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STRUCTURAL CHARACTERIZATION AND GAS REACTIONS
OF SMALL METAL PARTICLES

BY HIGH-RESOLUTION IN-SITU TEM AND TED

The modification of the in-situ TEM facility for improved vacuum and
sample handling capabilities has been completed. A base pressure of
Sx1071° mbay- can now be obtained in the sample chamber systems and
the sample can be eschanged through an airlock arvargement within 15
mirutes, while the pressure exceeds at vo time 3x10°7 mbar. & major
paper describing this work ie now in print at J. Vacuum Science &

Technology. A copy of this submittal is attached as Appendix A,

An extensive paper on the influence of the electron beam during high-

resoluticon transmission electron micrescopy of emall supported metsl
particles is rew in print in Wtremicroscopy. The contents of that
paper is essentially congruent with ouwr Semi-Avmual Technical Report
o this grant (NCC2-8283) for the pericd 1/1/85 ~ &/30/78%5, submitted

vy 7/1%5/85.
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HPPENDIX R

AN ULTRA=HIGH VACUUM MULTIPURPOSE SPEPIMEN CHAMBER WITH
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_ K., Heinemsnn
Eloret Institute, 1178 Maraschino Drive, Burryvale, Cé 94287

and H, Fopea

Stanford/NASA Joirmt Institute for Surtace anc Microstructure
Research, NASA-Amez Recsearch Cernter, Moffett Field, C& 9402&

ABSTRACT
A commerci&l electron microscope with flet-plate upper pole piece |
corfiaurastion ot the cbyective lens and top entry specimen introduction;
whe modified to obtaif 5¥1e™ mbar pressure &t the site of the specimen
while mzintzining the corvernierce of a specimer eirlock system that
allows operztion in the 16~'" mbar fanqe within {5 minutes after
specimer change. Thé speciméh chember contains three wire evaporation
sources, @& specimen heater, and facilitiec for oxyaern or hydroger

Flazma treztment to clean &s-introduced specimers, Evécustion is

achieved by dual difterential pumbing, with fine ertrarce and exit

. R TSN TR . 1. oo ANGOROTIE 5. .. A

grertures tor the electror beam, The microscore operating &t 16-6 mba:,g
H

the first differential pumping staqe feszstures & high-speed cryopump

operating at & stainless steel chamber that can be mildly bsked and

R T

reaches X186~  mbar, The second stsae, cortzining the evaporation i
sources and & custom ionization gzuge withih 1@ cm from the specimen, :
is & riaorously uncompromised all-metal uhv-svstem that is bakable %o
above 295 C throughout and ie pumped with ar Bo-1iter iorn pump,
Oesian crpersting pressures and image quslity (resolution of metsl

particles smaller tharn {4 nm in size) were achieved,
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1, INTEODUCTION

Ever since Moorhead and Poeppa {§) reported in 1369 the successful
construction of & uhv specimen chamber fitted 40 =z trarzmizsion
electron microscope, in-situ TEM erperimentatior urder controllsd
vacuum conditions has been & desirzble zrnd powerful technigue emploved
in mamy aress of thin film and surfzce phvsice rezezrch, Moorhead and
Forpz szsentially cseparsted a commercial TEM betwsen the condenser znd

erted a custom deziored, metzl-zsaled stainless

[

r:

lll

objertive lenses and
-+

eel chamber that contzined rew specimen x-v movemsnt facilities and

U

!1'

verious peripheral =auipment for in-situ experimentztion, such ==

evezporation sources and & residual gzs anaslvzer, The chamber waz pumped

separately from the microscope with two Urbion pumps; znd the electiron
beam entered znd exited viz smsll zperfures., For best vecuum

conditions, & liguid helium cryopump could be zctivaied to increzse the
pumping speed,

During the following 15 y=ars, their approach has besn stesdily
refined in this laborstory znd employed in 2 wide variety of research
activities, imcluding im-situ epitaxial nuclestion anmd arowth
mezzurements (2}, the in-situ prepsretion of clean electrom-trar
films such a5 a2luminas (2,4) and Ma0 (S) ard their uze zz subsztrates for
in-situ metal depositions (4,8), oxidation of copper znd Cu/Ni allovs
(7-3), in-situ cluster mobility studies (10-13), ir-situ low-pressurs
chemical vapor deposition studies of silicon on =zzpphire (14), and

t importance

in-zitu reactio of meizl/substrazte zyvstemz of r=

m

c
(13-12), The imstrumental improvements included fitting thiz tvpe of

in-zitu chamber to & higher-rezolution Siemens Elmizkop 181 microscops
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(71, replacing the Orbion pumps with & (mechanical) helium cryopump
(14) or & Vacion pump (20), ucsing a sputter-ion gun for in-situ
clezning of substrates (24), znd instituting & jet for in-situ ass
(7-9, 14, {7-13) and plasma treztment (23) =t higher pressures in the
vicinity of the specimen.,

A fundzmeritzlly different zpproach for obtaining uhv conditions at
the eite of the specimen for performing in-zitu TEM experimenis has
besrn implemented by zs ezrly zs in 1965 by Foppz (22) and was later
perfected by Honjo, Yaai, and coworkers (23, 24). lLezving the basic

imen tzbls

m
R}

m

configuration of condesnser lerns, ohjective lens, zrnd sp

ezzentizlly unchanaed, the immedizfe vicinity of the sepscimen was

m

syrrounded with cryogenic surfaces, This approsch fournd a2 number of

excellent high resolution im-situ TEM z2pplications by the latter oroup

1
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g referenced in
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e). Many of these zpplicztions 2
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review paper on in-situ TEM work by Honjo znd Yzal (24), who more

recently extended this *cryo-cags" approach to include reflection

(]
f—
D

ctron m1a oscopy (E7-29)., The cryvo-czoe method of uhv, in-situ TEM

hes the distinct adwantzge over the "uhv-chamber" approach (1) that it
is ezsisr %o mzintzin the high-resclution czpability of the originzl

microscose, vhile the latter involves the construction of 2 new
specimen table, operated with metal bellows only, & requirsment which
iz prone o resolution- compromising complications, Another difficulty
in the latter zpproach has been an inherent increzse in the objsctive
foczl length, due to the neceszsity to insert a differentizal pumping
zrerture in the tight spzce between the scecimen znd the objective
zpesrture, This disadvantage of an increzsed focszl length, which is

concomitant with increzsed epherical and chromstic aberrations, could

L
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orly recently be eliminzated (19). An inherent disadvarntage of the

cry -cage approach is that it does not lend itself to = direct

mezsurement of the vacuum st or nezr the specimen with & standard

ionization gauge, Poppa (22) actuzlly described & custom minizture

sary maanetic field was supplied by
s uzed down to the mid 10°% mbar

ll\

discharge gaume for whick the riece
t

tive lens and which w

ll'

c
it is questicreble if this desion can be zdapted to accurate
mezsurements in the i@'*ombar range and in cesez where the immedizate

vicinity of the objective lens gap is not acceszible for = cold cathode

lectrode, Mormslly, the actual pressure =zt the site of the zpecimern in

1
1}

m

the cryo-csae zpprosch is only estimated using sssumptions zbout
sticking coefficients at the c.roaenic szurfsces and impirgsment

directions undsr whith residuzsl gzs molecules stemming from the reaulszr

i}

TEWM vacuum are intesrcepted by cold surfzces, Dus to the warious

]

penings reguired in the cryogesnic wveszsl, such zs for inmsertion of the
specimen and the objective zperture, az well &s dus to the proximiiy of

the upper differsntial pumping azperture to the spscimen, 2 relatively

-
[ % 1
Iu]
o
I
’-1
n]
o
it
T
—
Pl
~
e
T
»
i 2]
U
+
)y
™~
D
]
n
It
i
[}
et
m
=
[}
pa—
L
n
e
p—
m
[
[n )
1]
far
=
0
l+
(u}
h
m
11}
n
-
*
-
[]¢]

zspecimen, Furthermore, the cortrolled pumping of hvdroosn is gererzally

pxceeds 18°K,
The trend set to some extent by these two resezrch aroups (1-22,

znd 23-29) hss resulted in eneral attsmpt by mesrufacturers of

m
10

.
o

hish-performznce transmission elsctron microscopes to imorove the

vacuum at the site of the specimen, This hzs bkeen dorne by emploving a
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second pump ~- an oil diffusion pump, using & low vapor pressure fluld

or an ion pump -~ connected directly to the specimen chamber, by using
a copper "liner" to reduce the uncontrolled outaassing of various
vacuum components in the imsgirng portion of the microscope, and/or by
instituting 2 "mild" bakeout of the microscope column, in addiftion to
other aobvious msasures such =z the vse of Viton zezls throushout 'the
column, The state of the art seems &t pressnt +a be the mid 19' mbsr 1

prassure range in the specimen chamber, with some rmotewnrthy excursions

» o -8 »
irtn the (@ mbar ranqge., However, =zny further reduction of pressure

1

U'

m

into the true ultrz~hiagh vacuum prezsure rarnoe will not be possei

r
with amy or a1l of these refirnementz of "sizrosrd" microscope desian

implementation of true uhv dezian
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techniques, Instesd, it wi
practices that zllow bakeout =zt temperztures well zhove 158°C, make use
af uhy compstible materizls throughout, and avoid in particular
rnorn-metal sesls to ambient pressure,

4s will become apparent in the followirng, the chamber pressures in

limited to the mid 187 mbar ranse

m

the Moorhesd/Poppas spproach i
primzrily by the gas evolution from the chamber wslls, rzther than by
throuahput from the beam ertraznce and exit zpsriures, Reducing the
ultimzte pressure by one order of meaonituds would require & reduction
of the mean specific outoszssing rate of the chzmber components to a
levzl that can only be obtzired by bzkeout zt temperztures shove 152°C
throughout the chazmber., Thiz would have to include specifically the

center section of the chamber with the beam ertrance and exit

zpertures, and the VViton seals connmecting the chamber with the
microscope, Since the microscope lenzes with zperture drives and

deflection syvstem cannot rnearly withstand thiz temperature, s
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conceptually different approsch had to be perzued to reduce the
pressure at the site of the specimen to the mid 106~ % mbar range,
Leavirg the mzin in-situ chamber at its "nzturzal’ pressure limii in the
high i@‘q mbar range, we dssianed z second, differentially pumped
"mini'~chamber situzted inside the main chamber with the following
besic vacuum characteristicsy

(i) very smsll interior surface aresz;

{ii) truly uhv-compatible componernts that can be baked to temperatures

!

(iii) specimen exchznoe without the neceszsity of renewed baking, i.e,,

ne pressure remains in the low 19'9 mbzr :znge while charnaing the

t

The minichamber wazs, furthermore, desiared to accept svamarztion

-

sources for in-situ metal depositions while the pressure zt the site of
10

the =pecimen remzinz in the 16 mbzr ranaes,

We describe in this report the pumping and desian principles,

1al fesztures, zrmd the rmance obtained with this rew uhv

o

ctuzl parf

]
(Y

m

pe

pecimen chamber for in~situ TEM experimentztion, We zls0 extend the

i

discussion of dessian principles to more gernersl conclusions pertzining

to differentislly pumped ubv microscope svstems,




11, DESIGN FEATURES

A schematic drawina of the in-szitu TEM faciltity with UHY
mini-especimen chember iz shown in Fig,!, A Siemens Elmiskop 104 was
ceparzted between objective lens znd specimen chazmber, and & custom

stzinlezs zt=2el chamber {(the mzin chamber), differerntizally pumped with

n

sz closed-loop helium, cryopump, wes inserted zz described in earlier
publications (14-19), The chamber vacuum extsnds through & 6 mm DIA
tube in the regular TEM deflection system arnd ends inm 2 1.5 mm DIA, -y
zdjustzble beam entrance zperturs situzted shortly below the final
microscope condenser (C2) zperture, The beam exit zperture of the main
chamber is located in the gzp between the objective lers pole piscez, A
mirnichamber is inse2rted inteo the m2in chazmber and iz pumped with an 8@
/s ion pumr through piping zectionz of varving lenath znd diamster,
the detsiis of which will be described in the following section, The
minichamber is mounted in the specimen tzblie which alides on the uppsr
objective pole piece, The specimen is imserted into & fixed position 2%
the lower =nd of the minichamber, Glidimg %=y specimen movement, which

iz zccomplished by movement of the entire minichamber, is accomodzted

n

throuah 2 bellows system conmecting the minichamber with i%s pumping
section, A schemsatic to-scale drawing of the center portion of the main
chzmber with minichamber is presented in Fig, 2, The minichamoer

furthermore contains three wire-type evapo

l-l

ration sources {(one is
schematicsally shown in Fig,2) znd z sample keater (3 heztsd W-ring
surrounding the samele holder),

The szmple is introduced with 2 zzmple introduction system (shown

in Fig.2 in inserted position) and consists of (i) the =zamnole

R
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irntrodguction rod which can be horizontslly moved in the tube, (ii) the
cylinder which is hinged to the rod, (iii) the cone which is hinged to
the cylinder, and [iv) the sezmple holder which is connected to the cone
with twe wires, Wher the specimen iz inserted, these two wires are

dizenazoed from the actual specimen holder, To further minimize

l

trersfer of vibrations from the introduction =ystem to the sample, the
core, when sezted in the coniczl seat in thes minichamber, iz disengzaasd
from the cylimder, Cylinder and corne contzin = coaxizl bore for the

electron beam, The cone also contzins 2 1.5 mm CIA beam entrance

n

zperture, To initiste & withdrawel of the sample from the minichamber,

the semple introduction rod is pulled radially outward (to the 1=f%t in

M

Fig,2); this tilts the cyvlinder znd brings it in contact with the guide
which i= dimensioned such that the cylinder, while it iz moved ourverd,
liftz the core verticzlly upward, Upon upwzrd movement of the cone, the
two wiree =2ngage in the sample holder and start 1ifting 14, When the
szmple holder hzs cleared the coniczl ze3%t in the minichamber, the
lower Wirae of the eylinder, still on the optic axiz, hsz reachsd the
horizontzl level of the center of the tube, at
cone and the szmple holder ztart being tilted zrnd zre eventuslly drawn
irzide the tube, DOnce the sample holder has clezred the front end of

the tube, the entire tubs can be moved radizally through the mzin

)L

chezmber znd withdrawn throush an airlock zrrangement,

The zirlock can be pumpsd to high vacuum £19'6 mhbar ranqe) and is
zlsn desioned to allovw zample pretreziment such zz high-pressure oxyasn
plazmz clezning (20), At any point during zamele movement throush the
main chamber, the szmple holder can be pushed out of the tube and

sxposed for (ex-situ) szmple (pre)treatment, such zz thermal treztment

e S .
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fby lowerina it into an oven mounted in the main chember) or lon
bombzrdment,

The conical seat in the minichamber contzins z simple,
grevity~-pperated hinged metal plate seal that automsticzlly closes when
the zzmple holder iz withdrawn, The pumping line section (3) -» (2)
fese Fia, 1) between the bellows zrnd the main chembzr cornsction
containz & titanium sublimztion pump and iz surrournded with copper
tubing for water cooling, Bzkeout of the minichamber znd pumping lines
(4)y = (2) inside the mzin chamber is zccomplished by operzting the
filzments for the evaporation zources and the Ti sublimstiorn pump
ibelow the respective mefzl zublimztion temperaturez’ as well zs by
nt (4) = (3), Bakeouz

m

hesting & W-filzment locsted ie the pumping ssom

-

of the exterrnal portion of the ion rump svetem iz by hestine fapez znd

)

.—I
'0

med

Al-foil heat shielding, Mild kakeout of the mzin chamber iz pertfo

ith exterrnal hesting stripz and with & long internzl heatirge filement,

.-

0
[N

while the microscope lgns cooling is on to zvoid exzcesz hezting

vitzl microscope paris,

1
ur

The minichamber contzinz 2 jet for ir-zitu azz trezimznts,

C ot

indicsted in Fig.l, and 2 throttle walve fo zwvioid overloading ot the
ior eume while introoducing gszes,

411 electrical fesdthroughs on the minichamber zre commercisl uhv
"mini"flangs feedthrouahs, In zeverzl cases, components of the
ki

chievinag low =zs conductznce without

mein chamber by parallel machined

o

0

led to

1}

mn

minichamber are se

U

surfzces bolted toaether,

azzkets,
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II1, PUMPING AND DESIGM PRINCIPLES

m
m
rn
a

The ultimzte pressure, Py in & vacuum chamber car be expr

with the well-knowr equation
Fu = Q/S&H (1)
wnere B is the g@zs evolution and 8,4 is the effective pumping spesd ati

the port of trhe chamber, The nominal pumpirng spesd of the pump, S, iz

related to Se{f by
1 i
S a[= 4 ...,)
0 S
ft Se 4, (2)
where C, iz the conductsnce of the wacuum connection between pump znd

chembher, For & eimple cylindrical g=ometry of this connection, with

length L and dizmeter D, the conductance for zir camn be expressed (@9)

(L Ly
GO’-(dJ*aL) (2)

with CLz 12.1 DY/L (49

i
1

end a, =91 »* (5)

If D and L are exprez=sed in cm, the conductznce

zecond (1/’.:) '

m

liters per

lu
m
n
D ad
e ol
[
o

For more complicatsd pumping systems, such zs for the ion-pumped

i
1
y
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portion in Fig.d where n sections of various pipe lengths and dismeters

[see zlzo Tab,i) are in seguence, the net conductance is

(T) T
<, =(Z_2%)) (6)

n o

and the pressure in sectiorn m /whersby m=!{ denotes the section clozest

to the’pump) is

m
o(d @(z) Z. Q(/z)
’Pu(m)- W tom ot "ﬁ:'ﬂ_r'&T (7)
eff SAV SL#

s evolution contribution of the

n

In equ, (7)), Géﬂ represents the g
section n, Inm particular, {f the pressure is mezsured near the pume

im=1), sau,(7) supassts & r=sding of

(1 4=l .
Pu ) = “-Efﬂﬁ—. 8
s

i.e., the pressure resding equals the totdl qzs evolution dividesd by

the effsctive pumpin the pump, 1f the pressure of the =z

0
i
T
1y
m
(8
14
o
b
<
o m

swztem iz mezsursd in the zeament fzrihest sway from the pume im=n), we

ke =)

the czze im our ir-situ TEM

...
w

which can be substantially higher, ==
scility {zee Fig,! &nd Teb.i). If zn zperture connects two high-vacuum
chembers, the one with the higher pressure beina 2t 2 constant pressure

R, the firzl pressure Py in the other chamber ie increzzed to R“) due

g N A SR T Al S U GSYY [ G S e
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to the increzsed gas "evolution' (throushput) Qﬂoccming through this

I~

gparture;
. ) (@ @) :
2.0 are @ - p, + 8 (10)
“ Soff S

The throughput Q(” can be espressed in terms of the conductzrnce C@ of

the rture (calculated with equ.5) and the pressure difference

between thes ﬁwc cides of the ap=riture:

. (@ (a)
dev:= ¢ — & , (114)
B~ ﬁtq(a) 'P,
Combinztion of equs, (13) amd (11) then agives
1(a
(a} 2 GY (12)

ap = tu =

Set

{z) Mzin Chamber
Azzuming that the pumring speed of the crvopump is only limited by
conductznce, we obtain for our specific oceometric configuration

Z5 em, [=28,3 cm, pPluz an zperture of 15,2 cm DI&Y zn effective
Q

pumping spesd of 793 1\/z; and with an approzimate surface ares of the

=]

~

chember interior of 3 m® znd a mean outgassing rate of E.Sxi@'w mbar-1
s cuuz(see Tab., 1, col.3) of the mildly bzked chamber, 2 finzl pressure
of 9,4x16 -1 mbar can be expected, When conziderinma & 1.5 mm DIA upper
and 1.© mm DIA lower aperture conmecting the mzin chambsr with the
spectively, which zre

vio -l mbzr and

condenesr and objective lenses, r

m

icro

3
m
1y

[} =

Eh

-6 . .
p =ixi0 mbzr, a pressure increzze of 2.

m
(=R
-+

=

11

gsum

4 e L el e e g
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1.2x1@-M’Mbar can be expected in the mzin chamber due to these
-9

woertures, raising

-

ite total pressure to 9.8x1¢@ mbar, The ratio of
pressure in the TEM and the incrzase in the main chzmber due %o

rornductance through the beam erntrance and exit aperturez is, therefore,

. 3000,

1x1e7¢ /2, 8x10 |
It is of interest to note‘that the principal limitztion of
pressure in the main chamber is clezarly the qsz evolution from the
chamber walls and rot the beam entraznce znd/or exit differential
pumping copenings, Because complete, uncompromising bsking is not
fezzible in the main chzmber (becauze ths microscope objective and

ste can

lﬂ

cordernser lersesz, zz well =2 in particular the deflection

em,
ot

’-ﬁ

rnot be subjected o more than 88°C), and because = number o

perfectly URV-compztible components, such & Viton O-rings s=tc., ha” fo

be uzed in the dezian of the mzin chember, if iz obviouszs thzt further
of

f
. . R -10
reduction of pressure &t the site the specimen into the {0 mbar

1]

rzarae can only be achieved with & radically different approzach, Th
t consiztz of 2 zecond, differentizlly

pumped chamber located ineide the mzain chamber,

by Minickzmber

The minichamber is constructed in its entiretv such that bzkeout
in principle to 4806°C and in practice o 206°C throughout is poszible.
Thiz allaws us to aszume for our cslculations 2 mezn ou t
Axidqznterﬂl—éJCMQ'(Tab.i, czze (b)), This value is based on findinas

na of bzked wvacuum componerts

m
rn
n
W
w
I—'
(5]
-
1]
—~
in
u]
=
Q
-
m
n
tn
m

by various

f the minichamber is azpproximately 569

s)
cme, and the orpeninas for the entrance znd &xit of the =le on beam

e SRR b w3 0 2 o
p
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are 1,5 and 0,6 mm DIA, respectively,

For purposes of estimzting the conductance from the minichamber te
the ion pump, we are differentisting three zeamentz (see Fig.i)t the
segment (4) -> (3) with an effective lenath (counting an elbow with
1,33 times its diameter s additionzl lenath) of 25 cm, = dismeter of 4
cm, and & surfsce zrea of 19009 £n?; the seament (3) > (B) with &
lergth of 5% cm, a dizmster of 6.8 cm, and & surfsce zres of 1686 cm?)
and the seament (2) —» (1) with L=8¢ cm, D=16 cm, and 4826 cm? surfzce
area, These parameters, using _,Bxié- mbzr on the high-pressure side
of the beam entrance and exit apsrtures of the minichamber, give the

results f or effective pumping speedsz and pressures in the various

zeaments listed in Tab,!, lirmes 12b and 136, (In czses {(2) =nd (c) we
. . -2
zre listing the results corresponding to outezszing rates of 22X

mbar-1-2'critand Sx16™'" mbar-1-S'cm?, respectively). The total

m
l+ ‘1

contributiorn from the zp ures into the minichamber iz, of course,

.

. ~i0 .
rate and is now §1,7x10 mbar or, if
-l

indepandent of the outga:

11
uy
[ =]
3
11

mezsured near the ion pump, 3x10 mbar, which iz an zttenustion factor

af ixie /Sxia'" 20,990 betwesn the microzcope znd the ion pumped

=*3tem, However, wheresas the contribution of the zperiurez wzs =2 minor

it

factor in dstermining the bezze prezsure of the main chamber, it row

m

To improve the pumping speed in the minichzmber system, we ar

d

(14

emploving & titanium sublimation pump with an sffective pumping zpe
of zbout 86® 1/= zt point (2), Tzb.1, lires 14-~16 aive the effective
pumping speeds and pressures for this TiSP- zuamented czze, To compute

Se# irn point ({) for this situstion, we combire the 80 1/2 from the ion

U - ot L AL Ol 2 S b ey
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pump with 420 1/s stemming from the TiGF actimg through a pumping line
ot 1@ cm DIA and €2 cm length, We further zssume thzat the two pumps
will essentially generste = uniform vacuum in the entire region (3) >
(1) and thst this pressure sventually equzls the ratio of entire gmas
lozd (28,3 mbar-1/s for open zperturess) znd the combined totzl pumping
speed of 598 1/s,

I1f the pressure iz not messured directly a2t one of the points of
intersest for which the calculation is made, but if, for example, the
ion gauge iz locsted in = separzte chamber =5 is shown in Fila, i, it
will imdicsate & higher pressure determined by the effective pumpine

peed at the location of the ion gzuqe and the azs evolution in that

zubckzmbher, The corrected preszure czn be computed with equ, B,

fc) Direct Inpirgement of Gzssous Wolezulzr Beams Through Aperiurss
Irrespective of the sbove discussion on the vacuum characteristics

of the duzsl differentizlly pumped minichamber, it iz naceszsary to

'*'"hP'

zddresz the question of direct line-af-zight impinasment on the sample

m
In

of residusl azs molscul from the 1@‘6 mbzr vacuum of the microscope

1

theroual the besm entrance z=nd exit zpertures, Since the vertica

t

14

exterzion of ths arificesz is =mall, we czn ss=ume 2 cosine

ur
in

m

dicstribution for the direction undsr which thesse czz molecules lsave

the zpertures, The fractional pressure 4dp/p due to zn orifice with

then equzls the ratio of the orifice ares o the =zurfzce of the sphere

with dizmeter b, which simplifisez to

A r3
= =% (13)

PO LSRR, 0 an S TSN T N IR
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For the actual geometries used in our in-situ fzacility (Fig.3), the
resulting fractions zre 1,4%10”> and 0.217 for the beam entrarce and

exit zperturss, respectively, from microscope to mzin chamber,

-6

Corzidering ixi@ mbar =35 resi du_l microseop

m
i 0
~y
mn
m
w
o
"
m
P
o
(=1
m
in]
[}
<
14
1]
m

mirnute pressure increzse of ixie" torr 2t th op side of the

D

specimern, but it indicztes zn zlzrming pressure increzse of 4, 7>1ﬁ‘8
mbar 2% the bottom surfzce of the specimen, The respective fractions
for the zpertures betwesrn mzin chamber znd minichamber z2re 5,76x10 -t

and @.,99, but with the mzin chamber pressure of 9.8%1@'? mbar the
-12

zctuzl influsnce on the specimesn iz only 53,7210 mbar £t the top and
. =1 -
g8.8rio 0 mbzr at the bottom of the sample, respectively, The criticsal

sperture is, therefore, the lower mzin chamber zperture, =znd these

n

conziderztions indiczate that proftection zazinst residuzl gzz moleculs:
coming in direct lirmne-cf-siaht from the obisctive lens poartion of the

microscope toward the specimen can only be zccomplished when using

T

Imz that zr= entirely free of holes, arnd when the

m

) (]
in}

pecimen support fi
it

specimen holder zelf formz z low-conductence ==zl with the inside

wall of the minichamber izee Figs,3 znd 8), Then the szmple film if=elf
zretz 2z an sffective finsl vzouvm dizsphrzom 2nd shislds the fop of the
zzmple film from direct moleculzr beam sffects,
IV, RESULTS

The expected pressures listed in Tab.!, lines 12{c) and 16ic),

heve ezsentizlly been obtzined, After & 4-hour mild bakeout of . the main

v

r ] N T Ao sy g ey
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chamber, ite residual pressure is typically siightly below ix10~% mbar,
kfter &n B-hour bakeout of tre minichamber &ystem, the base pressure
measured &t the locatiorn indicsted in Fig.i and using the
factory-indicated emission current for the for gauge (4 mA) is 1x10'9

mbar, ¥rern activating the Ti sublimztiorn pump, the reading falls to i

7xié'” mbar, Orne TiSP flash suffices for sevefal hours, Since the ion
gauge is located ir & ehsll subchamber with 6@@ cm2 &urface ares
(4,8x10”7 mbar 1/6 ga¢ evolution) and separatéd from the maih pumping
port by & 3.5 cm DIA line of 30 th length (13 /s effective pumping ;
sceed), it actudlly resds & pressure 4,8x1@ /13 e 3,6x10 ¢ hmbar hi:her
thar the rezidual pressure in the pump port, and the ébove pressure ;
feadings must be appropriately corrected to 6.4x10” ' mbar &nd 3.5x10” " ‘
mbar without and with TiSP, respectivély,

Mezsurements of the dvramic Pressure rztic between the microscope
column &rd thé minichamber were accomplished by closirng the main valve }
above the oil diffusion pump of the microEchkpe and chserving the ratio
of pressure incresse in the TEM column and in the ion pump svestem,
Without the TiSP activated, &h atterustion factor of 35,000 was

measured, Corresponding measurements ior the maiih thamber yielded &

factor Sbov. These results zre slightly bétter tharn the predicted i
values (39,0006 and 3008, respectively). %
To verify the calculated pumping speeds prevailing in the

minichamber svstem with and without &ctivation of the TiSP, we measured

thé dynamic pressure rétio b2tween the mzsin chamber and the ion pump
evetem over eseveral pressure decades while the specimen wees withdrawn
from the minichamber &ro the gravity cpersted hirngad valve wss held

open, leaving & charrel of 2 1/s conductiéncé between the two chambers,




Qa7

A pressure increase of ap = ©,022 p__ wks measured between the ifon pump.

-
and the main chamber wher the TiSF was not operated, p, being the mairn
tramber pressure, Wher the TiSP was operated, the relation changed to

ap,, = 0.00620 P, + The former result i& in perfect acreeient with the
predicted f{ncreédse due to this &dded Gas load, which in accordarce with‘
équk. (! and B) followe the équation

ap = P/ Sjg (1785 4 4/Cy) (18) |

wherin Sé;) &nd S&? are the effective pumping speeds at the locations

({) and (4) indicated in Fig@., {, &hd C, ie the conductance of 2 1/¢

betweer the two chambers. Using B = B9 1/s and S¢ = 13,8 1/s (see

Teb.{, line 7), one obta:irsz 4g = 0.022 Pp ! 85 Was measured, The
latter result, for sctivited TiSP using 58 = 500 1/5 and S5 = 17.9
1/6 (Tab.{, line 14), is 4R,= 2.,8035 p,., which 18 highef than the
meszsured value and theréforé &uggeets that the actuzl pumping speed
bbtained by activetion 6f the TiBP is ever higher than the 566 1/s
&ssumed in our estimates,

An éxcharge of the specimen is typicilly performed while the TISF
ie activated, During the entire procedure, which takes &bout 5
mirnutes, the pressure -- calibrated for the pume port (point (1),
Fi16,4) -- remaing below Bxi@~7 mbar and falls back to the high le'mmbarj
range typically withih 15 minutes &fter re-insertion of the sample
holder in the minichamber,

With Fig.4 we present arn example of a4 finé derosit of palladium Gné
ir-situ e-bezm recrystallized titanis, immediately followinag the ‘
dépésition (&) and 24 hours thereafter, while the specimer was 4t room §

temper&ture below ix10 | Fbar vacuum conditions.
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V., Discussion zd Conclusions

The results irdicate two furdamerntal desian criteriz for the
cuccessful reduction of the pressure at the site of the specimen in an
electron microscope by differentizl pumpingt

First, the dependence of the ultimzte pressure on the outgzssing

te znd the eff~ctive rpumping speed {eau, i’ eszentially demands full”
baking capability and construction with truly ubv compatible materizls,
Ever if, for example, our present "mzin® chzmpber wzs redesiagned to be

ub

i

tantizlly smaller, which would naturzlly alzo mean that the

m

lJ'l

effective pumpina =pesd would be zomewhzit smzller because of the

H

reduced pump port sizes, a reduction of ultimzte pressure to the 1@"0

mbar rerae would hardly be possible if the mean cutazssing rate per

unit ares yzs the s==me,

Second, the differentizl pumping zpertures must be desianed with

(]

pwitmost cazre, They increzse the prezss by two mechanisms, (z2) by

III

ur
conductance~limited, isotropic azs "bleesding” from ths higher

microscope pressure into the chamber, rzising its pressure sccosding to

gaqu, 12, and (b) by direct impinasment of molecular residusl gzas beams

h
i
o
i (]
in
o
11
n
Pt
=
m
o]
il

from the microscops {equ, 13), rezching th ite o

m
il
s

without ever striking & chamber wsll arnd, thus, having no chance of

being zffected by any vecuum improvement effort, The former mechanizm

’T

f
imposes strict limitztionz on the size of th pertures and the

a2<
2z

m
e

pressure d1*f=r=nre between microscope 2nd chamber that can be

|

tnlerated, For exazmele, if inm our desian the mzin chamber prezsure is
. ~~b . . ..
raized to ixie mbar, the pressure increzse in the minichamber due o

the zpertures would amount to 1,710 ° mbar ard, thus ertirely dominmzte

' ) T £ iy b B N~ i S



the vacuum in the minichamber, irrecspective of how well outgassed it
might be, Since the aperture dizmeters of 1,5 mm DIA and @,6 mm DIA for
beam entrance znd exit used in our desiagn are =lrezdy the practinzlly
fezsible lower 1imit, two-stage pumping evolves in practice as &
necessary desian criterium.

Direct residuzsl gas impingement imposes strict distance
requirements betwsen the ‘differentizl pumpirg areriures and the
specimer, The most severs limitation occurs a2t the lowesr chamber sezl,
where objective lens pole piecez and *the obiective aperture (which to
include in the UHY portion would represent a2 wery substantial design

omplexificstion) limit the diztzrnce fo somewhzst less than twice ths
objsctive focal lemgth, Fig.5 showzs the arrzrcement used in our desian,
The upper surfsce of the objective pole plate is in the mzin chamber

vacouum, srd the lowsr =251 of the mein chamber is accomplished through

t

the aperiure slider arranged in the pole piece gap, Althouah this ss=z1

ig withirn { om of the objective aperture and 4 mm from the zpecimesn,
the direct-impingsment pressure influerce iz with 1.7 x10~% mbar etill
intolerably high, and relizhle in-zitu experimentztion under trues UHY
conditionz can only be performed if the specimen arids are completely
covered with = hole-free support film and if the zpscimer holder forms
a2 low-conductzrnce seal with the minichamber {ts=1f, such that the
moleculzr bezm effect om below the specimen can be eliminated, We

hzve for this rezson deziagned the specimen holder itzelf =0 that it i=

positively sezted in the minichzmber zrnd zezls it sffer tively from the
gin chamber isee Fia.5). Accordinaly, the entire minichamber iz

subjected to the specimen x%,y- movement -~ it iz aliding on the

objective pole plate, znd the pumping line iz cormnmscted to the

a4 o Waibo L a,
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mirichamber with & "soft" lorng metal bellows to allow free movement ane .

vibration isolation from the mzin chamber, The accessible field of viey

nt the specimern is limited by the ©.,6 mm dizmeter of the lower opening

of the minichamber szzl, The influence of direct impingement of
reziduzl gas molecule es from zbove to the criticzl top surfzce of the
cpecimen is, due to sufficiently long distznces between specimen and

15
a

upper apertures, in our chzmber deszign render insignificant (total
contribution 1,8x1e"" mbar).

The most effective way of eliminating the molecular beszm problems
zzsocizted with lower mzin chamber aperture is, of course, by using an
irperetrzble thir film wirdow =5 zpcrture diaphrzam, Although this
comeromizes the microscope resolution, it mey be 3 visble solution farg

ir~-situ experiments fzes "membrznzs" in Fig.S),

som

1]

The guantitetive demonstration of the existerce of severe mreczurel
arzdients in any vecuum system (equz,6-18) highlishts the well-krown
but too often overlooked or underestimsted fazct that the locztion of

the ionization 2

m

uge must be carefully selscted, Appropriats correctiorgs

factore must be applied when deducing the actual pressure st = point off

m
¢]]
U

irterest from distant pressure readines, In our minichamber

zrrerasment, & pressure resding e

zr the pume (position §, Fig, i) must
be multiplied by & factor 2.1 to give the pressure in the minichamber

itzs1f, This ratio is valid when the TiS5P iz rnot activated zng

increzses zliahtly when the ion pump system iz bestter putgassed (to
¥ s . kot -, - »
for & specific outaozssing rate of 2xi6 "‘mbar~1—s :mz). The ratio

increzses to zhkout 4 when the TIEF iz zctivated,
The concept of introducing the zzmple with an z2irlock zyvstem

first into the main chamber znd then into the minichamber iz




2l

advantsgsous becavse it zllowe the minichamber to continuously remsi
under UHV conditions, Startirng from & routinely obtzined base pressure

of 1x19'q mbar irn the minichamber, the pressure never increzses sbove

RSN

Bxi@'q mbar durirne specimeri chanae, This is in spite ot the pressure |

the mzin chamber rising to 1x19'6 mbar when the zirlock is opened, Tht.
high pressure differentizl of almost 3 orders of magnitude betwsen ma:
chzmber and minichamber during specimen introduction can be malnteiner
becauze during this time the beam entrance sperture into the
mirnichamber is sutomaticaliy closzed iby the aravity-operzted hinged
velve) and thus the main source for throvghput is eliminated,

The results zls0 indiczte that it is auite permissible to ﬂéf
srmetimes seal differentizlly pumped wacuum systems zoainst each othe,
with pzrzllel metal-on-metal surfzcesz, without Lzing sezaling gaskets,

The corductance through *timy gzps iz sufficiently small that the

n

molecular flow throuch zome 110 combined lenath of such zsz2ls

resulted in zn essenti&lly unmezsurzble and rnedligible prezsure
increzse in the minichamber system, :é

Dur results indiczte that it iz pozsible, =lthough with

corziderzble instrumentzl =ffort, to perform high-resolutior

v""

transmission electron microzcopy, including in-situ preparation and

13
-

treztment of the szmples, under true and wverifizble uhlvy comditi
bhazis is & duel chamber, differentizl pumping desian which should be

principlie zdzptable to commercizl trznsmission slectron microscopss,

4 m L M A
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FIGURE CAPTIONS

Fig,l, Bchematic crosz-sectional drawing of TEM with differentizlly
pumped very high-vacuum mzin chambsr and uhy minichamber; szmple
introduction svstem not shown,

-

Fia, 2. 8chematic to-szczle drawing of minichamber irn mzin chamber with

[ ]
m

m

sample introduction svstem consisting of rod (Vitom-sezled im tube),

lﬂ

c¥linder, cone with sample holder, =znd guids structure

Fia.2, QGeometries of e~bezm entrance and exit spertures a2t mzin and

minichambers,

Fig,4, Pd on in-situ e-bezm recrvstallized titzrniaz support,
immedizately following deposition (left) and 24 hours lzter after
continuous storzae in residuzal wecocuum below 1x19'q mbhar (right).

Fig. 5., Schematic to-sczle drawing of lower portions of minichamber

n

with sample holder, lower mzin chamber z2zl with slider, znd obhjective

speriure slider.,
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ORIGINAL PACE 1S

OF POOR QUALITY ' ’
Mini (4) (B) (2) Mzin Equ, Dimen-
Cham=- ¥ v Cham= sion
ber (2 (2) (1) ber
{ diameter (D) lnsa 2 8.8 18 nfe - cm
2 effective length (L) n/z 25 Se 8o n/a - cm
3 L/ n/s 6.2 7.4 B, n/a - -
4 zpproy., surface =rez |{,85 ®.4 .Y ©,4 3.0 - m*
S top entrance aperturs| (.5 - - - (.5 - mm DIA
€ beam exit aperture 0.6 - - - 1.0 - mm DIA
7 eff, pumping speed at| (4) (3) (2) (1) .
(Sefe t) 18,9 PB.BE 50,8 86 798 5-6 1/s 3
8 pressure irncrezse ‘ =10 &
tue to sparturss 1,7 @.8 @.45 0.3 3.8 5,12 x12 mba §
specific (2) 2 2 2 2 250 - % 16712
9 putgassing {b) 4 4 4 4 ESe - mbar' . &
rate, cacze! {c) 8 e e e 259 - 12 ¢cm L
nzs evolution((a) g 2 2 8 7500 - v 1979
14 from walls ib) 2 4 4 16 75089 - mbar
for czse! (c) 4 e e 32 7500 - 1/¢
14 gas evolution ] upper| 2.9 - - ~ 2o6- - % 1871 ¥
thru apertures) lower| 6,3 - - - ige@ - mbar 1/s §
bzse pressure (f(&) 2.8 2.4 2.8 1,6 i
12 fap, closzed) Y] 5.6 4,9 4,G 3.8 94 1,7 v 10
for case! () 11.2 5.2 B.9 B, mbar
base pressure ((a) 4,5 3.2 2.3 1.8 -ib
i3 lap., open) (b) 7.3 5.7 4,5 2,8 983 {,7,16 x {9
for czase! () 12,9 1{6.86 8.4 £.5 mbar
14 8 st point (4) (21 {(2) (1)
g eff 17,3 6@ Gop 500 -6 1/s
28 base press. ((a) @,9 @.5 2,3 i
{5 ¥ (zp.closed) {(b) | 1.8 .4 %,5 1,7 x 1"
= for case! (c) 2.7 2.1 1.9 mbar
& bzse press.((a) 2.2 .9 .3 —io
16 = {ap, open) (b ] 1.4 6,k 1,7 x 10
2 for case: {e) 5.9 2.3 1.4 mbar

TaAB 1 Dimensions znd Results
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