%@lﬁ%ﬂ%#&?gﬁﬁ rvrieeﬁﬁg?gﬁlar‘?g (é%ilgé?rates 13, 23
are then heatedteslaigse fusion between them at their interface. Optionally, a thin Pyrex glass
adhesion layer 25 may be provided on layer 21 of the substrate 13 to promote the fusion electrically.
The details of a suitable bonding technique are available in several publications related to 10

semiconductor fh@EaGEHEratigsdbe, @D@ﬁi@99'$émi§@ﬁ&im16ﬂm§¢@®'ﬁcﬁﬁgﬂf§@@nwm is
technology’s Q. ;¥ed 95&fag S%QﬁglSpﬂ?&)}ﬂ'i\éfgeé{lig}r%%%n%éjrﬁé%'p%g‘?ﬂ%sﬁé?&'H%‘f"?ﬁecj

electrical voltage is typically applied between the substrates 13, 23 using a conductor probe, so that
molecular attradiisnthescbgatadtieGaustaliisioahebreer hamsipdibor atertaccadhesionaye? 25, 15

thus bonding thei tpgelies|-4chA QIBHIRE BF 925 BRBERIR layer 21 of the

substrate 13 to promote the fusion electrically. The details of a suitable
bonding technique are available in several publications related to

10  semiconductor fabrication processes, such as “Semiconductor wafer bonding:
science and technology”, Q. =Y. Tong and U. Gosele, John Wiley, 1999. As
described there, a low-powered electrical voltage is typically applied between
the substrates 13, 23 using a conductor probe, so that molecular attractions
occur on the interface between the substrate 23 and the adhesion layer 25,

15 thus bonding them together. Such a bonding process can be applied to
substrates of various materials, and other adhesion layers 25, such as gold or
polymer layers, may be used depending upon the process requirements.
Note that the contact surfaces of the substrates 13, 23 and the layer 25
should be thoroughly cleansed or polished before the joining in order to

20 provide a high quality article-free surface contact in order to give adhesion

consistency.

Due to the electrically insulating DLC layer 19, the process of bonding the
substrates 13, 23 to each other will not cause the shaft 27 to be attached to

25 either of the substrates 13, 23, since no adhesion layer is formed on any of its
surfaces. Hence, there is no additional step required to isolate the shaft 27
from the substrates 13, 23 during the bonding process. The adhesion only
takes place at the interface between the substrates 13, 23, so that the shaft
27 is at all times free to rotate.

30



substrates of various materials, and other adhesion layers 25, such as gold or polymer layers, may be
used depending upon the process requirements. Note that the contact surfaces of the substrates 13,
23 and the layer 25 should be thoroughly cleansed or polished before the joining in order to 20
provide a high quality article-free surface contact in order to give adhesion consistency. Due to the
electrically insulating DLC layer 19, the process of bonding the substrates 13, 23 to each other will not
cause the shaft 27 to be attached to 25 either of the sybstrates 13, 23, since no adhesion layer is
formed on any of its surfaces. Hence, there is no additional step required to isolate the shaft 27 from
the substrates 13, 23 during the bonding process. The adhesion only takes place at the interface
between the substrates 13, 23, so that the shaft 27 is at all times free to rotate. 30 9 Note that once

the substrates o?egtﬁ?grﬁq%%’%t%%@{%teégﬁb@% %?é“?&nz-@]eo‘_’fotgéﬁﬁgﬁfh?g \Xﬁ?ﬁeeHB%‘H“ﬁ trapped

inside the chamber 24 between strates 13, 23. Fig. usfrates only'a portion of the
joined substrateef e Si3afa2d isip esmanardbyrtapeet b sitejdhecehanbeenddsfonmed betwste a 5

pluraliy of charifers f5360 Paving pit RRINERALAT WibiRdn by e fsNaSERSh feo. 5

illustrated in Fig. 6, plasma etching is cafried out to creaté c r cavities 33 extending throughout

the entire thicknb%sZﬁ,tﬁéfiébbst@dv@ w@%smmm Mé?@té“@ﬁ@&i@g@éf %Wﬁ&tﬁ)n of 10
substrates 43, 23), 3y6 f-Efarassreygr 145 H%?Q?é@ﬂéﬁtﬂ?@%%&ﬁ‘ﬁt?%ith-{ﬁ“ﬂ.ca"'t'es 33 are

formed by an etching process using a photo-resistant mark formed by lithography. This means that
the cavities 33 have straight-

In the next process step, as illustrated in Fig. 6, plasma etching is carried out
to create circular cavities 33 extending throughout the entire thickness of the
substrate 23 (i.e. about half of the total thickness of the combination of

10 substrates 13, 23). The Ni-Fe seed layer 21 is then exposed in these cavities.
The cavities 33 are formed by an etching process using a photo-resistant
mark formed by lithography. This means that the cavities 33 have straight-
walled trenches. By appropriate control of the speed and velocity of the
particles used in the etching process, the etch profile can be achieved

15 precisely. The cavities 33 have a circular profile (as viewed from the side of
the assembly which is lower most in Fig. 6) and there is one cavity per shaft

encircling the shaft. Fig. 6 shows the two opposing sides of this cavity 33.

To intensify the induced electromagnetic force, a thin layer 35 of material with
20  high magnetic saturation properties, such as Nickel-lIron (Ni-Fe) is coated onto
the innermost surface of the cavities 33 using an appropriate electro-plating
technique. Such a method operates by applying electrical charges to draw
metallic irons from a mixture solution containing the ingredients and using
layer 21 as an electrode. The metal layer 35 shown in Fig. 7 functions as a
25 yoke, which improves the magnetic flux linkage. The layer 35 is then covered
by a magnetic material 37 which fills the cavities 33. Suitable materials 37
comprise Cobalt-based alloy (Co-P-X) which generates an intense magnetic
field and has high resistance to de-magnetization. One suitable method for
producing the layer 35 is electro-plating, which allows thickness of the layer

30 35 to be controlled uniformly and accurately. Once this deposition has been



walled trenches. By appropriate control of the speed and velocity of the particles used in the etching
process, the etch profile can be achieved 15 precisely. The cavities 33 have a circular profile (as
viewed from the side of the assembly which is lower most in Fig. 6) and there is one cavity per shaft
encircling the shaft. Fig. 6 shows the two opposing sides of this cavity 33. To intensify the induced
electromagnetic force, a thin layer 35 of material with 20 high magnetic saturation properties, such as
Nickel-lIron (Ni-Fe) is coated onto the innermost surfacg, of the cavities 33 using an appropriate
electro-plating technique. Such a method operates by applying electrical charges to draw metallic
irons from a mixture solution containing the ingredients and using layer 21 as an electrode. The metal
layer 35 shown in Fig. 7 functions as a 25 yoke, which improves the magnetic flux linkage. The layer

35 is then cover, eti jal igh i ities: itah, ials 37
comprise Cobalgﬁggg%?%%?ﬁ %c%-%%%ﬁgﬁ?é%ﬂ%ﬁ%e%gaéﬁ ?n ent%fﬁ%%ﬁ%ﬁc%ﬁé?ﬁ%{? [@s high
resistance to deagrignetatativetdicirnnaisndiinbe caviiep bt rangring thgeyd@iyRIcHD-plating,
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deposition has been 10 col . conductive seed layer 21 is used to attract and
accumulate metagtpdre iotindHecawviesBdikcomagnstiscdaske &ymtaihertayiigsed, dhgster way

of filling thescavm%ﬁg\tgg ng@g §5s’%r?%?é0ﬂi{ét”191 ﬁ&%%&“g%&&ﬁ:ﬁ”&éﬁ%ﬁ”ke magnetic paste 37

into the cavities 33. The 5 magnetic layers 35, 37 afe then magnétized using external coils. The shaft
27 is then attached to a substrate 39 which will later be divided into stators 43, each of which

surround the ax"\sh%]_sﬁfa?_t EAREHING SH3EeG thNS STBLGLE S ID6iHRRI Ut &SHRRWA IRETOSS

section in Fig. 8. Mainly itis a
stators 43, each of which surround the axis 11 of a respective shaft 27. The

structure of the substrate 39 is shown in cross section in Fig. 8. Mainly itis a

10  uniformly thin Si substrate, but it includes circular raised portions 45 for each
respective shaft 27. Each raised portion 45 is surrounded by copper windings
41 formed by a conventional plating process as a thin layer on the surface of
the Si substrate. The copper windings 41 provide the electrical conductors for
the induced driving force of a brush-less motor. The raised portions 45 are

15  attached to the respective shafts 27. For this purpose, the contact surfaces of
the shafts 27 which meet the raised portions 45 are coated with a thin
adhesion layer, such as pyrex, by a vacuum deposition process in order to
facilitate the bonding. Likewise, the previously mentioned electrical bonding
method is again utilised by inserting the narrow ends 29 of the respective

20 shafts 27 into respective etched circular depressions in the respective raised
portions 45. In this position, the radially outermost section of the raised

portion 45 contacts a portion of the substrate 23.

At this point the rotor elements 6 are completed. The combination of

25 substrates 13, 23 forms the substrate 4 of Fig. 1. It is now joined to the
substrate 2 by wafer bonding, to give the structure shown in Fig. 9. Thus, the
substrates 2, 13, 23 are all joined together to give a single composite

substrate.



10 uniformly thin Si substrate, but it includes circular raised portions 45 for each respective shaft 27.
Each raised portion 45 is surrounded by copper windings 41 formed by a conventional plating process
as a thin layer on the surface of the Si substrate. The copper windings 41 provide the electrical
conductors for the induced driving force of a brush-less motor. The raised portions 45 are 15 attached
to the respective shafts 27. For this purpose, the contact surfaces of the shafts 27 which meet the
raised portions 45 are coated with a thin adhesion Iayﬂ', such as pyrex, by a vacuum deposition
process in order to facilitate the bonding. Likewise, the previously mentioned electrical bonding
method is again utilised by inserting the narrow ends 29 of the respective 20 shafts 27 into respective
etched circular depressions in the respective raised portions 45. In this position, the radially outermost

section of the rwsgem%%ﬁgmt%tgg %)gl%ﬂf éngggfhétg%e\?e}t @chh%goi@t {Be rotor elements

6 are completed. The combination of 25 trates 13 orms the substrate 4 of Fig. 1. It is now
joined to the sulansieProipespteelrtenisddivie tirtosgueant ehohwehncaiy retateabotica substrates

2,13, 23 are allégwg t&g& LI AYEHR SRR CRMPARItR SH q}?Fi(lgll Tpe structure shown in Fig. 9

is then cut along the vertlc nes 72, to transform the rotor elements 6 into rotors, each of which can
rotate about a corresponding one of the shafts 23. This is shown in Fig. 10. 5 Singapore patent

application @00%938%?0?4 WHehPARPREERINIREIB RS RIRREPIYLEsER MdbBefaiaine s attached

to the respective sha circular pattern of V-shaped grooves is formed in the lower surface of the

rotor 44 surroufifptRetioaniisep2b & plateniciih ridashrd i thehespestivtoshaft 27, a

circular pattern of V-shaped grooves is formed in the lower surface of the rotor
44 surrounding the chamber 23 by a dry etching process. When the rotor 44
rotates, these grooves generate a positive air pressure on the under surface
10 49 of the rotor 44 near the raised portion 45 of the stator 43. This air pressure
pushes the rotor 44 away from the stator 43 to prevent frictional contact

between the raised portion 45 of the stator 43 and the rotor 44.

Additionally, an air flow is generated between the shaft 27 and the rotor 44.
15  The air pressure above the conical surface of the shaft 27 pushes upwardly
on the contact surface 9 of the rotor portion 13. This air pressure pushes the

rotor 44 up, and thus helps to "float" the rotor above the stator surface.

Turning to Fig. 11, the steps of a method which is a second embodiment of

20 the invention are shown. The method employs a substrate 101 which carries a
magnetic film 102 which is suitable for data recording. The substrate 101 is
used with a second Si substrate 103. As shown in Fig. 11(a), the two Si
substrates 101, 103 are each shaped by a deep RIE (reactive ion etching)
process to include respective sets of cavities 105, 107. Subsequently a DLC

25 layer 109, 111 is formed on the substrates by implantation.

As shown in Fig. 11(b), the wafers 101, 103 are then bonded together by a
wafer bonding step, so that pairs of the cavities 105, 107 form chambers 113,
which each enclose a shaft 115, and cavities 117 are formed in the substrate

30 103 by plasma etching. The cavities 117 encircle the shafts 115. As shown in



rotates, these grooves generate a positive air pressure on the under surface 10 49 of the rotor 44 near
the raised portion 45 of the stator 43. This air pressure pushes the rotor 44 away from the stator 43 to
prevent frictional contact between the raised portion 45 of the stator 43 and the rotor 44. Additionally,
an air flow is generated between the shaft 27 and the rotor 44. 15 The air pressure above the conical
surface of the shaft 27 pushes upwardly on the contact surface 9 of the rotor portion 13. This air
pressure pushes the rotor 44 up, and thus helps to "flpat" the rotor above the stator surface. Turning
to Fig. 11, the steps of a method which is a second embodiment of 20 the invention are shown. The
method employs a substrate 101 which carries a magnetic film 102 which is suitable for data
recording. The substrate 101 is used with a second Si substrate 103. As shown in Fig. 11(a), the two

Si_substrates 19, ey, aahShARpbRY #1dese RIRAAIRan piahing) draosss to include
respective sets o?gé;\%(?s’ 105, 107. bsequen?ﬁ-/ga DLC g?ﬁayer 103), 11@%5 Iﬁnr (?3 on the
substrates by infglditiegidh/As shown in Fig. 11(b), the wafers 101, 103 are then bonded together by a
wafer bonding step, so that pairs of the cavities 105, 107 form chambers 113, which each enclose a

shaft 115, and cavities 117 are formed in the substrate 30 103 by plasma etching. The cavities 117
encircle the shaftig11%(RsbavEistatoFaybstiale drkliahichgsitdlany réwsubatigieRRtroplating,

filing the cavitiegs 44 i, i) RQYSAAIALLRYADEAIS hRl SHIChRIMRIY 194bg Substrate 39 5

described above, has thin film coils 123 formed on it, encircling raised portions 125. As shown in Fig.
10(e), the raised®@di®dHd 223 of the stator substrate 121 are

As shown in Fig. 10(e), the raised portions 123 of the stator substrate 121 are
joined to respective shafts 115.
10
At this point, the substrates 101, 103 are cut along lines which are vertical in
Fig. 10(e) to isolate individual rotors 127, each comprising a respective shaft
115. The rotors 127 are circular as viewed from the direction along the shafts
115, which is how they are viewed in Fig. 11(f). The rotors 127 each carry a
15 layer 102 of magnetic material on their top surfaces (i.e. their surfaces away
from the stator substrate 121), since this was present on the top surface of the
substrate 101. Thus, no separate substrate corresponding to the substrate 2

of the first embodiment is required.

20 The reason why Si substrates are preferred in the first and second
embodiments of the invention is that their surface can be made to be very
smooth, and smoothness required in order to be able to form a high
performance from a magnetic film deposited on the surface of the Si in later
steps of the embodiment. Furthermore, MEMS processes for Si such as

25 etching and wafer bonding techniques have been developed in recent years
and are well established. Thus Si is suitable for use in the embodiment both
from the point of view of its suitability for MEMS processes and as a substrate
for carrying a recording medium. However, the invention is not limited to Si
substrates. For example, SiO, substrates are an alternative.

30



joined to respective shafts 115. 10 At this point, the substrates 101, 103 are cut along lines which are
vertical in Fig. 10(e) to isolate individual rotors 127, each comprising a respective shaft 115. The
rotors 127 are circular as viewed from the direction along the shafts 115, which is how they are
viewed in Fig. 11(f). The rotors 127 each carry a 15 layer 102 of magnetic material on their top
surfaces (i.e. their surfaces away from the stator substrate 121), since this was present on the top
surface of the substrate 101. Thus, no separate subst{g\te corresponding to the substrate 2 of the first
embodiment is required. 20 The reason why Si substrates are preferred in the first and second
embodiments of the invention is that their surface can be made to be very smooth, and smoothness
required in order to be able to form a high performance from a magnetic film deposited on the surface

of the Siin latertg tﬁggq@,omggﬁggaibf AL M@M%m&&g@g fﬂ{esliilll.ggghas 25 etching
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and wafer bonding tec%nlqu have been eloped in recent years and are well established. Thus Si
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and as a substr f ' ' LN ver the inyention is not limited to Si
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substrates. For examp native. 30 13 Turning to Fig. 12, methods of
using the rotors produced by the first and second embodiments are shown. Figs 12(a) and 12(b) show

e s SRR EANBA 60 502, SAAEN AR 1)
a substrate 203. This moment corresponds to the step of first embodiment
shown in Fig. 9, and of the second embodiment shown in Fig. 11(c). The
shafts of the rotor elements 201 are then wafer bonded to a stator substrate
shown as 205 in Fig. 12(b). The stator substrate has stator elements 207

10  (each comprising a respective coil), and additionally for each of the stators it
includes extra circuitry shown as 209. This circuitry may include electrodes
and wiring. Then, as shown in Fig. 12(b), the substrate 203 is cut to singulate
the rotor elements 201 to form individual rotors 210 on the stator substrate
205.

15
Figs. 12(c) and 12(d) show two different ways in which the substrate 203 can
be divided into individual elements. In Fig. 12(c), this division is such that
there is only a single rotor-stator combinations (i.e. a single spindle motor) in
each element. In Fig. 12(d), this division is such that there are four rotor-stator

20 combinations (i.e. four spindle motors) in each element. In each spindle motor
the diameter of the rotor is preferably less than 15mm, and the total height of

the spindle motor is preferably less than 2mm.

Fig. 13 shows the steps of fabricating the head actuators, which follows

25 techniques already used in the HDD industry, but adapted to form elements of
much reduced size, to suit the reduced size spindle motors described above.
Additionally, due to their reduced size, the sliders have improved tribological

performance and servo-control.



a substrate 203. This moment corresponds to the step of first embodiment shown in Fig. 9, and of the
second embodiment shown in Fig. 11(c). The shafts of the rotor elements 201 are then wafer bonded
to a stator substrate shown as 205 in Fig. 12(b). The stator substrate has stator elements 207 10
(each comprising a respective coil), and additionally for each of the stators it includes extra circuitry
shown as 209. This circuitry may include electrodes and wiring. Then, as shown in Fig. 12(b), the
substrate 203 is cut to singulate the rotor elements 2Q1, to form individual rotors 210 on the stator
substrate 205. 15 Figs. 12(c) and 12(d) show two different ways in which the substrate 203 can be
divided into individual elements. In Fig. 12(c), this division is such that there is only a single
rotor-stator combinations (i.e. a single spindle motor) in each element. In Fig. 12(d), this division is
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reduced size, to suit the r e motors describe ove. Additionally, due to their
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the substrate 213 Is diced, so’form bars having a row of heads 211. These bars 215 are then
further diced to fod@mm and 0.3mm). It includes a single head 211.

By a separate process, a head suspension assembly is produced as shown in
Fig. 13(d). In comprises a magnet 219, a voice coil motor (VCM) 221, an a

10  suspension 223.

As shown in Fig. 13(e), the head element 217 is attached to one of the head

suspension assemblies.

15  Turning to Fig. 14, construction of HDDs using the elements produced above
is shown. The electronics of the HDD is provided by the combination shown in
Fig. 14(a): the head suspension assembly 301 of the kind shown in Fig. 13(e),

and a driver integrated circuit 303.

20 Fig. 14(b) shows how one HDD system can be produced by combining the
elements of Fig. 14(a) with the single spindle-motor element as shown in
12(c).

Fig.. 14(c) shows how a HDD system having an array of HDDs can be
25 produced by combining the elements of Fig. 14(a) with a four spindle-motor

element as shown in Fig. 12(d).

In either case, the HDD system can be enclosed in a case 305 to give a
completed HDD system. In addition the HDD system may include another

30 integrated circuit for acting as an interface between the HDD system and an



individual head elements 217, as shown in Fig. 13(c). The head element 217 5 is substantially
cuboidal, such as so-called "pico-size" (with dimensions 1 mm, 1.25mm and 0.3mm). It includes a
single head 211. By a separate process, a head suspension assembly is produced as shown in Fig.
13(d). In comprises a magnet 219, a voice coil motor (VCM) 221, an a 10 suspension 223. As shown
in Fig. 13(e), the head element 217 is attached to one of the head suspension assemblies. 15 Turning
to Fig. 14, construction of HDDs using the elements prgduced above is shown. The electronics of the
HDD is provided by the combination shown in Fig. 14(a): the head suspension assembly 301 of the
kind shown in Fig. 13(e), and a driver integrated circuit 303. 20 Fig. 14(b) shows how one HDD
system can be produced by combining the elements of Fig. 14(a) with the single spindle-motor

element as showpy i, J2fh oro o&é‘é% ‘%ﬁ;lﬁﬁﬂ S4RY ARAVEY iREHRRRFAN be 25

produced by combining the ments 0 F|g 14(a) wit our spln(pe motor element as shown in Fig.
12(d). In either ¢@§éotaenittb@rﬁy'lgmﬂ@mat%neh@lbti@jrmcar%ayetbwwgmcn iteniRided HDD

system. In addlt&ngnps 1 IPAD] )Sﬁ%é‘ﬂ%\/@&'%?ﬂatﬂ%t% ngrgé% %pg]c Efp(;tggi_ng as an interface

between the HDD system a an 15 external microprocessor, throug Whl the HDD system receives

information to é‘tﬂﬁéem\fﬁ#fe irRRpPION elaealvVerenis rmgl@mm%ugﬂwwmgwéqdcuﬁﬁp@ﬁs
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implemented in the integrated circuits of
disks) system, so as to give an HDD system with enhanced reliability. The

implementation of this software will be straightforward to an expert in this field.

Although only a few embodiments of the method have been described in

10  detail, many embodiments are possible within the scope of the invention as
will be clear to a skilled reader. For example, clearly the embodiments having
multiple spindle-motors are not limited to having four such elements as shown

in Fig. 13(c), but there could be any number of such elements.

15



5 the HDD system, it can operate as a RAID (redundant array of independent disks) system, so as to
give an HDD system with enhanced reliability. The implementation of this software will be
straightforward to an expert in this field. Although only a few embodiments of the method have been
described in 10 detail, many embodiments are possible within the scope of the invention as will be
clear to a skilled reader. For example, clearly the embodiments having multiple spindle-motors are not
limited to having four such elements as shown in Fig.1J63(c), but there could be any number of such
elements. 15 16 Claims 1. An HDD system including: a MEMS spindle motor including a rotor and a
stator, the rotor carrying at least one film of magnetic film, and 5 a head arranged to communicate
data with the magnetic film. 2. An HDD system according to claim 1 in which the diameter of the rotor
is less than 15“%%#” HDD system according to claim 1 or claim 2 in which the total height of the
spindle motor is an 2mm. 10 4. An HDD system according to any of claims 1 and 3 comprising a
plurality of rotors having respective heads, the rotors sharing a single stator substrate. 5. An HDD
system according to cl '%'ﬁ@rﬁ’i@ftwwmﬁﬁn integrated circuit driver arranged to operate the
HDD system as a RAID (redundant array 15 of independent disks) system. 6. An HDD system

according to any precegliNEMSBpmdiBiehdtae etuding a rotor and a stator, the rotor carrying

at least one film of magnetic film, and
5 a head arranged to communicate data with the magnetic film.

2. An HDD system according to claim 1 in which the diameter of the rotor

is less than 15mm.

3. An HDD system according to claim 1 or claim 2 in which the total

height of the spindle motor is less than 2mm.

10 4. An HDD system according to any of claims 1 and 3 comprising a
plurality of rotors having respective heads, the rotors sharing a single stator

substrate.

5. An HDD system according to claim 4 further comprising an integrated
circuit driver arranged to operate the HDD system as a RAID (redundant array

15 of independent disks) system.

6. An HDD system according to any preceding claim in which the rotors
are formed as rotor elements within a substrate, and the substrate is

subsequently cut to singulate the rotors.
7. A method of forming an HDD system, the method comprising:

20 (i) forming a substrate including a plurality of rotor elements and at
least one layer of magnetic material, the rotor elements being connected to

respective stator elements;

(i) cutting the substrate to isolate the rotor elements to form

corresponding rotors, each carrying at least one film of magnetic material; and



are formed as rotor elements within a substrate, and the substrate is subsequently cut to singulate the
rotors. 7. A method of forming an HDD system, the method comprising: 20 (i) forming a substrate
including a plurality of rotor elements and at least one layer of magnetic material, the rotor elements
being connected to respective stator elements; (ii) cutting the substrate to isolate the rotor elements to
form corresponding rotors, each carrying at least one film of magnetic material; and 17 (iii) providing
magnetic heads for respective ones of the rotors, for ¢ggmmunicating data with the magnetic material.
8. A method according to claim 7 in which the substrate is composed of a first substrate and a second
substrate mutually attached, the first substrate 5 carrying the magnetic material and the second
substrate including the rotor elements. 9. A method according to claim 7 or claim 8, in which more

than one of the stator gigmenkdia R e BTG SUbBAIGe10nA IR ARgRLciRg to clim

9 in which, after step (it), the tator trate is cut into elements eac comprising a plurality of
stator elements COOIMUTIEELIsIE dRat@twﬁittfi@nmgmtp?diﬂatﬁﬂﬁborporatlng an HDD system according
to any of claims 1 to 5.

8. A method according to claim 7 in which the substrate is composed of a
first substrate and a second substrate mutually attached, the first substrate
5 carrying the magnetic material and the second substrate including the rotor

elements.

9. A method according to claim 7 or claim 8, in which more than one of

the stator elements are part of the same stator substrate.

10. A method according to claim 9 in which, after step (ii), the stator

10  substrate is cut into elements each comprising a plurality of stator elements.

10. A portable electronic consumer product incorporating an HDD system

according to any of claims 1 to 5.
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