; 89e3e. 20+l | m2nvn6nT20 # 1 A Lens for a Scanning El ectron M croscope The
i nvent.i to a lens for a scanning el ectron mecr . t ober
2004"|NMWUIMHQM|FWM ng el ectron mcroscopes (SEMs), the(i?gg‘g&?f’éﬁgpgpl aced
in a _ egion sone 5 to 20 mm bel ow the objective lens. This

di st ance’léigown as the wor ki ng _di st anc limts the SEM s spati al

resol ution. For optiM%quogﬁé:ﬁ@@,mgﬁée%tﬁ@emW%ﬁ%?d be placed in the
| ens gap, at the axial field peak, but this is inpractical since in nost
SEMs) the scintillator and backscattered detectors are to situated bel ow
the objective lens, and there is usually no access to the space inside the
| ens orTidpwention rdlates torelaris foeaseanningadiegtrare microscepaci nen in t he
magneti c gap are known as "in-lens" or "immersion" objective | enses, and
they typically inprove the spatial resolution of scanning el ectron

m croscopes by a factor of three [L. Reiner, Scanning Electron M croscopy,
Physi ¢s, of | k r i ! | psii ! , idid on,
To93) S TnostRepl, SoPh rirA¥olt TSARAY, e sheckRel Rohlbced h 8eld P0: e 1y
i nproves the SEM perfornpance), several  SE ave -been. speci al ly desjaned to
[ Unc | ohe FEaiRR SoRae, 5 0 JEnmabeaen Thiabctve e JF Hista e Aot SR .
Tokyo 196, and, Hitachi S-5000, H tachi, Japan,_see also J. B. Paw ey,

" Pr act i warking gistancepdimitsghe SiMisugnatial tesolupgny Foroptimymperfgsmangs,
p247-252, 1990 ]. However, these systens are relatively expensive and have
not gr ote specimpnisholuldybe Placediis thelgnsrgap) @ theoaxibkfield peske bat thimison t he
speci nen thickness (limted to | ess than 3mm). 25 29 Cctober 2004 2 In

accor dapgsradlidd sifte RNMAsSSEMBY &Y sclntilldttrearsd backuoattecstidetelctors afer a
scanni ng el ectron mcroscope, the | ens being adapted to be renovably

mount gdgamtad PRk RDoBjedife Rinsdand #erens uBLISI heAcBesS RETRRackhe | ens

conprising a magnetic circuit conprising a first magnetic pole piece and a

second magpet.i I , eCes i der i ; er being
ocat ecrBerrineefn 8P aBols b ey RB HE eTRE e LA plocd e SREIER 1S "Dor e
to permt an electron beamtq strike a surface af a specinen unted on the
speci meMagoetiegap;ae oG 'Wi%'?%iq{ fROersine RyPeivE et an gr eat er
than 1 nm to Typically) the lens bore has a width of at |east 2

pr ef er atypjcaismpreveithe eratial serodutinn efscapning elgaionHIEroscareas B¥I3y has a
width of 4 mm Preferably, the lens bore is in one of the first and second
magnet i fagtor ¢f thiecpts ReimeTy$camaling Eladiron Micsosuapy, Physics ofiirnage

15 formation and microanalysis, Spinger, 2" edition, 1998, p27, section 2.2.3]. As a
specimen in-lens arrangement significéntly improves the SEM performance,
several SEMs have been specially designed to function in this way [ JSM-6000F,
JEOL, 1-2 Musashino 3-chroms, Akishima, Tokyo 196, and, Hitachi S-5000,
Hitachi, Japan, see also J. B. Pawley, "Practical aspects of high-resolution

20 LVSEM", Scanning, Vol. 12, p247-252, 1990 ].

However, these systems are relatively expensive and have not grown in
popularity. This is in part due to their restriction on the specimen thickness (limited
to less than 3mm).'
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Preferably, the magnetic circuit conprises a permanent nagnetic. Typically,
t he permanent nagnet has a strength of approximately 0.9 s, Arrilh . 20

. However, it is possible that the magnetic circuit may cor%rﬁ}&gbea{r%om

el ectro-magnet. Preferably, the speciiren hol der is novably | ocated between
the first and second magnetic ﬁ)g{l e, ieﬁes for rraéggjnt i,n a direction
subst arlniagcpidanseavithuthe presgat ipygAtien.dneteis Prow ePRLOT? FERNUAY second
magneti c pol e pieces. This has the 2s advantage of permtting the working
di-st anaslettoorbmicrasiepe tthe dpns heing adaptedtoberemavably sneunted ot de speci nen
hol der is novably nmounted on the other of the 29 Oct ober 2004 3 O first
and Se%ﬁé&irﬁ@ﬁ%?égjéiop@lseamm?@éctmrem&:mm;ieeﬂw lemsecansprising e one of the
first and second nagnetic pole pieces. s Typically, the device further

conpr i Sﬁ%\ﬁﬁeﬁ'&)&?‘ﬁgf‘%?rﬁéﬁgggiasfﬁsf %ﬁ%ﬂb?&l@ﬁi@bé'anﬂ@@@@iﬁd @laghbfic Speci men

hol der. exanp cl men nti device in accordance with the

i e s 0le g g, s etindf HETGET LR EhatihBn MG, (R ol hEGRATREY | 1

s a CI‘OSS-SeC(ﬁ onal” vi ew o? an 1 n-lens
attachnment for a scanning el ectron m croscopge;. and Figure show
an i magérsbang S§6@'&‘§Hﬁ9rfe%8rﬂoie RIESHRI AYH @ﬁ%’ﬁggﬁaﬁosp?ﬁf%%ggégo\%\n%t and
with the attachnent, respectively. . )

to strike a surface of a specimen mounted on the specimen holder, in use, and

wherein the lens bore has a width of greater than 1 mm.

10 Typically, the lens bore has a width of at least 2 mm, preferably has a width of

from 2 mm to 10 mm, and most preferably has a width of 4 mm.
Preferably, the lens bore is in one of the first and second magnetic pole pieces.

15 Typically, the lens bore is circular.

Preferably, the magnetic circuit comprises a permanent magnetic. Typically, the

N

permanent magnet has a strength of approximately 0.9 x 10° Am™,
20 However, it is possible that the magnetic circuit may comprise an electro-magnet.

Preferably, the specimen holder is movably located between the first and second

magnetic pole pieces for movement in a direction substantially parallel to the

magnetic field between the first and second magnetic pole pieces. This has the
25 advantage of permitting the working distance to be varied to optimise the

resolution. Typically, the specimen holder is movably mounted on the other of the



Figure 1 is a schematic cross-sectional view of an in-lens attachnment 15

| ocat ed i nside an SEM speci nen chanber. The cross-sectional view,is on a
.plane that is coincident with an optical axis 16 of the @%I\@“??Fé%oﬁ‘}l ens
attachnment 15 is 20 | ocated on a specgrren stage 1 of the SEM The in-Ilens
attachnment conprises a permanent magnet 3, in the formof a cylindrical
ring tube) and is magnetised in a direction parallel to the SEM optical
axis 16. It is also possible to use.a tube magnet, rather than the ring
geonetry indicated in Figure 1. The nagnet 3 has a strength of
approximately 0.9 x 106 Am 1 which provides a peak magnetic field of 2s
appr oxi firgt ahy seca@id nfagretie pulg pidices, Whersthedens bbraisiaghebine afithe first whi ch
al so consists of a surrounding cylindrical block 2, a first nmagnetic pole
pi ece (Qhd YBESH ma%?]e%tp@thie%@QA 4 pole piece) inthe formof a top plate
7, and a second magnetic pole piece (or |ower pole piece) in the formof an
interrmediate plate 4. The plates 4, 7 effectively formthe pol e pieces of
t he mignetic circuit. The separation of the plates 4 and 7 defines the

magnet i ap,si.ze,, and typically.ranges fromb5 matao 1 A ci men
ol der  Eviap 466 876R iBer fomtriséS A darpas mER s ot Bt R
inserted into the specinen holder 5 so that the specinmen surface lies

wi t hi n govementiof theespeamen haldel.ens top plate 7. The separation of the
speci men surface and the top plate 7 defines the "working distance". The
speci men holder 5 is nade from non-magnetic material such as al um ni um and
is mounted to the internediate io plate 4 by an adjusting screw 17. The

adj ust i pg S@NMYle bf apevimen heuntiigdevdcalinsacoardarce With dldg insieation Wik pl ate 7
“has a lens bore 18 which permts a primary beam 9 of the SEMto pass

through BBW’O& g@lscEsH ith feYeréridd 163hk R cORPRNTRR cﬁr'dwflrfqzé?in whgchdi amet er  of

the is bore 1 ependent to sone extent on the working distance but
shoul d generally be greater than 1 mm typically at least 2 nm and
preferably at least 4 nm in order to obtain sufficient resolution of the

final image fromthe SEM Screws 6.in the .t late 7 mt_r val of the
top plate 7 FBUPIOR 3 FOSEEGHORR! VigW @néﬁ'i%@%ﬁa(ﬁﬁpgﬁﬁﬂéas%@ﬁﬁﬁ]@n hol der
5. The specinen holder 5 can be noved in the x and y directions by two
spindl es 13 etgotiononicresnone) addi entated at right angles to each other and
to the optical axis 16. Each spindle 13 is coupled to an electric notor 14
(only one sh@igyresl2acarice@b showhan inaige of a ispecimearatromen scamingielegirady i ves
the respective spindle to nove the specinmen holder in the desired is

di reci4 on. Elgieidscepk withos ahdatittsthevattaohntérgurespéciivetpnnect the notors 14

with a 29 Cctober 2004
Figure 1 is a schematic cross-sectional view of an in-lens attachment 15 located
inside an SEM specimen chamber. The cross-sectional view is on a plane that is
coincident with an optical axis 16 of the SEM. The in-lens attachment 15 is

20 located on a specimen stage 1 of the SEM. The in-lens attachment comprises a
permanent magnet 3, in the form of a cylindrical ring tube, and is magnetised in a
direction parallel to the SEM optical axis 16. lt is also possible to use a tube
magnet, rather thén the ring geometry indicated in Figure 1. The magnet 3 has a
strength of approximately 0.9 x 108 Am™ which provides a peak magnetic field of

25 approximately 0.287 T. The magnet 3 forms part of a magnetic circuit which also

consists of a surrounding cylindrical block 2, a first magnetic pole piece (or upper



5 power supply located outside the SEM In this way, specinmen novenent can
be controlled fromoutside the SEM The total height of tczra(}e? ttez%(‘zlaagnt 15,
.conmprising of the top plate 7 and the block s 2) is typical ﬁo?ess than 34
mm The distance fromthe top plate 74to the pol e-piece of the SEM fi nal

| ens 8, ically,r es from20 to 30, mm and depends on th ecific

| ayout gpﬁggﬁé:eg@\/meﬁpo\?m Ui f"ﬁ?ﬁéﬁ g’c%ﬂtsef:gn%welt'g R?E%P'eﬁgs(égci men is
pl aced in the specinen holder 5, the holder 5 placed on S;tr‘ﬂe tg adj ustable
mount i fewer pele piecenin thedorsn &f anintgrmadiaieipiale dcrlhiksplatesthe gife nt 15
is then placed on a specinen stage 1 of a conventional SEM The primary
beam 9 forratied potehpiecgs of the tageelis cirouit.nEhe sppatadiva of the plates Alangd T he
specinen in the holder 5. Secondary electrons 10 that |eave the specinen

are CO'déﬂﬁé"sQFleWaérhé’tif;gérgﬁﬂéyaMWW@aiyﬂﬁngéefrdngﬁm#h&oﬂ,s mnd gpiral up
S .

t hrough the bore i onme of the secondary electrons 10 are attracted

Lo 8 SUUhbARIaGAIR thoufad SIPterlbrd afald GedchfleRNnat SHAVM) hbgl’!

det ec ocat e I'n the cage 11. Focussing of the prinmary beam 9

onto the specinen is perfor i C i - ' [ | ens,
and so ‘P?e'i%gHHS%'?%?Bg?'g'%stgg@egéPﬁgﬂé%eﬁéﬁgﬁégguﬁé&g&% m’\ﬁ{: %sfé(\gossi bl e
that this could be replaced b el ectro-.magnet. 20 .Fi qure. 2a shpws an

i mge onillimetfras 951%%6508ﬁé@érﬁﬁ%ﬁﬁp?@&oﬂgﬁ?ﬁ& §p%céra_e%5%{58&cp ten gun
SEM wi t hout use of the attachnent 15. A 5 keV prinmary beam 9 was used with
a wor kithg tdp platecedefings e “wearkingtigfanee c athespesimen hwdder Fisywadeob shows
an i mage of the sane speci nen obtained using the same JEOL 2s 5600 tungsten
gun SEMrémitnarshizgnietie naatedahsucit as Sluntihiinpandis mavated © thedntemmedicte

.. Gctober 2004 6 magnification were the same as for Figure 2a. Conparison of

~ these i pBEes b@eawaamﬂﬁ%wéwwwﬁe atjuatihgeaiew MPperets the wapkingal
resol ution performance by around a factor of three: the m ninumfeature

separ at j;:.Qn. i L 8R4ge!l Y 20 nms without the Iens, and around 7 nmw th
t he Iené'g{hﬂ?%rtg%ﬁ%&gever’al factors in the design of the add-on |ens
invention which are inportant to its ability to inprove the resolution of

existing SEMs. The size of the central hole in the lens top plate nust be

| arge enough so that def|ection iq aberratiaons do not_signif| tly degrade
e F rag6e PRSI DR 1o7g BOre 16 Wieh PRGEs aprmaskReathe of BRSERER: 1 very

short and nmeke it difficult to focus the inmage by the_normal nethod of

adj ust i pgs$ trroGgivtise trig plate ¥andestke the eprcimen seffasenilhe diagetersofdAewed

that a hole dianeter of 4 mmor greater gave good results. is Another

i npor {saBbrec & fRdépénddriigo sonfeesttefition theowdridng tistarecedhiat-shouldgenenally i s
be greater than 1mm, typically at least 2 mm, and preferably at least 4 mm, in

order to obtain sufficient resolution of the final image from the SEM.

Screws 6 in the top plate 7 permit removal of the top plate 7 to allow insertion of

20 the specimen into the specimen holder 5. The specimen holder 5 can be moved in
the x and y directions by two spindles 13 (only one shown) orientated at right
angles to each other and to the optical axis 16. Each spindle 13 is coupled to an
electric motor 14 (only one shown), located on the side of the attachment 15,
which drives the respective spindle to move the specimen holder in the desired

25 direction. Electrical wires (not shown in Figure 1) connect the motors 14 with a



choosing the correct working distance. For a given primary beam voltage,
the working distance nust be varied in order to produce @9%1 t&%ﬁ%bpﬁl on
.images. In general, as the primary beanmis voltage is reduced“: e lens

wor ki ng distance nust al so be decreasgd, that is, the specinen surface nust

be brought closer to the top 20 plate 7. This highlights the, i rtance of
bei ng disIwer sypRdy l@@t%@ut%{)egﬁh‘@ %E‘at ﬁbt%w&’nﬁﬁ’ﬁ @E&ngemﬁgt %ﬁ) gﬁer 2004 7
CLAIMS 1. Alens for a scanning el ectron mcroscope, the | ens being adapted
to be rcomtrodibdfrorowatside the 8Edbeci nen stage of a scanning el ectron

m croscope, the s lens conprising a magnetic circuit conprising a first

magneti c pol e piece and a second nagnetic pole piece, a specinen holder,
t he speci nmen hol der being | ocated between the first and second nagnetic

pol e piptehtaPight SORE ARt AS! %ﬁwﬁg?ingcﬂ%é%bEI%QéWta(hcﬁﬂw@iMch@ surface

of a specinen nngnted on the specinen dér, in use, and wherein the |ens

bore has .a w.dth of gre r_th J iml,
wner eprenoEAY Bsp SFEaT iy athe SptarCe idn e G PIaB S 0 fhe BolaiRel o 1
to claim?2, wherein the lens pore has a w.dth of fro mmto 10 4. A
| ens. aconei gL inal 1ot 2Vl EngeerEsmasiopsf o A, Apendd 88 W 20 5.
A lens according to any of the preceding clains, wherein the magnetic

ci r cui t spesifis layeut af ther PaMaAWhiad e aﬁagunem ip&§8daccording to any of the
precedi ng cl ai ns, wherein the speci men holder is novably nmounted between
the first and second nagnetic pole pieces for 2s novenent in a direction
substantially parallel to the magnetic field between the first and second

magnet i g, (68, % Sh&aRen is phitedihahespatitenholdet 8/thedwiderd ptaced amtheof the
. preceding clains, wherein the lens bore is in one of the first and second

Tmnek GBI REing ol | SERO BRI Peengh ysclovken Tsencen on

the fir g%tac n%eﬁ? 8 ri]sdthré%gpﬂg&ia opuoaI sepet%:iirﬁgﬁ%tage 1 of a conventional SEM. The
primary beam 9 travels through the bore 18 in the top plate 7 and strikes the
specimen in the holder 5. Secondary electrons 10 that leave the specimen are
collimated by the strongly decreasing field gradient, and spiral up through the bore

15 18. Some of the secondary electrons 10 are attracted to a scintillator cage 11 on
the SEM and collected by a scintillator detector 12 located within the cage 11.
Focussing of the primary beam 9 onto the specimen is performed using the
conventional SEM objective lens, and so it is possible to use a permanent magnet
3. However, it is possible that this could be replaced by an electro-magnet.

20
Figure 2a shows an image of a tin-on-carbon specimen obtained using a JEOL
5600 tungsten gun SEM without use of the attachment 15. A 5 keV primary beam
9 was used with a working distance of 5 mm and a magnification of 70,000.

Figure 2b shows an image of the same specimen obtained using the same JEOL

25 5600 tungsten gun SEM but using the attachment 15, the primary beam 9 and the



g IQ | ens acco[):jl ng to agybof t he pLec]cdl ng clains, wherein the sanple
ol der is nova y nounte etween the first and second pi eces
.for io nmovenent in a direction transverse to t he magnet r?g%&+%rgg{)€\een t he

first and second magnetic pol e piecesg . A CAN? ALLA A LCAA%g W
Zf H wr mhc”Y
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There are several factors in the design of the add-on lens invention which are
important to its ability to improve the resolution of existing SEMs. The size of the
central hole in the lens top plate must be large enough so that deflection

10 aberrations do not significantly degrade the image resolution. Also, a small hole
will make the focal length very short and make it difficult to focus the image by the
normal method of adjusting the SEM's objective lens current. Experimental results

showed that a hole diameter of 4 mm or greater gave good results.

15 Another important element in the correct functioning of the add-on lens unit is
choosing the correct working distance. For a given primary beam voltage, the
working distance must be varied in order to produce high resolution images. In
general, as the primary beam'’s voltage is reduced, the lens working distance must
also be decreased, that is, the specimen surface must be brought closer to the top

20 plate 7. This highlights the importance of being able to adjust the height of the

specimen holder.
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second magnetic pole piece, a specimen holder, the specimen holder being

located between the first and second magnetic pole pieces, and a lens bore to

permit an electron beam to strike a surface of a specimen mounted on the

specimen holder, in use, and wherein the lens bore has a width of greater than

10 Tmm.
2. A lens according to claim 1, wherein the lens bore has a width of at least
2mm.

15 3. A lens according to claim 2, wherein the lens bore has a width of from 2mm
to 10mm.
4. A lens according to claim 3, wherein the lens bore has a width of 4mm.

20 5. A lens according to any of the preceding claims, wherein the magnetic

circuit comprises a permanent magnetic.

6. A lens according to any of the preceding claims, wherein the specimen
holder is movably mounted between the first and second magnetic pole pieces for
15 movement in a direction substantially paralle! to the magnetic field between the

first and second magnetic pole pieces.
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8. A lens according to claim 7 when dependent on claim 6, wherein the

s specimen holder is movably mounted on the other of the first and second magnetic -

pole pieces.

9. A lens according to any of the preceding claims, wherein the sample holder
is movably mounted between the first and second magnetic pole pieces for
10 movement in a direction transverse to the magnetic field between the first and

second magnetic pole pieces.



