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ICE LAYERS IN CHARGED PARTICLE SYSTEMS
AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

Thiy application claime priority under 35 US.CL § 119e) 1o UK. Provisional

Apphegtion Serial No. 60/42,503, filed on June 8, 2007, the entire contenis of which are

TECHNICAL FIELD

syatems and mothods,

P
P
;:4‘
pas
s

Hactosure relates tw charged particle sources

BACKGROUND

¥
Y

Charged particles such as fong can be formed using, Tor example, a Hould metal fon
source or 2 gas Held oo sowrce. hu some instances, chavged particlus such as fons formed by

14
¥

an fon sonree can be used to determine certain properties of a sample that is exposed to the

P IR St ¥ S i g i B 7 v Sy T LR
charged particles, or i modify the sample. In other instances, chorged particles sach ag fong
formed by av fon source can be used o determine certain characteristios of the charged

I

partiche souree Hselfl

SUMMARY

Disclosed herein are methods and wystems that include frozen water (g, ive) in one

X

ov more erystatime and/or amorphous fems for in-situ sample

o

sexmconducior samples such as wafers, and bivtogical samples),

patterning and repairreconstruction of samples. In peneral, lavers of tee having controlied

thicknesses can be used together with charged particle systems to extend the functionality of

the systems. In particular, one or more layvers of fee can be used with charged particle

sourees {o produce controlied :;cittc s on a sawple by selective addition or removal of

maig

. srther with or withowt charged particle

ped

systems, in a vanety of s m;ﬂe}‘mmﬁi g applicalions, In particular, the physical properties of

&

1ee fayers van be altered by exposure to a charged particle beam froms a charged particle
ource andfor by controlling other envirommental parameters {e.g., temperaturs of the ive

fayers} i change andfor apply controlled forces o specific sample reglons. Biolngical

a

samples typicaily include significant quantitios of water {e.g., cytoplasm in cells), and the

pE ) &

e
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interaal water can be frozen and ity properties controlled using charged partivle beams andior

3

The systems angd methods disclosed hereln ave discossed with referes
atd systems, such ag heliwm jon sources and systors, However, in general, the avstoms an
ather tvpes of charged pavticle sources (e.g., electron sources) in addition o, vy as an

mplemented with other charged particle systems in addition o, or 48 an slermnative o, o

Embodiments can inchade one or more of the following advantsges.

fee can be used o form nexpensive and casy o use protective lavers and/

patterning layers that can be applied in-situ 10 samples {n a vacwwm chambor, Icel
beveversibly deposited {eog., via condensation) and removed {e.g., via evaporatios,

sublimation} and do not leave restdues on the sample serfice when they are removed. In

addition, ice layers van be deposited and removed quickly.

ize lavers can be deposited in g variety of different crystaliine forms, in amorphons

forms, gnd with different grain ovientations. These crystal forms and prain oriniations can
be selectively changed t© form patterns 1n the e iay&f&

o Jayers typically have a relatively high sputfeving vield, As a result, relatively high
aspoeet ralio structures can be formed inosce layers vin sputiening auddor sublimation by
exposure o gu tncident ton heam,

{ce layers ave typieally relatively non-reactive chemically with & wide variety of

samples. As a result, e fayers can be deposited and removed without inducing permanent

changes fo the sample structure.
Physieal proparties ofiee layers can be readily modified by adjusting various

envirommental conditions. Forexample, oxpansion of fve {ayers can be controtled by

adjushing the laver temperatare. Foroes can be applied to # sample viaics i o

§

cause delamination of layers applied to the sample, or oiler types of sample muvoment,

The detatls of one or more embodiments are set forth 1y the accompanying description

and drawings below. Varlous foatures and advantages will be apparent from the des

and drawings.

DESCRIPTION OF DRAWINGS
FIGR, 1A and 18 ave schematic diagrams showing patterming of av o laver by

o P &

gxposing the jee layor 1 au 100 bean,
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ayer from an

terer

FIGL 2 s a schematio disgram showing conversion of portions of an fee

amorphous structure 1o g erystaliine structore.

FIGL 3w o schernatic diagram showing selective removal of portions of an oo fayer
by expesure 1o an fnn beam,

FI1G. 4 15 s schomatic disgram showing selective deposition of regions of ioe having

difforont thi face of g smnple.

FIGS, 3A-U are schematic dlagrams showing pat

the fue layer o andon beans in the presence of water vapor,
FIGE. 6A and OB are schewmatic diagrams showing selective remaval of @ sampls
fayver by patienung an underiying layer of fce

FHG 7 is o schomatic dagram showing an ice lay

FIGS, A and 88 are schematio dagrams showing implantation of dopanis into
sampie by transivrdog the dopants from an iee layer,

FIGR, YA and 9B are schematic dingrams showing exposure of 8 senaitive film of

showing exposuare of an e layer on @ sample 10 an

am showing exposwre of a frozen binlogical sample o an

ion heam to v g locally sgqueous environment {or a portion of the sam

o
,.‘.1
el

FHG 12 1y o schematico dingram showing lavers of loe that are wsed to assist in

FIGE. 14A and 1418 are schematic disgrams showing an ice layer that forms betwesn

a cooled neodie snd a thin lamella and is used 0 assist in separating the lamella fom s

&
sample
FROES 15 g schematic dingram showing 2 sample that includes a plurslity of defict

sites wiich act ay nucleation sites for the formation of foe erystals,
FIGS. 184 and 168 are schematic diagrams showing an {oe layer that i3 wsed to
remeve contaninants rom the sartree of a sample.

PG 1Y i3 o sohomatie disgram showing a contamninant on the strfave of a sample that

faed
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FIGS. 184 and 188 ave schematic diagrams showing an ice lover thal is used to form

amold o

Rach of the fullowing applications is incorporated by reforence horeln fn {8 entirety:

-

U5, Application Serial No. 11/600,71 1, filed November 15, 2006, now published as UK,

Patent Application Publication No, US 2007/0158358; and U5, Application Revial N,

FUORE 602, filed Margh 24, 200

3

. now published ay UL, Patent Applicstion Publization Ne,

Sample Moditication aud Patlering

”
e

As discussed above, one or move layers ot ice can be deposited on onw or wore

) o

surtaces of ¢ sample in an fon system. The one or more fee lavers can be orystaliine ice
fayers, amorphogs ice layers, or mistures of aorphous and erystatline ice. Crystaliine ice

.

lavers formed on sample surfices can adopt one or more of a veriety of differs

,,1
s
L
o
i
5
711

i
L4
D
£
=,

B some embodiments, g orystalline laver ofice can be deposited on o surface of &

K

sgrnple and the fon bean can be divected to the fee layer. Where the ton beam fmpinges on
the e layer, the ee is locally converted to an amorphous {e.g, non-eryatalling form. This

techmigue can be used o oreate two-dimonsional patterns in the ice Jayer. If the awmeorphous

faitne e have ditferent molar volumes, for example, three-dimensiona patterns can

.,

and orys

be oreated. The created pattorns can typieally have fenture stees that are comparshie fo the

e

cam at Hs foous, Without wishing to be bound by theory, i is believed that

g
P

size of the b
transitions bebween orystalline and amorphous oe can be mduceid by ocs! heating effocts due
t0 the impinging lon beam andior other forms of energy transfier 1o the fee lattice that induce

transtiions between thermodynamic states {e.g., from a higher

state, or from a lower energy state to 8 metastable higher energy state

FIG. 1A sheows a sample 180 that inclades an jee [ayer 3000 deposited on the sample.
fee layer 3000w selectively exposed to an fon beam 192 to create o pattemned oo laver, FIG

shows an exemplary patterned lee layer that results from exposure 1o inn beam 192,

o

e
=
[24]

patternod 100 laver includes roptons 3020 that correspond 0 the original structure of foe faver
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3000 {e.g., orystalline doe}, and regions 3010 that correspond to amorphons fve, and which are
prosfuced by exposure o fon beam 192,
in certmn embodiments, the reverse process can be performed by exposing deposited
| i - [ Yncane - z . s S R S i
1o fayers w the Jon beant. That is, depostted ice layers that lnclade regions of smorphous ice

o regions of crystalline tce. By controlling parameters of the ton beam

=2

wident angle’ and environmental conditions {e.g., temperature, pressare),
the amerphous foe can be converted to a selected orystalline form. As discussed above, this
techmque van be used o pattorn the oo laver(s)., The potterned ive lavers can subsey

be psed iy varfous process steps o create patiemed sample surfaces, for example.

FIG. 2 shows the patterned foe layer of FIGL 18 afier exposing the fee layer a second
time o don beam 192, where ton beam 192 s configured to convert amorphous regions 310

.

stalline ice. As shown i FIG, 2, the resulting o layer tncludes reglons

pord o the original structure of ce layer 3008, and regions 3030 thay

VCTESEEOY o ot iiine top . Thee oere 5 g TONH par
comrespond o uymihmﬂ ee, The crystalline regions 3036 can

{3, or regions 3030

from the orysialline stroctures of reglons 3020,
In some embodiments, exposure of one or more ioe lavers to the fon beam can be wsed

to change the erystallive form {o.g., the crystal phase) andéor grain orientation in the e

oy
e Facs

X,

favers. Por exumple, the ton beamn can be weed 1o create two- andior three-

e
vl
Dee)
ok
et
—
e
&
en
oo

patterny i the ice layers by copverting portions of the layery from a first erysialline

33

second erystalline form, Allernatively, or in addition, by inducing oo

ot ve-freesing) of the fve in the region where the fon besm npinges, fce
ortentations can be selectively changed. Grain orlentation changes cas also be

¢ to form patterns in the ice layers,

H

ernbodiments, additional physical sleps can be applied to foe layers that

welade patterns of different ice Borms {e.g., different crystalline phases anddor amorphions
cgtons} and patterns of different grain orlentations. The additional steps van inclade steps

thut are selective for certain pluses andfor grain ovientutions, andfor steps that have different

effects on the ditferent phases/amuorphouns regiony/grain orientations. By employing these

selective steps, fnther patterning of the ice layers can be induced. As an exumple

3

van be seleciively removed {e.g., via ion beam wiehing or chemical etching)

ke

- 3

hase/amorphons region/grain orientation, leaving the uthers Intact, thereby forther patterning

Wlee

B
T ~\

the iee layer, FIG, 3 ]

shows the patiemed 1ee layer of FIG. IB, atfor either {on beam etehing

k

LA
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or chenyeal eia:hi*ag have

320 of tee layer 3

sammple 186

o some embodinents, the 1on beam can be psed to induce sclective ice layer growih
under vontrolied conditions. For example, by cooling the sample surface and introducing
water indo the samaple chamber under conditions where the water minlecules (o, water

vapor} ar near thewr thermodynamic tripke point {e.g., where water can exist as a solid, Hpad,
or gas), the ton bewm can be directed o tmpinge on selective reglons of the sunple surfaes,

In reglons where the won beam Impinges, the on bean interacts with wat

% .’
M
i v

e
(]
o
fod
a
ooy
"
-
o
7
[

vicinity of the saruple serface to cause condensation and deposition of foe on the sample

surface. Control over the posttion and alve of the ton beam permits selective patisening of the

R
3

cgions of fce. As discussed sbove, by adjusting varinug ion

w 3 -

face with deposited re

beany and environn entabion of the denostied fee

cant be controlled either during dr;qwsition oF i a subseguent exposure step ollowing

fy

FIG 4 shows a sample 180 wikdeh is exposed o fon beam 192 in the presence of water

fpveen fon Beam 192 and water molecules 193 {ead to the
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y the surface of sample 130, By controlling, R example, the position of
ton bearn TH2 on the sorface of sample 180 and the duraiion of exposurs of varfous regions of
carn 192, regions of woe 3040 that are selectively positionsd on sample

1

LR and which have controiled thicknesses can be deposited.

in coriain srnbodiments, foe growth can be induced by exposure of super-conled water

to the fox boan. In analogy w the discussion above, g water layer is deposited onto the
savmple sorface and then brought Into a super-cooled state, and exposure of the sample to the
fon beam in the presence of super-cooled water selectively deposits regions of e on the

surface ot the sanple

Solid-gas water equilibvia can also be used 1o pattem oo Tayors on savple surbhees.
g, in some ombodiments, a sample with one or morg ice layers can be exposed o
water vapor i oregte an equiithrium bebween the solid too layers and the water vapor.

Selective exposore of the sample to the fon beam can be used to disrupt the equilibrium.

Disruption of the equilibrivm leads to cither deposition of further foe on the surfsee of the

i3

sample {e.g., thickening) or gvaporation of ve from the surface of the sample {o g, thinming)

These processes, which can be selectively controlled via adjustable ton bean properties {e.g.,

.
i

1o select bebween evaporation and deposition, and rates of these processes} occur only

~

o1 the region of the sample exposed by the fon beam. Ay a result, surface patterns with
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L‘L.,

dimensions on the same order as the size of the focal region of the lon beam can b oreate

I

The pattern sarface can b further used, for example, aya surface for patterned growih of

3

suaterials of nterest such as further deposition layers.

FiG 3A shows a sample 180 that inclodes an dve layer 3088 in equilibrivan with water

fy
i
poed
jirs
o
ot
fras
%
I
Lond
fos
[
e
s
\.'53

3 1w g vapor phase above the foe laver. By selectively exposing foe layer 3000 1u
won beam 192 widle bayer 3000 48 i equilibrivm with water vapor, toe layer

patterned as shown i FIG 38, FIG. 8C shows another exa

1,)

wpte of patterning toe laver 3000

by exposure (6 don beam 192 while layer 3000 13 in equilibrium with water vapor

stiustrated v FEG SC, e layer 3000 can be selectively thinned, thickened,

0 and thickened, by exposure to fon besm 192 under appropriate conditions,
fn cortain ensbodiments, lee layers on sample sarfaces can be 3\.5:;?&'*3311&& Vi
sublimation rather than via sputtering when exposed to the incident jon beam, For example,
the properties {o.g., ineident fon energy, incident angle} of the {on beam can be adjusied so
that sputiering of e we lavers Is not significant. Howsver, by selecting sppropriate
15 environmental conditions, the energy supplied to ice molecules can be sufficlent @ cnne
subinmation of the fee melecuies. Well-controlled patterns in the ice bover sirfaces can be
created, the edge- and hne-widths of which can be sharper than edge- and Hne-widths creaied
vig sputtenng.
Sublunation can also be used to sclectively remove fce from o wixture of Tayer
20 matenials. For example, where a phavality of Tayor materials including ice are used 1w form

one OF more layers on a sample surface {o.g., 8 fest lover of tee, which can be patterned,

3

followed by & Iaver of anuther materialy, sublimation can be induced by exposure to the fon

bean xs discussed ghove to seloctively romove portions (or all) of the 1ee layer, leaving the

iy
i
Tia
o

ather material unaltered. Porfions of the other layer which are no longer supported by an iee

5
i

25 layer can be selectively removed, for example. FIG. 0A shows g sample 180 that includes an

~. o

e fayer 2000 and another layer ot muaterial 3050 that is deposited on foe layer 3000, By

exposing fve layer 300 10 ton beam 192, selected portions of ice laver 3000 can be remgved
Corresponding portions of Iayer 3050 which are o longer suppor

Ao be remeved, as shown i FIG. 6B,

34 In certam embodiments, foe lnyvers can be milled (og., via sublinmation or spattering)

1

by exposurs o the fon beam, and 8 milling rate of the ice layers can be selectively controlled
by adinsting the temperature of the fee lavers, For example, as the temperatore of the e
lavers ix inereased, the milling rofe is faster becanse the fon bogm has to supply 8 smaller

amount of heat 0 the fce to induce sublimation and/or sputtering,.
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I sowe evnbodiments, grain ovientations of tee in difforent regions of an fce

be adiusted to selectively cotrol depth of penciration of incident lony into the sample.

case of penotration of the fong through the ice Taver s related to the ion channeling

\.I‘

That is, where ice grains are favorably ovienied, incident ions can pass throush the fee graing

with fitle to no loss of incident energy, and penetrate deeply Indo the wnderlying sample.
With an unfhvorable orfertation of the graies (e.g., with channels ortbogonal o an incident

direction of the fong), the incident tons will not penetrate the foe layer to reach the underiving

sumple, o may reach the undertying sample having lost significant quantitios of energy to

coliisions w the ice layer. Ax oz rosult, the penetration depth of sech fons into the sumple is

refatively swoalll As discussed proviously, grain ovdentations in the foe layer can be

selectively controlivd, permitiing high-resolution patierning/modification of the sample by

peing the foe layer{s} as o mask. The incident fon beam wsed to pattern the wunderlying sample

o

does not necessarily have to be o high resolution beans {¢.g., small spatial croas-ssotion} and

el

does not have o be focused outo the surface of the sample, because the spatial exposure

pattern and Ha rosolution on the sample surface is controlied by the e masking layer.
Typically, the greater penetration of helinm tons i ics layers {88 opposad 10 heavier

wons such as gallivm) provides a smaller palterning resolution when fve lavers are sxposad to

neident ions in the jon beans,. Hellom fons with paraliel trgjectories typically propagaie

further into ioe Ea;y-" s before the trajectories bssgw} 0 su@”}s‘iamiaﬁy diverge: the duckness of

ediuy ions have passed tbuugh the tee laver,

I some exnbodiments, milling rates of fce favers

x4
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arientation. As discussed above, grain orientations in the layers can be %Ciuv*w\

k3
controlled/patterned so that ion midling of the {ce lavers produces three-dimensional surfce

siractures {0.g., surface relel structures). Grain boundaries can be also be selectively

modified via weldent jows {e.8., 1 control local thermedyaamic conditions in the ve lavers}

2

¢

(’J

oxyivoiied variations in grain sives sndfor ortontations, The sizes andfor

=T

1o induo

orweriations can b produced in selectud patterns, and the patterned ice

o
et
&

e

e
5
o

:
2
o
%

"14

araployved In further processing steps

Kates of sputtermg andior sublimuation van be controlied by adjusting the incident fon

o

beam focusing properties. T

ypically, sputiering rates are dependont on ¢ ttal dose of

[

mcident ions, while sublimation rates depend on Tocal energy densily and thermal

conduetivity, For example, in some embodiments, to favor sublination over sputiering for
removal of water molecules from an fee layer, the ton bearn can be fovused o 2 smaller spot
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size, Other ion beam paranueters, such as dwell time, frame rate, duty evele, and pixsl

separation, can also be adjusted to vary the ratio of sputtering rate to sublimution rate.

foe has g relatively high sputtering yvield in comparizon to many semiconductor

materialy, and the sputiering yield of foe can be Increased by increasing the temperature of the
e layer. As a vesulf, patterning ioe fayers asing the methods disclosed herein can be med to
create very high aspect ratio features in the patterned fce lavers. The incident ion boam
tymcslly penetrates deeply into the ice layers and ejects many water molecules {or fragments
thereol} during exposure. As a result, high aspect ratic surface relief features van be
produced affer relatively short exposurs times,
) T 3

iy, 7 shows a saraple 180 that includes an oo laver 3000 {n which a plurality of high

<

agpect ratio teatures 3058 have been formed. Bach feafure has & muximum dimension b
measured in a plane parailel (o the surface of sample 180, and g maximum dimension b
measured along a divection novmal to the surface of sample IR0, It some embodiments, for

corvabio of Wh can be' 2 or more {s. B, & OF DROWE, & OF 1oy, O or rwwe, HEor mare, 20

\(\

ov e, 30 or mwove, M or move, 108 or more, 200 or more, 300 or more, 500 ar more, or
SVER ToTEl
{ther materials can be introduced o the ice layers for subseguent fmplantation inte
the ondertying sample. For example, vartous dopant gases can be introduced into the sample
son of the foe layer{s), and can be condensed in the deposited iee

Whern the iee layers are exposed to the incident fon beamn,

topant stoms/molecudes (g, As, Py in the e

e

he sanple via momentum transfer. Following removal of the

¢ includes a rogion near the surface that is patterned via implanted

e

dopads. In cortain embaodiments, metal-baring gases can be included in the ice laver{s) and

e

caut be deposited via incident ton collisions onto the surface of the sample o form surface

metal {conducting) regions. The depoesition can be performed with the high spatial resolution
! &

s

of the iom beam, In some embodiments, seed materials for the formation of varbon nanotubes

b3

can be mplanied nfo the sample via colliston-transfer from the e Iay

¢

ally include, for exanmple, cobult, nickel, and fron. High-resolution positioni

seud muterialy at the surfhee of the sarple can be achioved via exposure
containing these muterials o the fon beam,

N

a sarnple 180 and an jce layver 3000 & \pm’imd on the sampie. foe layer

m..
pi
P
7~
i A
I8
,,:‘/'
bes)
e

iy
e
o
¢:
.{

000 includes s plurality of dopant particles 3060, By exposi

192, dopant particles 3060 can be transterred from o layer 3000 to sample 180 By

9
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selectively exposing ondy certain regions of ioe laver 3000, dopant particles 368 can be

¥ \

ransferred to sample 183 to form pattems in the sample. An exemplary patteraed dopant

transfer to sample 183 is shown in FIG. 88 after removal of foe laver 3000,
Multiple layer deposttiom fechusiques cun be used to create free standing three-

dhmensional structures, such as MEMY devices, For example, i sorme eombodiments,

materialy can be deposited laver-by-layver, and areas that will f‘-&-‘ﬁi"xmaﬁy be smpty are fitled

&

ce. Following completion of the deposition sequence, the toe i removed

;..1 .

vith da,; osiied i

.,

€8, via evaporation], leaving behind g three-dimensional structure compuosed of the other

v

deposttion

I sovne cibodiments, tee layers can be used in combination with photoresist

materials, For example, cortain photoresist materials expose vary easily and are quickly

dunaged during sxpozure. A& hard meask formed of fee van be plaved vn top of

X

photoresists and exposed under normal conditions. Following development, & pattern

Y

boum van pass is present. As 2 resudt, g clean, a

through which s , aceurate exposure of the

underiying sensitive resist without damage to regions outside the patiern boundaries can be

o o

asohioved, Hard masks formed ofee

s

n be depostied, patiemed, used, snd then removed in-

s

It

sin. Sinwlarly, o certain eadbodiments, a thin ice film can be placed over 8 sensitive {ilm of

another material that is o be processed. An incident heam {e.g., Light, clectrous, fons)
penelrates through the 1ee Jayer o divectly write the underlying sensitive 8hm, which is

pmis:}cw-i by the ree lgyer. Yollowing boam writing, the jee laver iy removed via evaporation,

N.

ia deposited on film 3070, and then film 3070 i processed by exposure io

‘olfowing ramoval of fve laver 3008, as shown in FIG,
§8, a solectively processed fim 3070 remains on sample 186G

In corlain sibodiments, dimensions of trenches, holes, and other features in fog layers
can be reduced by re-introducing small amownts of water vapor in the vicinity of these

features. Water molecuies condenss onto the {ce layers. Typically, the nowly condensed

molccales form g condormal layer, filling in features such as holes and trenches and reducing

thelr dhmensions. Az a rexalt, holes, trenches, and simidar open structures can be formed ina
g 3 fa

multi-step provess so that they have dimensions that are even smaller than the dimensions of

the 1on beam.

Samy

=

e Handling and bspectionand lon Beam Metrology

15
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Depostted oo lavers and {ve regions can also be used for various sample

manipulation, nspection, and beam metrology applications, For example, biclogical samples

- which typivally include refatively large amounts of water — are freguently desiroved during
freesing. Toe orysial formation canses cell walls to burst, destroying the sample. In some

o~

enbodiments, exposare of the samples to the fon beam during fr *f:y;iﬂg gan disrupt foe orysial

v
i)
sy
P
£

formation {e.8., 884

& cussed above 1 connection with smcrphization of vrystailing {ce),
preventing sample destruction.
in certavy embodiments, an equilibrivm bedween waler vapor infroduyg

or and solid ios layers can be induced, g8 discussed above, Water:

s that sublime are replaced by condensing water molecnls
vapor phase. The sublindng water molocules varry mvay exeess surface cha

swmple surfaee. As a vesult, inaging and patterning processes that employ the foy

ot disrupted. FIG. 10 shows » sample 180 that includes an ice layer 3000 fu ¢

with waier melecnles 1830 During exposure of sample 180 {6 fon beam 192, water molecnles

tiat sublime from 1ee laver 3000 carry away surface charge from sample 186, The sublimed

1

water moleoules can be replacesd by water molecules 193 that condense from the vapor.

)

In some erabodiments, particudarly where the swmaple s @ frosen biclogica! sa

controlled small-volume melting via exposure of the frozen sample to the fon bosm can be
used to oveate focally agueous regions. The gqueous regions prosent imaging conditions tha
are more representative of in-vivo conditions, while most of the sample Is maintained at
eryvogenic temperatuves. Imaging datg recorded from the melted small vo
divectly appiicabde to drawing conclusions gbout in-vivo conditfons. FIG. 11 shows & frozen

hiclogica! sample 180 with a layer of foe 3000 formed on the sample, By exposing ssmple

i
0]

180 and fee tayver 3000 1o lon beam 192, Jocalized agueous regions 308G can form in foe layver
JG00 due to locaiized heating of tee layer 3000, The portions of sample 18

830

peons regons 3080 ave in an environment that more closely represents in-vive conditions

',—’.1

than the frozen state of the romainder of sample 130, hnaging data can be collected based on
particles that leave sgueous regions 3080 in response to incident fons from ton beam 192, Gy
example.

In cortam ombodimonts, ton beam systems {e.g., helium ion beans systems) can be

used o perforn: depthvresolved Imaging, particudarty on hological samples. For example,

e

B}

mcident wons fose energy via vollisions as they penetrate deeper inte a sample, and energy
foss as a function of depth can either be measured or retrieved from Merature, As @ result,

analysis of the energies of seattered tons can lead to exivaction of information about

i1
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strochures al varicus below-surface depths. Ditferent fee laver thicknesses can be used to
contret an effsctive peneiration dopth or sampling degth of the invident jons, producing

Winformation from the sample. By combining the measurement resalts from

depth-depende
ditferent ice layer thivknessey, threo-duncnsional sample stroctural data can be obtaines

In sowne erbodiments, the fon beamn {e.g, helium fon beam} can be used 1o preserve

the properties of the tee lavers during sample processing snd handling. For example, helium
jons typioatly do nol implant as deoply as heavier ions {e.g., gallipm lons}, nor do they
change thermal sudior eleetrics! propentios of the sample. Implanted helium fons diffuse pat
of the tee Jayurs af relatively high rates, so that there s no permanent change (o the propurties
o the samypde o 118 1ee lavers. In addition, where properties of the ioe laver do change as a
resuli of fon bearn exposure ar other conditions, the fon beam can be used o repair the ee
ayer via re-crystallization, grain re-oricntation, as discussed shove, Similardy, when the
sgmple is a binlogical sample, implasted helivm fons diffuse out of the samypde, leaving ne

residue belund, In contrast, liguid metal 1on sources (such as gallivm sowrces) iypically

: 2

deposit significant quantities of metal inporitios in binlogical samples, which would
vty {or zero) concentrations of metal atoms.
Physical moperties of jer layers can also be used for sample mandpulation. For

example, in sowme embodinents, small oo lavers can be deposited in the vicinity of an

2

attachment pownt of & thin lamelly that will be used as o sample i transndssion electran

mivrescopy imaging. Typivally, lamella samples rest in friangular grooves that are formed by

wachinmg the surface of @ sample. By controlling the tumperature of the foe layer - and

particularty, by forcing expansion of the ee layer by changing the #y temperatare ~ the

=

-

famelia can be pushed cut of ity groove. Depusition of g small amount of water on the

kS <5

& RTE ™ N
¥

surface of the Jamells can also permat caster handling ofthe otherwise thin, fragile lamelia

o
1t

Plactng the lamela on 8 gud aud increasing its temperature causes evaporation of the ioe,

teaving the lamelia i place for imaging without the need for frther placenient steps.

g 5 P

As an exanyle, FIG, 12 shows & thin lomella 3100 that is formed by milling &

Rl

triangnlar chansel ina sample 180, An oo fayer 3094 iy deposited in the channe! adjacent to

,»

famelia 31000 By controlling the temperaturs of toe layer 3080 {e g, either by externad

&
heating or coohing, ov by exposing fce layer 1o 1on beam 192 as shown in FIG, 12}, fve laver

oo & - &% B

3080 expands, exerting lateral and upward force on lamells 3100 that assists in separating

famedla 3100 from sample 180,

Sumilarly, i certain embodiments, structures can be fonmed o top of an doe laver {or
K w AN

& Howd water laver), By controliing the temperature of the Hguidisole

i



WO 2009/014811 PCT/US2008/065470

expansion of the laver can be induced, causing the structures formed on top of the layer to It
ofi & substrate anderhying the water laver, This fechnigue can be osed to B sway extremaly

H by

thin layvers from the surfsee of a substrate, FIG. 13A shows & sample 180 that inchudes an fue

lgver 3000 deposited on the san api:,. and another laver 3110 deposited on the we layer, By

s shown in FIG,

74

PAR, layer 3110 18 no fonger “'r"ﬁ secured to sample 188, s carc e lifled off from sample

180 in the divection of arrow 312(, for example.

In some erabodiments, oo layers‘rogions can be used as a reversitle plue to fm

Foy v rp Yy v R T T T P P R GUNIE ST P I SR T I E
attachments between different components. For example, tve reglons can be used for lamella

~

o Hfbout. Following preparation of a lawmella in 8 grooved trench, 8 coo!

,,
o)
&
bk
o
o]
e
]
Lo
oot
o
<
2
oo
s
v
£

placed in contaet with the lunella in the presence of winter vapor, oe forms betwes
fanelin and the cooled peedie, adbering the needie o the lamella and permitting oot of the
famelia from the french. Once the Lunella 15 out, the needie can be repositioned so that the

hamella rests o a sample geid, 1o which the lamella is fixed {e.g, vig walding),

faa]

X

beiween the needle and lamelia van then be melted, separating the twe, and avoiding the need

Y
L

for cutting methods usiag, €.g., oused fon beams, for separation. Similardy, o cooled needle
can be place w ventact with a sample surface in the presence of water vapor w indoee foeal
ioe fovmation at the needle position. This method provides an alteenative 1o using 8 cooled
stage, andfor providing complete coverage of a samplo surface with an fco layer

20 An example of this technique is shown in FIG. 144, where a thin Jamella 31003

formed in a milled trisngular channel of a sample 180, A cooled needle 3134 is positioned to

contact lametia 3100 o the prosence of water nudecnlos 193, Antoe layer 3140 frma tn a
-3¢ r o e - AL dey MY Ay €1 arf
region surronnding the contact pobnt between needle 3130 and lamella 3108, securing needie

3

nelia 3100, By withdrawing needle 3130 and thereby exerting upward

3130w

£
»-

25 1D
bich secures
andior
gtherwise handled, Lamells 3100 can be detgched from needle 3130 by removing foe layer
3140, eg., by meliing e layer 3140,
34 in gerigin embodiments, one or more e films can function as heat sinks madior

environmenial enclosures when Doaging a sample or performing speatroszopio analyus.

Enclosures are particalarly advantageous for sensitive saraples. For exaruple, {oe layers can

~

Hing eyveles of resist materials vndertying

e umed 1o prevent heating and mel

ES

2

which would otherwise result from exposure to g jon beamn, As another exampl
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imaging hiclogical samples with olectro-luminescent tags, one or more ice

=3

to protect the sample from heating by digsipating a portion of the energy of the ncident jona.

foe fayers alse provide an optival window fir photons i escape from the sample and be

in some smbodiments, small reglons of foe can be used as flags o find small surface

I XY

detects o samples such as Mlank waters. For example, small defects can be diffionlt 1o Ioeate
due to Hutis on the resolution of inspection tools. However, by placing the sample I g

cooted environment in the presence of wirter vapor, defict sites on the samnple surface acl as

nocleation sies for ice ervstal growth, The lce crystals can be permitted to grow wntil thely

posttiony are gasily wWentified in an inspection system. The inspection system can record the

approximate postiion of the defects for further review following removal of the e orystals,
FIG. 15 shioows a sample 180G that includes a phaality of defect sites, Sample 180 s

e

cooled and exposed to gas phase water moleculey 193, The defect sites on sample 130 act a5

mucleation sites for ve orystal formation, and water molecules 193 condense Hom vapor and

b
instiate growth of ice orystals 3150 af vartous defect sites. By oblaining one or more muages
ai e prysids 3150 on sumple 180, the positions of the defect sites can be recorded for

further inspection anddor roview ollowing removal of oe orystals 3150,
in corlain emnboduments, ice regions/layers can be used to remove contsmimants from
# sample surfsce. For exampie, a smuple such as a semiconductor wafer having an foe faver
can he exposed to water vapor under conditions such that the water vapor is near is
thermuodynamic triple poiat. Qne oy more chenueal regetions between contamingnts and
iog faver can cause water molecules from the fee fayer to carry away the contandmants from

the sampie via evaporation, The ovaporated water molecules are replaced by condensing

witer moiccules from the vapor phase to replenish the fee layer. Insome embodiments, the

products of the one or more chemical reactions can be pomped away mechanieally fom the

e layer,

For sxample, FIG, 16A shows 2 saaple 180 that includes surface contaminants 3160

,w

and a layer of ice 3000 formed on the sample. One or more chemical reactions ocour
between e laver 3000 and contaminants 3160, Exposure of iec layor 3000 by fon beam [92
feads o evaporation of some of the water molecules intee layer 3000; concurrently, reaction

products that rexult from reaetions botween ice layer 3600 and contaminan

yx»

evaporated frow foe layer 3000, Water molocules 183 condense to roplacs evaparated

o

molecules froms e faver 3000, As aresult, us shown in FIG, 168, surface conta

&x)
e
o)
e

oy
i

s
::
s
prs]

'.1-3
o]

1166

o~
2

re oifectively removed from sample 180 and 10 laver 3000 s purified,
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Sinptarhy, w certain ernboditaents, an ice layer can be used to displace contmnmants

g

ront the swrface of the sample. Initially, o Hgaid water layer is imtroduced onto the saaple

surface via condensation from water vapor in the vicinity of the sample. By cooling the

o o

sample, the lguid water layer I8 froren to form an oe layer, During freezin

TV SO, PUVEIE S
SIWONENY Poiar — a8

i

Tugher bonding affinity for the sample surface than many contaminant

molecules (s, E’i}"ﬁfﬂt&.i‘b@i‘iﬁ} and us 3 rosult, the lower-affinity contaminant melecuien are

during i:;‘m:zing‘ The contaminants, dislodged from the sample surfaee, are then more casily

removed via mechandoal pumping, chemical washing, or sther methods,
foe layers can also be used to immobilize contaminans on sumple surfaees. For

cxample, i seme ambodinments, a Hagudd water Tayer can be introduced onta a sample sorfae,
as discussed above, and then frozen to seeure surface contaminants in place on the sanple,
Subsequently, 8 window can be opened in the ice laver {e.g., via sputtering andfor
sublimation by the lon beam) and investipation of the portion of the sample exposed by the

vindow can be undertsken without interforence from contaminants on other portions of the
savapie surfpce. As an example, FIG. 17 shows g sample 180 with an foe faver 300¢
ceposited on the sample o secwre @ contaminant 3160 to the surface of sample 188, e layer
3000 molades @ window 3165 that peomits exposore of sample 180 to jor bewm 192 without
interforence from contaminant 3164, for example.

i biologieal samples, {ce regions/Tayers can be used o inwnebilize forge molerules
such as DNA, RNA, and proteins. For example, in cortain embodiments, oe regionsilayers
van be used to pin down biclogical molecules so that they can be tmaged or otherwise probed
withuut moving under the influence of beam exposure {e.g., exposure fo an fon beam).

Molorules can be selectively pinned down in a variety of geometries. For example, the

perimeter, the ends, or the entire surface of the molecule can be secured to a suppornt using

regiony of 1ee as roversible adhesives,

fee fayers can also be used in cross-suctional metrology of non~planar surface

Typically, for example, non-planar sorface metrology is inftiated by depositing a surface
faver using a focysed o bearm {FIB) to provide & Hat crossssection, and to provide stronger

edge contrast i the vicinity of the foature to be imaged. In some embodiments, rather than
depositing a layer asing a F

L

13, which can harm the sample, s ice laver ts deposited instead,

£y

aver is rapid, and can be selectively controlled so that fee s deposiied

B by 3 ~

Deposiion of

sty where required for imaging purposes. Following production of cross-ssetions, the s

foaes
(¥4
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fayer can be evaporated, leaving behind no restdue to harm neighboring funetions

e

e,

Porst

devices on

in cortain embodiments, we kiyvers can be used to construet three-dimensional molis
of sample surfaces. For example, conformal deposition of any amorpheus foe laver over a
pzﬁtexﬁzwd samiple can form & negative replica of the sample surface. Ones removad, the fee

be coated with a conduetive layer. The conductive layer can then be readily

mvestigated to delennine varions peometrical parametors related to the sample surface. This

techmque s particalarty usefnl for sensttive materials such as certain rosist materialy, where

direct fmaging of the resist causes damage and distorts the shape of the resise.

FIG,

-

44 shows a sample 180 with a patterned surface. A conformal laver of ice

-

-

IO iy deposited on the surface of sample 180, and the foe lover sssumes 2 profile which is
complementary 1o the surface profile of sample 180, By removing ive layer 3001 from
sampie 180, as shown in FIG. 188, o mold of the surface of sample 180 s created. oo layer
3000 can be coated with a layver of condactive material 3170, and then imaged to investigate
the peomedrical propertics of the surfiee of sample 184,

in somne embodisents, fce layers can be used for fon beam metrelogy, For example, a

layer of ice cau be exposed to an ion beam to cause milling of the jee laver by the insident

wns. The nitled region of the jee layer has a cross-sectional shape that closely m

cross-sectional shape of the fon beams. Subseguently, for example, a laver of conductive

material {e.g., metal) can be deposited over the milled foe layer, and the dimensions of the
mitied region can be measured. This provides a converdent method for messuring a spot size
3 oo el e T s =
ard shape of the 1on deam system,
Formation of lue Lavers
fee layers can generally be formed on surfaces of samples using a vasiety of

~

tochoiques. Typteally, for example, an ice layer can be formed by cooling the sample and

-

introducing waler vapor in the vicinity of the sample swiace. By controlling the

environmental conditions within the charaber, deposition properties can be controlled. For

s

example, by adjusting loval temperature and pressure, the water vapor can be maintained near

~.

taned 5o that Haoid water

A

ity triple point, Alternatively, the water vapor can be

conderses from vapor onto the sample serface, or so that geseous and solid water we in

eguilibriom {with ao miervening water phase} in the victnity of the sample surface. Other

heds

methods of iee fayer/region formation, such as localized formation of ice repions rather than s

fayers oxtending over an entire surfsce of the sample, are dscussed dbove,
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a 0

stems and methods for producing ion heams, and detecting

»»a

particles inclading secondary electrons that leave a sample of injerest due to exposure of the

sample to an ion beann, The systems and methods can be used 1o obtain one or more images

Typically, gas fon beamns that we used to interrogate samples are produced in
mullipurpoese mivroscope systoms, Microscope systems that use o gas field lon source o
geperate jous that can be used in sample analysis {e.g., imaging) are referred o as gas field

3

ion microsuopes, A gas feld ton souree is g device that includes an glectrivally conductive

Hp dypieally Baving an apex with 10 or fower atons) that can be used to fonize neotral gas

o,

SPOCIES 10 genersie ons {e.g., 1t the form of an ion beam) by Wringing the neutral gas species

x2

v
I‘f

o the vicinity o the “\,una‘i\ conductive tip (e.g., within & distanee of about four to five

angstroma} while applying a high positive potential {e.g., one KV or more relgtive to the

- Loy

O
Aoy
e
L
(47
o
s
s..J

exbraetir {see disvussion below)) to the apex of the electrically condu

FIG, 1% shows g schematic ;‘iifxgm*n of a gas Held fon microscope systom 100 that

46, @ front-side detector §5§f}, a back-side detector 160, and an clectronie congred svstem 170
{e.g, an eloctramc processoy, such as a computer) clectrically connected to various

commponents of system 100 via communication Hnes 172a-1728 A sample 180Hs positioned

infon sampls wmanipalator 140 between ton optics 136 snd detectors 180, 180, During use, an

ion beam 192 1s divected through fon optics 130 to & surtace 181 of sample 189, and panicles

194 resalting from the interaction of ion beam 192 with sample 130 are messured by

detectors 150 andior 168,

Asshown in FIG. 20, gas source 110 is configured o supply one or more gases 187

e

N

as field fon source 1280 Tag sowree 110 cun be configured to supply the gas{es) at a

variety of purifies, flow rates, pressures, and tampw tures. In general, af ieast one of the

source 110 18 a noble gas {heliwm (Hel, neon {Nel, srgon {Ar), Kevpton

&

(Ko}, xevon {Xe)), and jors of the noble gas are desirably the primary constituent in jou bean

-

Optionally, gas souree 110 can supply one or more gases in addition to the noble

gas{es), an example of sach 2 gas s nitrogen. Typically, while the additional gas{es) can be
Lo 3 Sl ey R i~ Nas 5\ K

3.

present at levels above the level of impurities in the noble stiih

e

gas{es), the additional gasles

<8

comslitute minority components of the overall gas mixture introduced by gas source 114

-
17
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J

20 15 configurad to receive the one or more gases 182 thom gas

I3

source 110 and 1o produce gas tons from gas(es) 182, Gas feld 1on sowree 120 inchndes an

eoiricaily condootive tip 180 with o tp apex 187

8

, an axtractor 190 and oplionally a

supprogsoy 188,

4

Hlectrieally conductive tip 186 can be formed of various materials, In some

aN N
}

embodiments, (p 186 s formed of a metal {e.g., tongsten (W), tantalom (Ta), indium {r),

D)

rhemiuny (Rh), niobium (Nby, plaiioum (PO, molvbdenum (Mol In cortain erabodiments,

s

electrically conductive tip 186 can be formed of an alloy. In some cmbodiments, elevtivally

o

formed of a different material {e.g., carbon {1

']

conductive ip 186 ca be
Doring use, tip 186 1x bigsed posttively {e.g. approximately 20 BV} with respect to

extractor 198, extractor 190 i negatively or positively hlased {e.g., from -30 kV 10 50 KV

with respoct 1o an external proand, and optional suppressor 1¥8 is biase i;mxm\ aly or

negatively {e.g, from -3 KV {o +35 kV) with respect to Hp 186, Because tip

an eleetrically conductive material, the dectric Held of tp 188 at tp apex 187 polnts outward

from the surface of tip apex 187, Due to the shape of tip 186, the eleotric Held {s strongest in
the vicwnity of tip spex 187, The stronuth of the electric field of tp 1RG can be adjusted, foe

example, by changing the positive voltage applied to tip 186, With this configuration, un-

< ! o

<

ontzed gas atoms 182 & z‘gwpiim‘i by gas source 110 are tontzed gnd become positive
1ons 6 the vicknity of Hp apex 187, The positively-charged fons are simullansously repelied

by positively charged tip 186 and attracted by negatively charged extractor 198 such that the

positively-charged fons ure directed from Up 186 into fon optics 130 as fon beam 192

Suppressor 18R assisis i controfling the overall electric field between tip 186 and xteactor

Py

180 and, therelore, the imjeﬁmrie of the positively-charged tons from dp 186 © lon oplics

1300 In general, the overall electrie field between tip 186 and extractor 190 can be adjnsted

to eontrob e rate at which positively-chorged fons are prodoced at tp apex 187, and the

£

efficiency with wiich the positively-charged foms are transported from tip 188 fo fon optics

i
130

TN Y

i general, fon optics 130 are configored to direct 1on beam 192 onto surface 181 of

®
b

saxaple 180, on aptics 130 ean, for example, focus, collimate, deflect, accelerate, andior
decelorate tous W beam 1920 lon optics 130 con alsd allew only & portion of the fons in fon

beam 197 1o poase through ton optics 130, Generally, fon optics 130 include o variety of

B o5

ron optical elements that ave configured as desired. By manipuluting

electrie field strengt

5397
s
foscey
e
o
S
s
-~
)J
]

1€ OF TnoTe cormponenis {g.g., electrostatic deflectors) m ton

optics 124, won beam 192 can be scanned aeross surfhe

i8
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aptics 138 can inchude two deflectors that deflect {on beam 192 in two orthogonal directions.

<

The deflectors can have varying electric field strengihs such that fon beany 142

l vl
5
e
&
bes
o
e
o1
<%
s

geross a region of surfape 181

When ton beam 192 impinges on sample 180, a varioty of different types of particles

5 1%% can he produced. These particles inclode, for wxample, secondary electrons, Augs

electrons, seeondary fons, sseondary neutral particles, primary newtral particles, seattered fong

and photons {2.g., X-ray photons, IR photons, visible photons, UY photons), Detectors 150

aid 160 are posiiioncd and configured to cach measure one or more different types of

o
£
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I FIGOIY, detector 1501w posttioned © deteut particles 194 that originate primarily from
surface 181 of sample 180, and detector 160 18 positinned to detect particles 194 that emerge
privuarily from sorface 183 of sample 1RO (e.g., transmiited particles). In poneval, any
number and voniiguration of detoctors can be used in the microscope systens disclosed

heretr. In some embodiments, meltiple detectors are used, and some of the multiple

LAY

detectors gre configured to measurs different types of particles. In certain embodiments, the
deteciors are condigured to provide different information sbout the same type of partivle (.,

energy of @ particle, angolar distribution of a given partivle, total abundance of g given

i =
particle), Qptionally, combinations of such detector arrangements can be ased,
in general, the information measured by the detectors i ssed 1o determine

20 informstion about sample 180, Typically, this information s determined by obtaining ous or
mare irages of sample 1800 By rastering jou beam 192 across sorface 181, pixel-byepixel

information about sample 180 can be oblained in discrete steps. Detectors 150 and/or 160

can be configured to detect one or more different types of particles 194 at each pixel

The operation of microscope system 100 1 typically controlied vig elegironie control

systen 170, For example, glectronic control systam 179 can be configurad o contnl the

gus{es} supphied by gas souree 110, the temperature of tip 186, the clectrical potential of Up

186, the clectrieal potential of extractor 190, the elecirical potential of suppressor 188, &
settings of the cotoponents of ion optics 130, the position of sample manipulator 140, andfor
the Tocstion and settings of detectors 1530 and 160, Optionally, one or more of thexe

34

saraneters mmay be mamally controlled {e.g., via a user interface integral with electronic
comtrol system 170} Additivually or alternatively, electronic contral syatem U
{e.g., via @ electronie processor, such a8 a computer) fo analyze the information eollected by
detectors 130 and 160 and to provide lnformation sbout sample 180 {e.g., topography

nformaet oy, it erial constitnent informati P, LTV 1SS Corrast
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mtormation, optical property information, magnetic information }, which can optionaily be in
the form of an image, & graph, a fable, a spreadsheet, or the like. cloctronic eontrol

system 170 welades a user interface that featores s display or other kind of outpnt device, mn

3

fpaat deviee, and a storage medium,

rrh

various properties of fon beam 192, For examiple, control svstem 170 can controd 2
bt _

composition of 1on beam 182 by wg*i ating the flow of gases fmo gas feld jon source 120,

STHES

w

I some smbodiments, electronie control system 170 can be configured fo control
additional devices, For example, electronic control system 179 can be configured to ropnate
& supply of water molecules delivived o o region surmounding sample 180 andfor 1a a region
aiton beam 192, Altervatively, or additionally, electrouic control systom 170 can be

condigured 1o contred heating and/or cooling devices which can be used in the Sirmation
~ Pl

3

and/or removal of foe layers, Further, in cortain embodiments, electronic contrad system 170

v

cary be contipurad o control one or more additional parttcle beams in addition B ion beam

e

B

192, Additional particie beams can be used for sample imaging andfor samyple modification

")v

{e.g., etching
Dretectors 130 and 160 are dopicted sthematically tn FIG. 19, with detector 150

positioned to detert particles from surface 181 of sample 180 {the surface on which the {on

treams impinges), and detector 160 positioned to detect particles from surface 183 of sample
180, In genersl, & wide vartety of different detectors can be eraploved in microsvope system

200 to detect ditferent particles, and microscope system 200 can ty picaily include any desired
number of detectors. The confignration of the varions detector{s) can be selected in
accordance with particles to be measured and the meastroment conditions. In some
erbodiments, a spectrully resolved detector may be wed. Such detectors are capable of
defecting particles of different encrgy andior wavelength, and resolving the particles based on
the energy anddor wavelength of cach detected particle.

Detection systems and methods are generally disclosed, for example, in 1.8, Patont

afion N, U8 2007/0158558.

Computer Hardware and Software
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I geneval, any of the methods {or portions thereof, such as contred steps} described
above can be inypdemended in computer hardware or software, or a combination of both. The
metheds can be mmplemented in computer programs using standard programming & “‘imqu‘

g
Z
»J
Z
C“,,
e
%
%)
;
e
,ﬁ
5

following the methods and figures described herein. Frogram code is applied io ing

perioem the functions described herein and generate vatput information. The sutput

minrmation 1w apphied 10 one or mors output devices such as idz:ﬁa\r nenitor, Bach

1
H

program may be mmplemented in a high level procedural or of

RRELG

SIS sun b

o

et commanicate with a compuater system. However, the pro
implernented in asseadly or muchine language, U desired. In any case, the language can be g
compiied or interpreted langeage. Moreover, the program can run on dedicated integrated
cireuits preprogrammed for that purpose.

Bach such computer program is preferably stored on g storage medium or deviee {e.n,
ROM or magnetic disketie) readable by a general or special prepose programmigble
computer, for configuring sud operating the computer when the storage media or deviee i

resd by the computer to perfuem the procedures desertbed herein. The computer program can

also restde i cache or main memory during program execution. The methods or portions

thoren! can alse be implemented as a computer-readable storage medium, configured with &

computer program, where the storage medivm so configured causes g compier i opes

xt‘J

a spectiic and predefined manner to perform the functions deseribed herein,
OTHER EMBODIMENTS
in general, reference has been made heretn to ice and water lavers, and equilibia
mvoleing water vapor, However, other substances can also be used, as an aliersative to, or in

Y

addition to, water, 1 foom the layversiregions and equilibria disclosed heretn. Exemplary
matertals mnchude the llowing: CO4, 8Os, CHy, Xe, K, snd O
In gddition, while embuodiments have been deseribed in which an foat souree 33 a He

o

ion source, other types of gas field ion sources can be used. Fxamples inchede MNe ton

oot

sorves, Ar fon sources, Ky fon sources and Xe ion soutees,

Other types of fon sources ~ a3 an alternative 10, or In addition to, gas fiold fon
sowrces ~ can slse bo used, I some embodiments, @ Houid wetal 1on source can be used. An
example of @ lguid metal ton soutee s # Ga lon sowree (e, 3 Ga fbeused 100 beam colanm).

in cortmn embodiments, an 1on source is used 1o create tons that impinge on 2 sample

o

s cause electrons (.., seeendary electrons) to leave the sample; one or more iy

formed based on the electrons, which can be detected by one or more detsotors, More
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bee

generally, any charged particle source can be used o form charged particles that case

secomndavy olectrons to leave the saraple. For exampie, an eloctron source, such #8 @ scunning
clectron misroscop: may be used.

As shown m FRG. 19, detectors 130 and 160 are typially positioned in s region
cutside the ton column {e.g., jon oplics 130} {o delect particles such as secondary eloctrons
that leave the sample. o some embodiments, at least some of the secondary elecirons that are
getected pass through &l least 4 portion of {e.g., all of} the colunm used 1o fovus the chargad

purticle beam onto e sample {e.g., fon optics 130}, 1o the case of a gas ficld on

&

microscope, this is conunonty referred to as the jon cohann, Beeawse such cohunns typieally

%

include one or more lonses, such detection configurations are often referred to as through-lens

& @
=

deteetors. In such ensbodiments, » combination of the electrie Held psed i the eolumn with a

¥

reld orpated by the magoetic fiedd source can be used © control the trajectory of the

o,

magnetic
glegirons of wterest & enhance thelr detection.
surnber of embodiments have been deseribed. Nevertheless, 1 will be understond

that various modifications may be made without departing from the spirit amd seope of the
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WHAT IS CLAIMED 15

3

A method, comprising

Yova,

exposing a samyple comprising a substrate and a layer of fve disposed on the substeate

teea charged pavticle beam, whereln the charged particle bear i configursd to convert &

portion of the fee Jayer from a fivst erystalline form to 5 second ervstaliine form different

av s
-

from the first orvataliine form,

1
i
oy
s
-
b
I
b3
o)
P
’L
Fo
o
b
&
;-,-“-‘.'
el
pood
s
5
p
’:.5
i

LXPOSIng a sa,mpie coniapri.smg a substrate and a laver of fve disposed on the subsirate
toa charged particle beam, wherein the charged particle beam is configured 1o convert a

I . v

purtion of the 1o layver from a erystalline form to mn amorphous form,

3 A method, comprising
exXposing a sample cam;n‘i sing a substrate and 8 laver of e d
o charged particie beam, wherein the charged particle beam is configared © convert g

rortion of the ioe layer from an anorphons form 10 a erystalling form,

e

Ny
3

whstrate and a layer of tee disposed on the substrate

to & charged particle beam, whoreln the charged particle bean i3 configured 1o change at least

some orysial gradne of the o laver from a first orientation {o a second vrientation different

from the first orientation,

3. A method, comprising:
disposing & layer of 1oe on g surface of a sampley
exposing the fayver of fce to a charged particle beam, wherein the charged particle

beam is configured ® remove material o at least some portions of the {ve layer o frm 8
patterned fee layer

b3

depositing coe or more additional lavers on the patterned {ee laver; angd

removing the oo kayer to produce 3 patier of the one or more addifional §

aya

disposed on the sample.

:?a-
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exposing g sample swrface 10 a charged particle beam in the presence of water vapor,
wherein the charged particle beam is configured to deposit a laver of fve on the sample

surtace in the region of the charged particle beam.

l

7 A method, comprising:
sxposing & sample surfaee to 8 charged particle boum in the presence of supercooied
hauad water, whereln the chﬁz‘g :d particle beam i3 configured to depost! a layer ofice on the

sampie sarf

&. A method, comprising:

exposing ® sample comprising a substrate and 8 laver of ize daposad on the substeate

o u charged particle beamy, wherein the charged particle beam is configured to remove &t

X

feast a portion of the ioe laver by sublimation to produce a patiemed ice layer,

2 A method, comprising:
exposing & sample comprising a subsirate and 8 laver of fve disposed on the subsirate

to w charged particte beam, wherein the charged particls beam s configured o romorve

leust 1 portion of the jew layver by sputtering to produce g patterned ice laver.

16 A method, comprising:

3

exposing a sample comprising s substrate and s patternod layer of ive disposed on the
subsirate tx a charged particle beam, wherein the charged particle besn iy configired o
remove material from the sample to produce 8 patterned sample that corresponds to the

patterned faver of e

1% ! r et v e d
it A methed, comprising

exposing a sample comprising & substrate and a layer of jve disposed on the substrate

b 3

i & charged particle beam, wherein the charged particle beam is configured to produce

features having o high aspect ratio in the fce layer.

A method, comprising
coohng & biologieal sample comprising water and exposing the sample to g charged

particle beam, wherein the charged particle bewn iz configured to prevent formation of'targe

Fd
P
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L comprising:

disposing s sample comprising 8 subatrate snd a layer of jve disposed on the substrate
 vapor and the doe layer to

i water vapor, and establishing an equilibriiam between the wate

S dissipaie oxeess olectrical charge from the sample.

4. A mothod, comprising:
eriergy bowm to a partion of 2 frozen Modogical sample o melt &

4 . v
R saendtyrer oy f‘ o
WCCig A LTS QOCrE)

Cthe sample in a region of the fiest ton beamy; and

>.,,,

porlion o
energy beam o the melted portion to be incident on the substrate.

,..,
]
]

15 A wmothod, comprising

ste comprising a substraie and & layer of ice disposed on the substrate

EXPOSing & sany
«d particle beam to aequire an image of the substrate, wherein a depth of
Getrate 1 controliod by 2 thickness of the

pensirgtion of the charged particle beam into the subs

o
[

ce tayer

repeating of the ice layer o acquire &

fi

ratily of mages of the substrate; and

unensional representation of the substrate based o

3 T PR
producing a three-dimens
] N &
28 images

16, A method, comprising:

disposing a layer of water adiscent to a thinned region of a Sﬁzﬁr’ipia:_; and
cooling the ayver of waler to produce a layer of tee, whe

e rost of the sample

25 portion of the thinned region of the sample 1o separgte frony §
. & ¥

7. A method, comprising
disposing a laver of water on a surface of a substeate;

disposing one o more lavers ef material on a surface of the watey laver; and
cooling the layver of water fo form an fee Tayer, wherein the cooling ¢

of the one or nirs favers from the substrate surfae

IS A method, comprising:

disposing a layer of e on a surface of a substrate;
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x

disposing one or more hayers of material on a surfsce of the fee laver, and
heating the layer of ive to form o water layver, whersin the heating causes separation of

the one or miore lavers rom the substrate wurface.

i% & wocthod, comprising:

g a faver of water ou & surfsce of a substrate comprising sutface defects;

P

diaposin
coeling the laver of waler 1o canse fce erystals to form al positions on the surface of

-

the substrate that correspond 10 ot least some of the defect positions; and

3

measuring positions of at least some of the fee erystals to deternine defect positions,
248 A method, comprising

disposing a faver of tee on 8 surface of o substrate comprising surfice vontaminanis to
smmobilize the contantdnanis on the sarfice;

exposing a portton of the {ee layer to a beany of energy (o remove a portion of the fee

exposing & rogien of the substrate lo ncident radiation directed through an onendag

that corvesponds to the repwrved portion of the fve fayer.

i A method, comprising:

disposing « layer of water on a surface of o substrate comprising swrface contaminanis

sehed o the sebstrate; and

5]
o
b

o]
<

coohing the substrate to Yo g layer ofice on the surface o

o~

formation of the laver of {oe separates the contaminants from the suefhce of the substvade,

230 A systony, comprising
a charged particle sowree that produces a charged particle beam, wheremn the charged

partivle bean iy cunfigured to be ncident on a sample comprising o substrate and & laver of

o

st eryataliine

3

foe dispesed

o

on the substrate and to convert ¥ portion of the ioe layer from a

sialline fonm,

form o a second orystalline form different from the first ¢

23, A system, comprisin

,\

& charged particle source that produces a charged particle beam, wherein the vharged

L

particle beam s configured 1o be incident on a sample comprising & subsivate and g lgver of
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e disposed on the substrate and (o convert a portion of the foe layer from a erystalline form

o an g 5‘\"}“‘;(&8\ foron

a charged particle source that produces a charged particle beam, wherein the charged

particle bewm tv configured to be incident on a sample comprising a substrate and a faver o

o,

ice disposed on the substrate, and to convert a portion of the foe layer from as amorphous

fovm to s orystaihine form
25, A system, comprising

@ charged particle source that prodoces a chargesd particle beam, wherein the charged
particle beam 18 conligured to be inodent on g sample comprising a substrate and a layer of

ice disposed on the subsirate and to change ai least sowme crystal gratns of the foe laver from ¢

first arientution to a sscond orientation different from the Srat orentation,

26 A system, compnising
A chargad parficie sowrve that produces a charged particle beant, wherein the charged

particle beam 1= conligured to be incident on o sample comprising a substrate and a layer of

iee disposed oo the subsirate, and wherein the chirged particle beam s configured to vemove

naterial from af least some pertions of the ive layer o form a patierned ice layer

27, A vysteny comprising

a charped particle stamee that produces a charged parlicle beamy, whereln the charged

particle beam s conligured to be ncident on & sample surface in the prose VHICT VEPOT,

and wherein the charged particke beant is configured to deposit a layer ¢ s samiple

surface n the region of the charged particle beany,

28 A Rystemn, comprising:

acharged particke seurce that produces a charged partivle beam, wherein the charged
particle beam s configured to be incident on 4 sample surface in the prosence of supercoaied
Equid water, snd wherein the charged particle bean 1s contigured to deposit a layer of ics on

the sample surface in the regon of the charged particie beam,

&
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a charged partiele sowrce that produces s charged particle bearn, wherein the charged

particle beam is configured 10 be invident on a sample comprising g substrste and g laver of
tee disposerd on the subsirate, sud wherein the charged particle beam is configured to remove

at feast a portion of the joe layer by sublimation to praduce a patterned ice layer.

30 A system, comprising

a charged particle source that produces @ charged particle beam, wherein the charged
particle beam i vonfigured o be incident on @ sample comprising a substrate and & laver of
see disposed on the substrate, and wherein the charged particle begm is configured o remav

te

at least @ povbon of the 1ce layer by sputtering to produce a patterned ice layer,

31 A sysiom, comprising:

a charged particle source that produces a charged particte hoam, wherein the charged

ad to be mnordent on s sample comprising a substrate and

wedd on the substeate, and wherein the charged particle beam 1 configured to
remove material rom the sample o prodoce & patterned sample that corresponds to the

patterned laver of fce

320 A syslem, comprising
o vharged particte source that prodoces a charged particle beam, wherein the charged

patticle boam is configured to be incident vu & sample comprising 2 substrate and a laver of

3 5%

fee disposed on the substrate, and wherein the charged particle boam 8 vonfigured to produce

b

catures having a high aspeet ratio in the we laver,

35 Asystewm, comprising:
1 ST S T b % TR AT
& charged particle source that prodoces o charged particle beant, wherein the charged
parbicle beamn 15 configured o be incident on a blological semple comprising water, wherein
the sampie i3 covled 1o Ireeze the samaple and the charged particle beam is configured to

L

prevent formation of large fee ovystals In the sample during cooling,

4, A systom, c-'m.lgz'sri::fis‘lg:
& first energy beam that, during operation, 18 directed 0 a portion of & Foren

biologival sample to melt & portion of {he sample in a region of the first energy beam; and

Tt
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a sevond energy beans that, during operation, is directed to the melted portion to be

‘i

incident on the sample,

33 A sysions, comprising

s charged particle source that preduves a charged particle beam, wherein the charged
particie beam s configured to be motdent on a sample comprising ¢ substrate and a layer of
ice disposed on the subsirate 1o aequire one or more images of the substrate, wherein g depth
of penetration of the charged particle beany into the sebstrate 15 controlled by & thickuess of

N

a olectroniv processor configured to acquire a plorality of inages of the substrate

that correspond to different thicknesses of the ice layer, and to produce 8 three-dimensional

representation of the substrate hased on the plorality of images.
386, The mothod of any of claims 112 or 15, whoerein the charged particle buany comprises

an 1on beam,

370 The method of claim 14, wherein the fivst and second energy bemms comprise on
beams

3X, The method of claim 20, whorein the beam of energy comprises an won heam,

390 The nuethod of claim 28, wherein the incident radiation comprises an jun beany

45, The methud of any of the preceding claims, wherein the fon beam comprises heliwn
ons

410 Thesystemof any of any of claimy 22233 or 23, wherein the charged particle sowve

comprives 3 gas fuld ton svwrce and the charged particls beam comprises an o bean,

42, The system ol claum 34, wherein the first and second energy beamns comprise fon
bomms
430 The system of any of the preceding olatms, wherein the fon beam comprises helium

24
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2

44, The method of any of claims 1-12 or 13, wherein the charged particle heam oo

an elecivon beany

—h

43, The method of claim 14, wherein the first and second energy beams comprise election

46, The method of clatm 28, whereln the beam of energy comprises an electron be

47, The mothad of clabm 20, wherein the incident radiation comprises an eleciron beam.

or 35, wherein the charged pastivie sourge

Lk

48, The systom of any of any of olatims 22-3

comprizes an electron source and the charged particle beam coraprises an electron heam,

whersin the first and second enex &Y bes TS u{,\i}lf\t"i\ ¢ glectron

36
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Rule 13ter.1(a) or (b).

4, D A meaningful search could not be carried out without the tables related to the sequence listings; the applicant did not, within the
prescribed time limit, furnish such tables in electronic form complying with the technical requirements provided for in Annex C-bis
of the Administrative Instructions, and such tables were not available to the International Searching Authority in a form and
manner acceptable {0 it. .

5. Further comments:

Name and mailing address of the International Searching Authority - Authorized officer
European Patent Office, P.B. 5818 Patentlaan 2

NL-2280 HV Rijswijk Anne Witzig
‘0 Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, : . ‘
o Fax: (+31-70) 340-3016 ‘ ,

Form PCT/ISA/203 (April 2005)



Intérnational Application No. PCT/ US2008/ 065470

FURTHER INFORMATION CONTINUED FROM‘ PCT/ISA/ 203

1. in view of the large number and also the wording of (some of) the
independent claims presently on file, which render it difficult, it not
impossible, to determine the matter for which protection is sought, the
present application fails to comply with the clarity and conciseness

* requirements of Article 6 PCT to such an extent that a meaningful search
is impossible. The following particular points are mentioned:

The present application contains 49 claims, of which 35 are independent
(independent method claims 1-21; independent apparatus claims 22-35).
There is no clear distinction between the independent claims because of
overlapping scope. There are so many claims, and they are drafted in such
a way that the claims as a whole are not in compliance with the
provisions of clarity and conciseness (Article 6 PCT), -as it is
particularly burdensome for a skilled person to establish the
subject-matter for which protection is sought.

Furthermore, the wording "the charged particle beam is configured" in
independent claims 1-12 and 22-33 renders these claims compietely
unclear, because it does not give any detail on the charged particle beam
that should be used in order to perfomr the invention(s) and because it
does not allow to distinguish independent apparatus claims 22-33 from
each other, since the features following this wording in these claims are
method steps that do not define the structure of the claimed apparatuses.

2. The non-compliance with the substantive provisions is to such an
extent that a meaningful search of the whole claimed subject-matter could
not be carried out (Article 17(2) PCT and PCT Guidelines 9.30).

3. There being no reasonable basis in the application that clearly
indicates the subject-matter which might be expected to form the claims
later in the procedure, no search at all was deemed possible. The
description does not only contain a single embodiment but so many
embodiments that in view of the drafting of the claims an expected fall
back position could not be determined.

The applicant's attention is drawn to the fact that claims relating to
inventions in respect of which no international search report has been
established need not be the subject of an international preliminary
examination (Rule 66.1(e) PCT). The applicant is advised that the EPO
policy when acting as an International Preliminary Examining Authority is
normally not to carry out a preliminary examination on matter which has
not been searched. This is the case irrespective of whether or not the
claims are amended following receipt of the search report or during any
Chapter 11 procedure. If the application proceeds into the regional phase
before the EPO, the applicant is reminded that a search may be carried
out during examination before the EPO (see EPO Guideline C-VI, 8.2),
should the problems which led to the Article 17(2)PCT declaration be
overcome. ‘
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