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ZI. TECHNICAL SUMMARY

The addition of energetic radiation to a gas-soligd
surface systex may initiate or enhance chemical reactions
cccurring on the surface. Conversely, when a chemical
reaction proceeds on a surface, racdiation may be
spontaneously emitted.

The effect of argon ion bombardment on SiO2 exposed
to XeF, vwas studied. At room terperature 8102 adsorbs a
monolayer of fluorine when sxposed to X‘Fz‘ It was found
that the adsorbed fluorine layer is rasponsible for a 3.5
fold enhancement in the ion sputtering rate in the presence
of Xer.

The effect of electron bombardment on a silver
surface in the presence of Xer and Fz was studied. It was
discovered that a multilayer adsorption of fluorine occurs

during exposure of a silver surface to F2 or Xer. As

silver flucride was formed on the surface, XeF., adsorbed

2
more rapidly. Under the influence of electron bombardment,
the rates of adsorption increased due to the formation of a
mobile, reactive fluorine species. This phenomenon was
found to occur when thin films of Sioz, A1203, ThF4, or
Hg?2\ were deposited on the silver.

The effect of electron bombardment on Thl'-‘4 exposed

to XeF, was studied. During electron bombardment, a ThF4

film was found to lose the equivalent of all of the




fiverine in 27 monolayers. When the fluorine depleted
surface was exposed to XeF,, it rapidly gained bzck 1
mconolayer of fluorine. When Th?4 was electron bombarded in
the presence of XeFZ, much less fluorine was lost. Under
certain conditions, ThF, was found to rapidly adsorb
multilayers of fluorine.

The emizsion of electrons frcm the adsorption of F,
on tungsten was studied. An emission probability of 10710
was determined. A simple kinetic model was developed which
agrees well with the data. The emission rapidly increases
with temperature due teo the electron population in the
tungsten shifting to higher energies, above the Fermi
level. Enmission was not observed during the adsorption of

Xer on tungsten.




IX. INTRODUCTION

Understanding how radiation affects chenmical
reactions occurring on surfaces is important because it
enables us to understand how well materials will survive in
an environment which contains csrrosive gases and energetic
radiation. One such environment exists inside an excimer
laser, where the opticai components are exposed tc flucrine
containing gases, &lectrons, ions, and reactive radicals in
ths presence o7 an intense photon fiux. A bsreakdown of the
optical coating thin £films expesed tc s snvivonment
often renders the entire laser useless.

Knowledge of how radiation affects surface chemical
reactions can be usefui ir manufacturing submicron
stractures icr VILSI (1-4) or integrated optics (optical
computs:’ xpplications. In typical manufacturing
=pplicaiions the matexial to be etched is masked with a
gifficult to etcl material (as in Fig. 2.1a). The etchant
zas is then dire:~:ed st the surface. In an isotropic etch
radiation is noi wisd znd the gas molecules are able to
etch the surface in any wuirection. This results in an
abundance of material removed under the mask (undercutting)
as in Fig. 2.1b. If a radiation induced rsaction is used
to etch the surface, etching only occurs on the surfaces

illuminated with the radiation. This results in a vertical
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Fig. 2.1 (a) Manufacture of IC's involves etching a

pattern in the substrate using a mask. (b)
Igotropic etching undercuts the mask. (c) Use of
radiation jnduced wiching only etches the surface

{liuminated by the radiation.




etch profile as illustrated in Fig. 2.lc. Vertical etching
allows smaller structures to be etched and larger device

densities to be placed on & chip.

CEEMICAL REACTIOHS ON S8URFACES

When a so0lid surface comes in contact with a
reactive gas, a chemical reaction may take piace on the
surface. A surface reaction can typically be divided into
3 processes: adsorption, product formation, anc precduct
desorpticn (1-21). The reaction is initiated when
molecules from the gas phase chemisorb on the surface.
During this adscrption process radiation may be emitted by
the surface (22-35). The product formation process may
involve the physical rearrangement of atoms on the surface
as well as a rearrancement of their electronic structure.
The vclatile product molecule may then desorb from the
surface leaving behind a site for adsorption. If the
product molecule fails to desorb, the reaction may not
proceed past 1 monolayer.

When radiation (usually in the form of ions,
electrons, or photons) is incident on a surface, the rate
at which a chenical reaction will proceed can be greatly
affected. Radiation can increase the rate of reaction (1-
12,15,19,36-45). The presence of radiation may slow or

completely stop a surface chemical reaction (1) due to the




productiocn of nonvolatile preducts. Radiation may also
stimulate a reaction to occur in gas-surface systems where
no reaction cccurs spontanecusly

(»,4,8,9,15,16,18,19.41,4€-58) .

REACTIVE ION ETCEING

When &z solid surface is bombarded with sufficiently
energetic ions, an atomic collisjon cascade is initiated
which can result in the ejection of atoms from the surface
(59-64). This process is called ion sputtering. an
important variable in ion sputtering is the sputtering
yield, which is equal to the number of surface atoms
ejected for each incident ion. If the surface contains
more than one type of aZom, the sputtering yields for each
species may be different (60,86-68). This lezds to an
enrichment in the surface concentraticn of the species with
the lower sputtering yield (65,66).

When the sputtering yield is increased by the
addition of a gas, this increase is often called the
chemical sputtering yield (8,44,45,55). One can either
think of tha gas as enhancing the sputtering yield, or the
icn bombardment as enhancing the chemical reaction rate on
the surface. There are several mechanisms by which ion
bombardment can enhance cr initiate a chemical reaction

between a gas and a2 solid surface. Ion bombardment tends




to produce a rough and highly defective surface (50.67).
This tends to increase ths sticking probabilities for
various gases (65) and thus enhances the adsorption process
(7). Ion bombardment also tends to rearrange the positions
of atoms on the surface away from their roor temperature
egquilibriun positions. In addition, some of the energy of
the incoming ion is transferred to the electronic structure
of the surface as is evidenced by electron emission during
ion bombardment (6%,70). These two phenomena may enhance
the formation of a volatile product (7,19). Ion sputtering
also removes nonvoliatile prod-icts formed with a low binding
energy to the surface. This provides fresh surface for the
continuation of the reaction and can greatly increase the
reaction rate (8).

In Section IV, a study on tha chemical sputtering of
sio2 in the presence of XeF, and Ar ions is reported. An
adsorbed fluorine layer is found to be responsibla for a
3.5 fcld enhancement in the sputtering yield of Sio2 in
such an environment. It is concluded that ion bombardment
of si02 in XeF, enhances product formation or product

descorption.
ELECTRON S8TIMULATED EFFECTS

Electron bombardment of a solid surface can result

in a number of prccesses. If gas molecules are adsorbed ¢




the surface, 2lectrorn bombardaent can result in the
desorption of soze of these molecules (electron stimulated
desorption: ESD, 17,41,50,71-77). Energetic alectrons
incident on the surface of a compcund often result in the
dissociation of the compound near the surface and the
desorption of one or more atomic species in the fcrm of
ions or neutral particles (78-86). Two models exist to
explain these phencmena. One mcdel proposed by Menzel,
Gomer, and Redhead (MGR) invoives a Franck-Condon
excitation caused by slectron or photon impact
{41,71,72,74,76). 1If the excitaticn involves a ncnbonding
state, the affected particle will begin to move away from
the surface. If the excited state is long lived and not
quenched by the surface, the particle will desorb.

A second model proposed by Knotek and Feibelman
(71,72,74-76,81,82), involves a cecre hole ionization of one
component of an ionic system. This is foliowed by an auger
de~excitation from a negative anion which results in a
positively charged ion. This positive ion .s
electrostatically repelled by the neighboring pesitively
charged cations from the surface.

In addition to these effects, electron bombardment
has been repoited to stimulate & number of chenmical
reactions on a surface in the presence of a gas or
adsorbate (17-19%,38-40,50). The creation of electronic

defects and ESD of an adsorbecd layer may enhance the




adsorpticn process. The energy of an electron incident on
a surface is almost completely absorbed by the electronic
structure of the solid in the first few atomic layers (68).
This energyv is available tc overcome activation barriers
asscciated with chemical reaction and diffusion, which may
aid in product focrmation. In addition, product desorption
may be enhanced by ESD.

In Section VI a study on =2lectron induced &amage of
ThF, films in the presence of Xer is reported. The
effects of electron bembardment on a ThF4 surface was
analyzed, as well as the subsequent uptake of fluorine
after electron bombardment is halted and the surface is
exposed to Xe?z. The effect of simultanecus expcsure of
ThF, to XeF, and energetic electrons is reported and the
effect of XeF2 £lux, electron fiux, and electron energy on
this phenomenen is reportead.

During the initial studies of the effect of
sizultaneous siectron beabardment and XeF, expcsure on
ThFé, the silver substrate was found to participate in an
electron stimulated reaction. This is the subject of
Sectien V. 1In Sectisn V the adsorption of fluorine from
gaseous Fz and Xe?z cn silver was investigated a2long with
the elaction stimulated formation of siliver fluoride. This
phencxmencn was found %o occur zvern when thin £ilm barrier

exizted on the silver surfacs.
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CHEMISORPTIVE EMISSION AND CHEMILUMIMNESCENCE

Emiseion of radiatien during a surface cherical
reaction usually occurs during the adsorption phase (22-
35). However, the desorption of excited particles which
radiate in the gas phase has alsoc bezen reported (87). In
the mndel of Norskov and Kasemo (30,33,34) emission during
adsorption is due to tie de-excitation of an excited state
present on the surface during the adsorption process. This
excited state is formed nonadiabatically by the rapid
approach of the molecule toward the surface. The excited
state is in the form of an electron hole in the adsorbate
electronic structure below the Fermi level of the solid.
The level is filled by a radiative or non-raciative (Auger)
process from electrons in the soclid (30,33,34). Thisg
enission is detected as chemisorptive emission (CE) and
cheriluminescence (CL).

In Section VII CE froz the exposure of
polycrystalline tungsten to gaseous Fz ang XeP2 is
examined. Metal-halogen interactions are of considerable
interest to metalization processes and reactive etching of
Aetals in thin films and VILSI technologies. A simple
Zinetic model is applied to CE from the exposure of
tungsten to Fz’ The apparent lack of CE froa the exposure
of tungsten to XeF, is explained in terms of the large

nolecular mass of XeP2 which results in 2 vanishingly snall
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probabiiity for the nonadiabatic formation of the axcited
state. Finally the texmperature dependence of CE fronm tne
exposure of tungsten to F, is modeled utilizing the

temperature dependence of the energies for the conduction

electrons in the tungsten.




IXI. EBXPERIMENTAL
GAS HAXNDLING SYBTEM

The experiments ware done in an ultra high vacuurm
system which was equipped with a 240 liter/s triode ion
pump. A cryopump was used and the ion pump shut off when
g2s was being added tc the chamber. The gas composition
was monitored with a UTI 100C quadrupole mass spectroneter
(Q¥S). PFig. 3.1 illustrates z typical background spectrum
during cryopumping at a background pressure cf
1 X 10”8 torr. The experimental apparatus is depicted in
Fig. 3.2.

XeF., F, and N, F, were untilized in the gas manifold
deprending on the valve selected. XePz was obtained from
PCR Research Cheamicals Inc. and transferred under argon to
a stainless steel bottle. The XeFf. was then vacuum
distilled at -635 C to remove excess argon, Xenon, and other
volatile impurities. The cas fleow intc a small volume was
controlled by a leak valve. The volume pressure was
neasured with a capacitance rmanoreter which was interfaced
with an HP 85B microcomputer. A 1/16 inch stainless steel
tube was used to direct a flux of gas leaving the volume
toward the sample. The gas ccnductance of the tube was

calculated using Clausing's equation {88):

12
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Fig. 3.1 Residual gas background spectrun during
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Schematic diagram of experimental apparatus: (1)
QCM; (2) Faraday cup; (3) gas dosing tube; (4) in
line valve of vacuuz isclation; (5) ion
dacelerator; {(6) deflection plates; (7) wWien icn
filter: (8) Colutron ion gun; (9) capacitance
ranometer; (10) lsak valve; (11) isoclation

valves; (12) stainless steel XeF, bottle

2
surrounded by dewar for cooling during

distillation process.
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3.1 C = a'vA/4

Here, C represents the gas conductance through the tube, 2
represents the tube's cross secticnal area, and a' is
Clausing's factor which was taken to ke 4d4/31 for a long
narrow tube (88). The inner diameter of the tube is d and 1
is its length. The average velocity of the gas molecuies
(v) is given by Eq. 2.2 where k is Boltzeman®s censtant, T

is temperature, and m is the molecular mass.
3.2 v = (8kT/ wm) /2

The flux of gas (Q) was calculated using Eq. 3.3, assuming
the pressure in the chamber is much less than the pressure

at the manometer (Pl<<P2)'

3.3 Q = C(Pz-Pl) = CPz

The flux was generally maintained at 1 X 1016

nolecules/s
unless otherwise stated. This conditien was met by
adiusting the leak valve until the manometer read 0.74 torr
with XeF, or 0.35 torr with F.

The fraction of this flux ircident on the sample was
calculated assuming the gas leaving the tube follows a

cosz(e) distribution where @ is the angle measured frcm the

direction the tube is pointing. For a majority of




experiments, the sample subtended a solid angle of
1.3 steradians as viewed from the end of the tube. If F is
the total flux leaving the tube then the flux hitting the

sampie is given by Eg. 3.4

3.4 0.2 2
j ces® 627 A6
0 = 0,25 F

s /2 2
J[ cos” 8-27C Ao
@

Therefore the average flux of gas hitting the 0.713 c?

sample f£rom the tube is maintained at 3.5 X 1013
molecules/cnz/s.

Fig. 3.3 shows a typical nmass spectrum during XeF,
exposure. Thne large 19 AMU peak is partialiy due to a
flucrine memory effect which is always present. The large

Xe peaks are due to dissociative adsorption cf XeF, on the

2
surfaces in the chamber. Thera are two facts which tend to
support this. First, our vapor pressure neasurements of

XeF2 are very close to 4 torr as reportad in the literature

(89,99). Second, fast pumping on the XeF, with a forepump

2
decreases the XeF' peaks at the same rate as the xe® peaks.
Hovever, if the flux of Xe?z into the chamber is increased
the XeF" peaks increasa faster than the xet peaks, as one
would expect if a large portion of the Xe was due to
passivation of the chamber walls. Typical XerF, spectra in

the literature {which we did not attempt to duplicate

16
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Fig. 3.3 Mass spectrum of Xe?2 plus background taken with
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because of the damage it would have caused to electron
=multipliers in the chamber) are found in references 85 and
91. The pressure in the chamber as measured with an ion

gauge during XeF, exposure is 1 X 107>

torr. After the Xe
contribution is subtracted out and a correction is made for
the ionization cress section for XeF, (92)., ths additional

flux of XeF, from the background gas during exposure is

found to be 7.2 X 101

molecules/cnz/s. This is negligibie
compared to the flux from the tube.

A typical mass spectrum during F, exposure is shown
in Fig. 3.4. The ratioc of the intensities of the 38§ AMU
(F2+) to 19 AKU (F*) peaks is 1.3 i~ this particuiar
spectrumn. This ratio is higkly variabla and depends on the
history of the mass spectrometer ionizer. The ien gauge

7

pressure during F, exposure is 2 X 17/ torr. This

13

corresponds to a flux of 4.8 X 10 uolecules/cmz/s. This

is negligible compared tc the flux from the tube.
AUGER ELECTROR SPECTROBCOPY

The chamber was equipped with a Varian model 981~
2607 Auger Electron Spectrometer (AES) which utilizes a
Cylindrical Mirror Analizer (CMA). To minimize electron
stimulated damage to the surfaces under analysis, a low
intensity 2 keV, 0.5 pA incident electron beam was used for

AES. Most Auger spectra were obtained with a modulation
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Fig. 3.4 HMass spectrum of F, plus background taken with an
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intensity of 5 V on the CMA and a lock in amplifier set at
high sensitivity. The axial electron gun in the
spectrometer was used as an electron irradiation source.

Its spot size was typicaily 2.5 mm.

COLUTRON ION GUN

The Colutron ion gun is & differentially pumped,
velocity filtered, ion source. It was purped with a liquid
nitrogen trapped 6 inch difrusion pump. The gun consists
of a plasma discharge ion source, einsel focusing lens,
Wien velocity filter, and a deceleration system. The Wien
filter uses crossed electric and magnetic fields to filter
the ions. This tends to distort the beam profile. To
regain a near gaussian beam profile, electric potentials
are appliad to a sat of 14 metal shims through which the
bean passes.

The spot size and shape were first optimized with
the aid of a phosphor screen. This was replaced with a
Faraday cup to maximize beam current. The composition cf
the ion beam before filtering was determined by varying the
filter parameters. TFig. 3.5 shows the current collected in
the Faraday cup as the magnet current in the filter is
varied and all other parameters are held constant. rson
gas was being fed into the gun and the ions were being

accelerated with 1000 V. Over 95% of the ions from the

20
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argon discharge appear to be Ar'. However, there is also
evidence of Ar’" (20 AMU) as well as peaks at 24, 28, 36,

and 44 AMU.
QTARTZ CRYSTAL MICROBALANCYE

A quartz crystal microbalance was constructed for
the purpose of measuring small (mcnolayer) rass changes.
AT cut, 5 MHz. quartz crystals were obtained from Detec.
Inc. On each side of the crystal 10 pm of gold or silver
were deposited to serve as electrodes. The crystal was
piaced on an electrically grounded copper biock which was
cooled by flowing water through it at a rate in excess of
100 ml/min. An electrode made from stainless steel and
lava wag attached to the other side of the crystal. This
electrode had a 5/16 inch hole, which was placed over the
center of the crystal and electrically attachad to the
oscillator as diagrammed in Fig. 3.6. The oscillator is
driven at the resonance fregquency of the crystal. The
signal from the oscillator is fed into an HP 5345A
frequency counter which is interfaced with an KP 853
micrucomputer for analysis.

The resonance frequency of the thickness shear mode
of the quartz crystal is very sensitive to mass ioading on
one or both sides of the crystai {93)j. Warner and

Steockbridge {924) showed that a change in frequency AF,

22
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Fig. 3.6 Schematic diagram of oscillater used for Qon.
B=22.5 volt battery, C1=0.1 pF, C2=80 pF,
C3=160 pF, C4=0.01 pF, I=C.5 mH{, R1=20 K,
R2=E.1 K, R3=10 K; R4=5.1 K, R5=4.7 K, T1=2N1303,

T2=2N3642.
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due to a deposit cf mass m, added to the area A of the

antinodal surface of a quartz crystal resonator is given by

3.5 DE = -cfm/A :
2, 7 2
Cf = £7°/N f_ = 5.65 X 10" cm“/5/s
- §

where pq is the density of quartz, £ the rasonant
frequency cf the crystal, and the negative sign implies a
decrease in frequency for an increase in mass. The
constant N depends on the eiastic constants of the crystal
and for quartz is given by 1670 mm kHz/s ($3). The active
surface area of the crystals used here is 0.713 cmz.
Therefcre, a frequency increase of 1 Hz would correspond to
2 mass decrease of 1.26 X 10.8 gran. Very large mass
lcads, up to 60% of the mass of the quartz crystal itself,
can be measured (85). The mass determinations are very
accurate and agree to within 1% of ths values obtained with
other micrckalance technigues {9G}.

Temperature changes and gradients can affect the
resonance frequency of the crystals on the order of 3 Hgz/C
{97) . This change varies considerably froam crystal to
crystal (57). Fig. 3.7 shows the response of the resonance
frequency of a crystal to bombardment with a 1 kev, 1 pa
electron beam. After 300 s and a fregquency increase cf
4 Hz, the rescnance frequency stabilizes and the QCM

stability depends only on the stability of the electron




QCM RESPONSE TO ELECTRON
BOMBARDMEMT

[“\—""'\

1Y
T

FREQUENCY (Hz)
N
i

TiME (!“Sec)

Fig. 3.7 QCH response due to thermal affects caused by a

1 keV, 1 pA electron bean.




gun. After the electron gun is turned off, the resonance
fregquency returns to the value prior tc slectron
bombardment. The increass in frequency depends linearly on
electren current (at constant energy) and electron energy
(at constant current) and therefore depends lineariy on
their product, the incident power. This jindicates that the
frequency change is due to thermal effects.

The resconance frequency is also dependent upon the
pressure and viscosity ¢f the gas in contact with the
crystal (98). According to Stockbridge (98), the
hydrostatic pressure affects the rescnance frequency by
1.35 parts per billion for each torr of pressure. The
viscesity of the gas affects the pressure according to
Eg. 3.8.

7

3.6 (Bf/D), = 7.2 X107 ( £, FY?

Pq = PO/RT

where 9Zg is the viscosity of the gas and /°g its density.
Note the dependence cn (pressure)l/z. The combination of
these 2 effects in 1 torr of air amounts to a change in the
resonance frequency of -0.02 Hz. In 1 toxr of F2 and XeF2
this amounts to -0.03 Hz and -0.04 Hz respectively. These
changes are negligible compared to the changes in resonance
frequency which were measured.

The mass csensitivity of the quartz crvstals has a

2€
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spatial dependence on the surface of the crystal. The
crystal is mecre sensitive in the center than near the edge.
Fig. 3.8 shows the response cf a crystal to sweeping an
electron beam across the surface. Care was taken during
electron bombardment experiments to focus the beam in the
central 1 cm "active area" of the crystal. During ien
bombardment and sorption studies, the entire face of the
crystal was exposed and thus the rass change measurenernts

reported may be somewhat too small in these cases.

THIN ¥I1N COATIN3S

Thin f£ilm coatings were deposited on quartz crystals
at the Naval Weapons Center at China Lake and shipped teo

WSU under nitrogen. All films were 1000 A thick. 5102

films were sputtered onto the gquartz crystals using a

Perkin-Elmer 6 inch RF sputtering system. Frcm a base

pressure of 2 X 10-7 torr, oxygen was bled in to

4

1 X 10 * torr and argon was bled in until a pressure of

8 X .10"3 torr was reached. The sputtering system was
operated at 500 W for 10 minutes. ThFé, Hng, and A1203
films were thermally evaporated onto quartz crystais. The
ThF4 £ilms studied in Section VI were evaporated onto a
gold substrate at & rate of 3 A/s. The substrate
temperature was held at 150 C, and the background pressure

8

was 9 X 10 ° torr during evaporation.
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Fig. 3.8 QCM respcnse to sweeping an electron beam across

one face of the crystal.
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PARADRY CUP

A Faraday cup was constructed to measura the
intensity of charged particle beams. It could be moved in
front of the microbalance as indicated in Fig. 3.2. The
Faraday cup was constructed with a stainless steel
collector housed in, and insulated from, a stainless steel
enclosure. A 5/16 inch hole in one side of the enclosure,
which was covered with a high transparency grid, allowed
entry of the charged particles into the Faraday cup. The
collector was fixed at a potential such that secondary
charged particles would be deflected from the grid over the
hole back snto the collector. Fig. 3.9 shows the
dependencs of current collected from a2 1 keV electrcn bean
vs. the positive potential applied to the collector. The
Faraday cup was cperated at 20 V for eiectron detection.
For positive ion detection, the current with no bias con the
Faraday cup was measured. This is assumed to be I++N-P,
where I' is the ion current in the primary beam, N is the
negative secondary particle current (electrons and ions),
and P is the positive secondary ion currsnt. Wwhen the
Faraday cup was biased positiva to saturation, the negative
secondary particles were collected and It-p was measured.
When the Faraday cup was biased negatively to saturation,
the positive secondary ions were ccllected and 1T+ was

measured. From these three equations, the ion current




FARADAY CUP CURRENT COLLECTED vs. BIAS PCTENTIAL
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Current collected by thea Faraday cup collector
from a 1 KeV electron beam as the collector

voltage is changed.
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could be determined. The positive and secondary ion yields
on the stzinless steel collector could alsoc be measured
(P/I+ and H/I+ regspactively). These can be used to more
accurately determine the ion current at the location of the
nicrobalance by replacing the quartz crystal with &

stainless steel piate.

CHEMI-ENISSION DETECTION

Electron emission was detected with a Galileo 4039
Channel Electron Multiplier (CEM). The CEM shown in
Fig. 3.10 was cperated at 2.5 kV. The pulses were
amplified, discriminated, and counted. The cousi:t rate was
recorded simultaneously with the p_essures behind the gas
dosing tube by an H? 830 micrecamputer. Photoelectrons
gererated in the chambaer ny ghining an incandescent ::ight
through a pyrex window were used to check Ile J2ain argd
sensitivity of the CEM. During the experiments the window
was covered to eliminate unwanted counts.

The sample consisted of a2 14 cm length of 14 um
diameter polycrystalline tungsten wire wrapped into a
spiral filazment 0.15 cm in diameter. The ends of the
filanent were spot welded to high current stainless steel
leads. The tungsten samples were heated resistively angd
the temperature wss determined by measuring the

resistivity. t nigh temperature, the temperatures
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Fig. 3.16 Experimental apparatus used to simultaneously

neasure CE and incident gas flux.
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obtaired by resistivity measurements agree with those
cbtained with optical pyrometry tc within 15 C.

The sample was cieaned by numerous resistive
heatings to 2800 C followed by F2 exposure. Exposure to T,
conveniently removed an oxygen contaminant, presumably
tungsten oxide (98,95). AES ravealied a large oxygen
concentration on the surface following long exposure to
background gasas and kefore fluorine exposure. After
flucrine expos're¢ a single flashing to 2500 C was
sufficient tc obtain a clean surface. To minimize
contamination from background gases (inciuding Fz)'
experiments were performed immediately after flashing.




IV. THE CHEMICAL S®UTTERING OF SILICA BY lr+ IONS AND Xer
When an 8102 thin film was exposed to XeF,, QCH
registered a mags increase {frequency decrease) as shown in
Fig. 4.1. AES revealed the presence of fluorine after
exposure as shown in Fig. 4.2. No adsorbed xenon was
observed with AES. The microbalance frequency change
during the adsorption corruvsponded to 2.5 X 10"8 g
(approximately one monolayer of fluorine). During the
initial adsorption of fluorine onto the surface, one half
of the mcnolayer is adsorbed in the first 5 minutes. A
sticking coefficient of 0.14 was measured during the first
5 minutes. fter this time, the adsorption rate per
available site declines, indicating a decresass in the
sticking coefficient. After a monolayer of fluorine is
adsorbed, there is no further mass change, indicating that

a spontanesous reaction between the surface of cur Si9o

2
films and XeF2 leading to a volatile product such as siF4
does not occur, as shown previously by Coburn and Winters
(19) .

The physical sputtering rate of the Sio2 with a
0.83 vA, 500 eV Ar ion beam was measured tc be 1.0 Hz/min
which corresponds tc 24 AMU/Ar ion. This etch rate can be
seen at the beginning of Fig. 4.3, This physical

. . . -7
sputtering yield was measured in a vacuum of 2 X 10 torr.
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FLUORINE ADSORFPTION
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Fig. 4.1 QCM response during the initial adsorptior of

fiuorine on an 8102 thin film during XeF,

exposure.
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Fig. 4.2 RAES of silica film (a) before and (b) after

exposure to Xer.
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Fig. 4.3 QCM response taken during 500 eV Ar ion
bombardment with constant ion gun parameters.

XeF, was admitted to the system at t=2 nin.




Most of thie (approximately 1.7 X 1077 torr) was argon fronm

the ion source. Some residual fluorine was present in the
background gases which may account for our slightly larger
physical sputtering yield when compared to cther published
values {8,36). However, cur value acrees well with the
value of Tu et. al. (8) who obtained 0.3 mclecules/ion
which we interpret as 20 AMU/ion. Our value also agrees
well with the value published by Zalm et. al., (36) of

0.6 atom/ion which we interpret as 12 AMU/ion.

When XeF, was allowed into the dosing tube while the
sample was being physically sputtered (shown in Fig. 4.3),
the 5102 surface initially went through an adsorption
phase. After 4 minutes, egquilibrium was reestablished with
the Sio2 etching at the much faster rate of 3.5 Hz/min
which corresponds to §6 AMU/Ar ion. During adsorption, a
surprising amcunt of mass was gained before mass loss
resuned. This mass corresponds Lo 0.8 monolayexr of
fluorine adsorhed. This suggests that a large fluorire
coverage is necessary for a large enhancement in the etch
rate.

We studied the SiOZ-F adsorbate systen by allcwing
fliucrine to adsorb ontc the SiO2 from XeF, znd then punmping
the Xer away. Arfter pumpout, the Sioz-F(ads) surface was
irradiated with the Ar ion beam. Fig. 4.4 is the response
of the QCM when this sample was suddenly subjected to Ar

ion bombardment. The etch rate can be obtained by
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differentiating the total mass gain in Fig. 4.4, and is
shown in Fig. 4.5. The vesults clearly indicated the
enhanced etching behavior during the initial bombardrent.
For early times, the etch rate was identical to that
observad with both ion bombardment and XeF2 exposure. Aas
the adsorbate and the reaction products were sputtered off,
the etch rate declined to the physical sputtering rate.

The enhanced etch rate obtainsd with the pre-
adsorbed fluorine layer in vacuum clearly demonstrates that
it is the adsorbate that is responsible for the enhanced
etching behavior. If we assume that the products of
chemical sputtering of sio2 are primarily siF4 and 0,
(1931), then we can calcuiate the number of Sio2 moiecules
chemically sputtered by the monolayer of adsorbed fluorine.
Integrating the curve in Fig. 4.5 fcr the first 4 minutes
and subtracting the portion due to physical sputtering, we
obtain approximately G.8 monolayer of sioz. We can
conciunde that had the fluorine coverage not decreased
during this time, then cne mnonolayer cf fluorine would have
keen responsible for removing approximately one monolayer
of sioz.

As this work indicates, fluorinzs adsorption is a

necessary step for the chemical sputtering of SiO, with

2
Xer. Bowever, one must then ask what is the role of the
ion beam? The Ar ions can sputter away the loosely bound

reaction products (e. g., sifé) (18) leaving new Sio2
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ETCH RATE OF SiO,—-F(ADS)
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Fig. 4.5 Etch rate of the 5102 - F(ads) surface during Ar

ion bombardment at 1 X 10°° torr.




avaiiable to adsorb more fluorine. The ions may also
stimulate the chemical reaction by rearranging the surface
constituent atoms from their room temperature equilibrium
positions (6) or by supplying energy to overcome activation

barriers (8).
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V. ELECTRON ENHARCED BORPTIOR OPF FLUORINE BY SBILVER

S8URFACES

INTRODUCTION

Electron stimulated desorption (ESD) is a common
occurrence when an adsorbate covered surface is subjected
to electron bombardment {71, 74-76, 77, 82, 110, 111).
Other electron stimulated phencmena include dissociation of
the adsorktate and its chemical reaction with the substrate
{37, 18, 41, 79, 83, 84). However, minimal information
exists on electron stimulated abscrption of an adsorbate
into the bulk of a substrate and subsequent chemical
reactions. This may be due in part to the difficulty of
detecting an atom in the bulk compared to the relative ease
of detecting a desorbed particle in the gas phase or
determining the chemical nature of the atomic species on a
surface. We have found that a quartz crystal microbalance
{QCM) serves well to measure mass increases due to the
adsorption, a.sorption and subsequent reaction with
surraces exposed to flusrine containing gases. 1In
addition, we can readily observe the conseguences of
sinultanecus electron sombardment on the rate of mass gain
or loss.

The QCM is often used to measure mass changes of

thin films in fluorine containing environments (3, &, 19,
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55). Usually silver electrodes are evaporated onto the
quartz crystal and the thin film to be investigated is
deposited on top of one of these electrodes. Often
portions cf the silver electrodes are exposed to the
fluorine containing gases and may be a major source of
error in these measurezents. In addition, cur measurements
alsc suggest that fluorine mpay £ind its way thrcugh several
such thin f£ilm overliayers (Sioz, A1203, Hng, and ThFé) to
reach and react with the underlying silver surface,
ancouraging further uptake of gas. In contrast, when gold
is used as an electrode material, we have not observed more
than a monoliayer of fluorine adscrption.

This work bears directly on coatings technoleqgy
where protection of underlying surfaces is desired. 1In
addition, electron stinulated diffusion and eiectron
stimulated chemical reactions may be useful tools in the

preparation and doping of thin films.
EXPERIMENTAL

The experiments ware done in a stainless steel URV

chamber equipped with a 220 1/s ion pump and a cryopunmp.

8

The base pressure of the systexm was 1 X 10 ° torr without

baking. Gaseous XeF2 and F, were directed at the samples
by means of a 1/16 inch stainless steel dosing tube. A

capacitance rmanometer measured the pressure of the gas as
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it entcred the dosing tube and together with the calculated
gas conductance of the tube allowed us to calculate the
flux of moclecules exiting the doser. Tne pressure of the
gas benind the dosing tube was adjusted such that the flux
o2 meclaculee exiting the doser was maintained at 1 X 1016

molecules,/s for both F, and XeF.,. The flux density

2 2
2 active area of the quartz crystal
15

incident on the 0.71 c=
was calculated to ke 3.5 X 10 molecules/s.

Mass changes were detected with a thermally
stabilized QCM. Silver or gold cocated 5 MHz crystals were
obtained from Detec Inc. The resonance frequencies of the
crystals were measured with an HP 5345A electronic counter
and analyzed with an HP 85B microcomputer. For this QCM, a
frequency increase of 1 Kz corresponds to a mass decrease
of 12.6 X 10~ 2 grams (102).

The residual gas composition was measured with a
guadrupole mass spectrometer (ELI QUAD 180). Aucar
Electrcen Spectroscopy (AES) was done with a Varian Auger
Cylindrical #irror Aralyzer{CMA). The electron source used

for this study was the axial Auger electron gqun in the CMA.

This equipment is described further in reference.




46

RESULTS AND DISCUSBION
S8PONTANEOUS GROWTH OF7 SILVER FLOURIDEB

No attempt was made to clean the silver surfaces
prior to gas exposure. AES of the silver surface revealed
a trace of carxbon after pumpdewn. The carbon was
diminished after exposure to Fz or XeF2 and completely
disappeared after simultaneous exposure to Fz or Xer and
electrons.

When a silver surface was exposed to F,, a layer of
fluorine was adsorbed onto the surface. PFig. 5.1 shows
the F, adsorption-induced frequency shift of the monitoring
crystal after Fz was introduced tc the sample at the tixe
indicated. The resonance frequency of the crystal dropped
2.58 Hz during the first 600 seconds of adsorption. This
corresponds to a mass gain of 3.25 X 1078 grams or €.85
monolayer of fluorine (one monclayer corresponds tc 1.1 X
10ls silver atoms/cmz). From the first 200 seconds cf
adsorption an average sticking coefficient of 0.0.6 was
calculated {assuming the adsorption sites are being filled
from the gas phase faster than they are being vacated by
adsorbed atoms diffusing into the bulk). After 0.85
monolayer of fluorine was adsorbed the silver surface

continued to gain mass from the fluorine gas at a constant

rate of 3.0 X 10 ! grams/s which corresponds to
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F, ADSORPTION ON Ag
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Fig. 5.1 QCM response to exposure of a pristine silver

surface to Fz'
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approximately 7 X 1074

monolayer/s. Over long periocds of
time the rate of mass uptake did not appear to change
significantly. When the flux of F, to the surface was
increased by up to a factor of 2, the mass uptake was found
to increase approximately in proportion to the flux.

In a similar fashion, when a fresh silver surface
was exposed to XeF, a layer of fluorine was initially
adsorbed onto the surface. In Fig. 5.2 we plot the QCA
response during XeF2 exposure. After exposure to Xer at
the time indicated, the resonance frequency of the crystal
drops 3.74 #dz in thz fcllowing 400 s. This corresponds to
4.7 X 10”8 grams (1.1 monolaver of fluorine). For the
first 200 s of adsorption a sticking coefficient of 0.02 is
calculated. Thereafter the silver surface continues to
11

. at a constant rate of 2.0 X 10

gain mass from the Xer,

grams/s (4.3 X 1074

nonclayer/s).
Fig. 5.3 shows the behavior of the resonance
requency of the QCM when the silver surface is subjected

to a large flux of XeF,. At the time indicated, the XeF
16

2
flux is doubled to 2 X 10" molecules/s. Immediately the
rate of mass gain increases by a factor of 2. At t = 4690
s, at which time the total mass gain is equivalent to 3.8
monolayer, the mass gain rate starts to accelerate. This
acceleration proceeds until at t = 6500 s (9.8 monclayers)
a mass gain rate of 2.8 X 10710 grams/s (6.5 x 107

monolayer/s) is established. This is a seven fold
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Fig. 5.2 QCH behavior wken the silver surface is exposed
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increase. At this high rate of gas uptake one wculd expect
a large concentration of fluovine in the near surface
layers. This is verified by AES. Indeed the surface
layers resemble silver fluoride mere than silver. For
sufficient fluorine exposure, the surface of the silver
turns a distinct brown color which is an indication that
2gF has been formed. We conclude that fluorine adsorption
and silver fluoride growth cccurs at a higher rate for a

silver fluoride surface exposed to XeF,, as opposed to a

2!
silver surface. The fact that this does not occur with ?2
indicates that it is not a bulk effect, if one assumes that

the same surface species results from F, and XeF

2 2
adsorption. This behavior can be explained by the presencs
of a more mobile species resulting from the adsorption of
XeF, onto a silver fluoride surface.

HcIntyre et. al. (102) have observed similar rapid
AGgF formation when a silver surface was exposed to atomic
fluorine from a dischargse. Due to the unstable nature of
Xer it would seem plausible to conclude that XeF,
dissociatively chemisorbs on a silver fluocride surrface
resulting in at least a partial layer of atomic fluorine,

which diffuses to and reacts more readily with the

underlying silver.




S8ILVER FIOURIDE GROWTE UNDER ELECTRON BOMBARDMENT

When a bean of electrons is incident on a quartz
crystal, thermal gradients are created which can cause
frequency shifts. TFig. 5.4 shows the respcnse of the
crystal to the thermal gradient created by a 1 KeV, i ua
electron bear incident on ocne face of the crystal. Note
f:om Fig. 5.4 that the frequency reaches equilibrium within
360 s after initiation and terminaticn of electron
bombardment.

A 1 KeV, 5 nA electron beanm was found tc

sigrificantly enhance the rate of fluorine uptake in F A

e
comparison of Fig. 5.5 with Fig. 5.1 bears this sut. Data
in Fig. 5.5 were obtained under identical conditions as in
Fig. 5.1 except for the presence of the electron beam as
indicated. The rate of mass gain during this time remains
a steady 9.37 X 10”1 grams/s or 2.3 X 10”3 nonolayer/s.
This represents an over 3 fold enhancement in the fluorine
uptake rate.

An even larger fluorine uptake rate can be cbtained
from the combination of Xer and electron kombardment on
the silver surface. The QCM data of Fig. 5.6 was obtained
with the sane XerF, flux as in Fig. 5.2, the cnly diiference
again being the presence of the 1 ReV, 5 uld electron keanm
during the times indicated. From a mass gain rate of 2.0 X

4

10-11 grams/s (4.6 X 10 ° monolayer/s) the rate of fluoride
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Fig. 5.4 Q<M response to a 1 XeV, 1 uA electron bezn

incident on one face of the crystal.
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Fig. 5.5 QCM response during electron bombardment of

silver in the presence of F,.
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Fig. 5.6 QCM response during electron bombardment of
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uptake accelerated to a rate of 3.9 X 10730 grams/s (9.3 ¥
10'3 nonolayer/s) as the near surface fluorine
concentration increased. This is an enhancement of 1.4
over the mass cain rate without the electrons present, and
is a factor of 4 greater than the mass gain rate with F,
and electrons.

The larger enhancement obtained with F, suggests
that part of the enhancement mechanism involves the
production of the more mobile and reactive species due to
electron-induced dissociation. However, even with the XeF,
exposed surface the electron bombardment increased the AgF
grawth rate. 1In the case of the Xer expcsed surface, the
electron enhanced reaction rate may be due to 2 higher
degree of dissocCiation and thus a higher concentration of
the more mobile species on the surface. Other mechanisnms
that need to be considered include the creation of charged
species vhose mcbility may depend on surface charging under
electron bombardment and the excitation of activated
systams to overcome energy barriers associated with

chenical reactions angd diffusion.
S8IILVER FLCURITE GROWTH UNDER A THIN FILM

1600 A thin films of ThF4, Hng, 5102, and A1203

deposited on a silver surface éo not seem to present a

significant barrier to fluorine uptake by the underlying
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silver. Table 5.1 shows the rate of fluorine uptake on
various thin film materials, deposited on a silver
substrate, subjected to identical XeF, fluxes and a 1 KeV,
5 uA electron beam. A net mass gain was observed con 2
silver surface with an Sio2 overlayer so long as the
incident electron energy was below 200 eV. If the incident
electron energy exceeded 200 eV etching occured and a net
mass loess was observed, in agreement with Coburn and
Winters! earlier findings (19). One important feature of
these data is that silver surfaces overcoated with fiuoride
films gain mass at a faster rate than silver surfaces with
oxide films or the bare silver surface itself. Note that
the exposed silver electrcdes surrounding tha deposited
film are on a relatively insensitive part cf the crystal.
Fig. 5.7 shows the QCM response when a silver coated
crystal with 1009 A of ThF, is simultaneously bombarded
with by £lux cf Xer and a 1 KeV, 5 uA electron beam. The
large frequency rise observed when the electron gun is
incident on the surface is due to two effects. First,
there is the fregquency rise due to the thermal gradient in
the crystal created by electron bombardment as discussed in
section 3.2. However, this should last for iess than 300 s
as opposed to the 6007 s duration seen in Fig. 5.7. The
proionged rise in frequency is due to the electron
stimulated decomposition of ThF and desorption of the

liberated fluorine (112). There is no accelerated mass
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Tablie 5.1 Rate of fluorine uptake on a silver surface
through various dielectric 100G A thin films as

determined by QCNM.

thin £il electron rate of mass gain

composition energy {eV) {gram/s) {(monolayer/s)
ThF, 1900 6.3 x 10710 1 X 1072
MgF, 1000 5.9 x 10 20 e.8 X 1073
21,0, 1000 4.7 x 16730 7.8 X 1673
sio, 100 2.5 X 10720 4.2 X i67?
ncne (bare Ag) 1000 3.9 x 10710 6.6 X 1073
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gain rate with a ThF4 film (Fig. 5.7) as there was in the
case of no film (Fig. 5.6). We propose that the sane
fluorine species results from XeF, adsorption on a ThF4
surface as is formed on an AgF surface and that this mobile
species diffuses through the ThF, £film until it reaches the
silver where it reacts to form a silver fluoride layer.
This is further substantiated by the fact that no net mass
gain is seen when a 'I‘hI-'4 film deposited on a gold substrate
is subjected to identical conditions. Meakin (103) and
Leamy et. al. (104) have dexmonstrated that such thin films
may have an open, porous structure which may help to
explain the ease with which this species seems to diffuse
through them. The considerable ease with which fiuorine
diffuses through the Th?4 along with the fluorine present
in the ThF4 itself results in a large fiuorine
concentration at the ThF4 - silver interface. The large
fluorine concentration that results may bs equivalent to
exposure of a silver surface tc a larger flux ol fluerine.
The rate of fluorine uptake on a bare silver surface
stimulated by electren bombardmenc is largely unaffected by
changes in the incident electron energy and depends
linearly on the electron flux in the region investligated.
The influance of the electron bombardment can be calculated
by subtracting the mass gain rate before electron
bormbardment from that during electron bombardment te obtain

the mass gain rate due purely to the electron 2nhancement.
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This is then ncrralized by dividing by the electron current
to obtain the enhanced fluorine uptake rate per electron
(enhancement rate). This enliancement rate is plotted as a
function of incident a2iectron energy in Fig. 5.8. The
enhancement rate on a bar~ silver surface {circles in Fig.
5.3) appears to be rather independent of the electron
energy between 100 eV and 1 KeV. However, the enhancement
rate on a silver surface with a 1800 A ThF4 overlayer
(crosses in Fig. 5.3) depends strongly on the incident
electron energy. At energies greater than 300 eV the
enhancement rate for the ThF, films is just slightly larger
than that for bare silver. However, at energies below 200
eV the enhancement rate for the ThF4 films is greater than
that for bare silver by a factor of 5. Consifering the
penetration depth of the electrcns this appearzs to bs dua
tc an increase in the electron enhanced flucrine sorption
rate on the ThF, itself which may be caused by an increase
in the fiuorine surface to bulk diffusion cross section

(112). Field enhanced processes may also play a role.
SUMMARY

In this section the electron enhanced growth of
silver fluoride films on a silver surface in the presence
of F? and Xer was studied using AES, and QCM techniques.

The fluorine uptake through varicus dielectric thin films
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wag also investigated.

In the absence of electron bombardment, an initial
layer (0.3 to 1.1 monolayer) of fluorine is adsorbed from
F, and XeF, on a silver surface. This layer of fluorine
slowly reacts with the silver and diffuses into the bulk of
the silver at a rate of approximately 7 X 10'4 monoliayer/s.
As the near surface layers become fluorine enriched, an
increasing amount of XeF, dissociatively chemisorbs which
may result in a more mobile fluorine species thought to be
atomic, which results in fluorine uptake at the faster rate
of 6.5 X 10~° monolayer/s.

When a flux of fluorine containing gas and a flux of
energetic electrons were simultaneously incident on a
silver surface, it was discovered that the flucrine uptake
rate on a silver surface exposed to Fz increases by a

factor of 3 to 2.2 X 103

monolayer/s. The rate of
Fluorine uptake on a silver surface exposed to Xer
increased by a factor of 1.4 to 3.3 X 1073 monolayer/s.
This may be the result of the formation of additional
mobile fluorine from the ?2 or XeF, adsorbate by the
electrons. The electrcn enhanced fluorine uptake rate does
not strongly depend on the incident electron energy in the
100 eV to 1 KeV energy range.

When a thin film coated on a2 silver substrats was

simuitaneously expcsad to a flux of Xer and a flux of

electrons it was discovered that electron~enhanced fluorine




uptake inte the silver substrate cccurs through a variety
of thin film materials (ThF4, Mng, Sioz, and A1203).
Electron enhanced fluorine uptake appears to be faster
through fluoride films than through oxide films cr con a
bare silver surface. Xer appears to dissociatively
chenisorb on ThF, resulting in a mobile fluorine species
which can easily diffuse through the ThF4 to the silver

wvhere it may form an AgF layer.
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VI. ELECTRON INDUCED DAMAGE OF Th24 TRIN FILMB IN THE
PRESEZNCE OF XGP2
During Ar ion sputtering, AES revealed traces of

carbon and oxygen in the bulk of the Thi-‘4 films, almest at
the same concentration as on the surface initially. The
presence of oxygen in Th:-‘4 usually indicates water (10%).
Exposure of the surface to XeP2 rapidly removes most cf the
surface impurities, especially during electron bombardment,
although one must keep these trace impurities in mind when

evaluating the results.
EFFECT OF ELECTRON BCOMBARDAENT ON Thi’4

Th‘.‘-‘4 rapidly loses mass during electron bombardment,
as indicated by nicrobalance measurements. “The
nicrobalance measures total mass loss which includes the
mass of + or - ions and nautral particles. Simultaneous
with this masc loss, the gquadruponle nass spectrometer
registered a substantial {up to 238%) increase in the 38 AMU
(Fz) peak. Sirce the quadrupole is not in line of sight
wiil. the Th?4 it is unlikely that it would detect atomic

filucrine duz to waii collisions. Although no increase in

)

he 1% AMU (Fz) peak was xeasured, there is a stroag

pnrssibility that at ieast part of ths desorbing Zluorine is

atonmic.
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The atomic concentraticn of surface species was
monitored with AES during an extensive exposure to 1 keV
electrons and is plotted in Fig. 6.1. The fluorine
~oncentration decreases from 75% to 50% during the first

b
0.01 ¢ (3 X 10%7

electrons/cmz} of bombardment, with little
change in fluorine concentration thereafter. The thcrium
concentration initially increeses due to the loss of
fiucrine and then decreases as the filrm slowly adsorbs
carbon and oxygen containing gases from the backgrcund.

The sticking probability of the residual gas on the ThF4
surface is increased by the removal cf fluorine.

The damage caused by electron bombardment is not
limited to the near surface layers. Microkalance
neasurements indicate that during extensive bombardment
with a 1 eV, 50 ud electron bean, the fluorine loss is
equivalent to all the fiuvorine contained in up to
27 monolayers of ThF4. The damage actuaily extends much
deeper than 27 monolayers since AES indicates that surface
fluorine still remains after bombardment. This bulk damage
is accompanied by a visible change in the Th?4 fila. The
filn develops a dark blue color where the electron bzan was
incident upon it. This blue color is due to bulk defects
or color centers which presumably are associated with
fiuorine vacancies. MNo informatior cn ThF, color centers

4
could be found in the literature. This blue color is
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visibly diminished after the film reabsorbs a large amount
of fluorine.

For a ThF, filam to lose many monolayers of flucrine
very quickly under slectron bombardment in a vacuun,
electren bombardment must stimulate the fellowing
DIrocesses: ThF4 dissociation, fluorine bulk diffusion in
the near surface layere, bulk to surface diffusizn (surface
segregation), and fluorine desorption. Without electron
bombardment, fluorine would not be driven tc the surface
very cuickly by the concentration gradient. Indeed, under
certa_1 circumstances, ThFé can rapidly gair many
nmonolayers of fluorine assisted by electron stimuiated
diffusion.

The initial rate of mass loss of T’nF4 subject2d to
electron bombardment at various energies from 30 eV to
500 eV was measured. Fig. 6.2 shows the dependence on
electron energy of the vield {(mass ioss rate/eiectron flux)
during the first i0C s cf ESD with a low intensity beanm of
electrons. The electrons are very efficient at desorbing
fluocrine; almost every slectron removes a fluorine
particle. The sudden jump in yield between 200 and 250 eV
is readily apparent, and we suggest that it is due to a
Ruotek-Feibelman desorption mechanisz {9-10). The incident

iectron would cause ionizaticn of a thorium-O shell
{229 eV), followed by an intra-ztomic Auger decay leaving

the fluorine positively charged. The fluorine shculd then
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desorb as F' or neutrzl F. This requires further
experimental verification with line of sight mass

spectroscopy.
EXFOSURE OF ELECTKON DAMAGED ThP i T0 Zc?z

when "virgin® Th¥, is expostd to Xer it slowly
adsorbs a fraction of a monolayer of fluorine
(typicaliy 0.7 monolayer). The sticking probability is
small and can vary coasiderakly from one sample to the next
due to surface contamination. Xencn could not be detected
with AES. The surface fluorine concentration was seen to
rise by only about 5%, indicating that some of the fluorine
may have diffused into the bulk.

We have found that a fluorine depleted ThF, film

4
{such as that at the completion of electron bombardment in
Fig. 6.1) readily adsorbs fluorine. When such a surface is
exposad to Xer, it rapidiy gains a monolayer of fluorine
with unity sticking probability. After 1 nonolayer is
adsorbed, the fluorine adsorption continues at a very slow
rate with less than an zdditional monclayer adscrbed after
severzl hours. The data at the right side of Fig. 6.1
shows the increase in surface fluorine concentration which

occurred afier electron bhombardment was halted and the

sanple was exposed to Xer.
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SIMULTAKEOUS EXPOBURE TO ELECTRON3 ASND Icl‘z

When a TAF, surface is simultaneously exposed to
XeF, and 1 keV electrons, it loses less total fluorine than
it would if the Xer were not present. Under the identical
1 keV electrcen bean used before, the maximum fluorine a
ThF, f£film wouid lose, when subjected to a flux of XeF,, was
)3 equivalent monolayers or about half of what it would
lose in vacuuma. Fig. 6.3 shows the concentration of
surface species as deterzined by AES during simultanecus
exposure to Xerz and a 1 keV electron beam. Note the rapid
initial loss of carbon which causes the thorium
concentration to increase. The fluorine concentration on
the surface increases to 80% at a total electron dose of
0.908 C, then slowly decreases.

ESD of ThF4 must still be occurring under these
circumstances. However, an empty surface site is quickly
filled from the gas phasa. The diffusion of the near
surface flucrine is still stimulated by 2lectron
bombaranent and this results in a fluorine enriched
surface. After some time, hewever, the bulk fluorine
concentration decreases until a chemical equilibriua is
established where fiucrine is gdesorbed from the surface at
the same rate as it is adsorbed from the gas phase.

At low incident electron energies (below 150 eV),

this chemical equilibrium is not established foxr very long
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pericds of time. During simultansous bombardment with iow
energy electrons and Xe?z, tne ThFé fiim gains pass at z
steady rata depending on electron snergy, Xe?2 fiux, and
eiectron Jlux. After 2 hours of hopbardment with 7 ui,
i00 eV sl=ctrons and 1 ¥ 1016 Xe?2 nolecules/;z, the mass
gair rate showed nc change. From cur microbalance

measuremzents, we can calculate a3 ®"sorption vieid® whic

pc
et
0

equal toc the ratz of mass gain/electron, Tig. 6.4 shows
the dependsncs of the scrption yield on incident electron

energy mezgsuras by the micreobziance during boxzbasdmant with

(24

1 ud of =2lectroms. The masgs gailn rate appeara to peak &
5C¢ e¥, suggesting that this ig the energy at waich the
diffusion of flucrine from the surface inte the bulk is
maxinmized. If at this energy tha Cross ssctisn for
fluerine zegregaticn intc the bulk iz a maxizum, then the
fluvorins {low wculd be reculated at tae surface by the
inceming gasg phase fiuvorine {Xe?z} and the slectron current
and not by ths bulk concentraticn gradient. Tield
stinmulatasg affscts may also play a rols since ths secondary
alectren yield da2craasss at these low enexgles, resulting
in incrrased surface charging.

Targe flucrine cangentrations can be pumped into a
Th?4 thin filwm. Fig, 6.5 shows the XeF, flux deperdence of
the sorption/ESD yield as measured by the =sicrcbaliance.
uith 1 keV {circles in Fig. 6.35; incident electrons, ESD

015

doninates until an XeF2 fiux of 4 X 1 rolecules/s is
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reached, which is when chemizal equilibrium is rapidly
established. When 100 eV (crosses in Fic. 6.5) electrons
are incident, a very smalli flux of Xer (less than

14 molecules/s/cmz) is required for significant

3.5 X 10
sorption tc take piace.

In Fig. 6.6, we show the electron flux uependence on
the mass change of a ThF4 film exposed to

3.5 X 10%° 2

XeF2 moleculies/s/cm® and electrons. For 1 XeV
electrons (circles in Fig. 6.6), ESD is more dominant at
large electron fluxes {10 uld), as cne would expect. With
1C0 eV electrons incident (crosses in Fig. 6.6) and at low
fluxes, the reaction is electron current limited. The
fluorine which segregates from the surface tc the bulk is
regulated by the electron flux. At higher current, the
reaction becores gas flux limited starting at 4 uA when the
rate of fluorine segregation intc the bulk is limited by
the gas phase fluorine r=aching the surface. At higher
electron fluxes, the sorption yielid decreases because ESD
is occurring faster than adsorption from the gas phase.
The surface fluorine ccncentration is reduced and therefore
segregation into the bulk is slightly siower.

it should be notad that the results obtained with F,
as a gas phase fluorine source were almost identical with

those obtained with Xe?2 when care was taken to carefully

match the fiuxes for the two gases.
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VII. CEEPMISORPTIVE EKIS8SION FROHM

FLUORINE ADSORPTION ON TUNGSTER
RESULTS

Tungsten was observed to emit electrons during
exposura to F,. Prior to cleaning nc CE was observed from
the filament. Immediately after fiashing, a small electron
count rate was measured as sean at the beginning of
Fig. 7.1 due to background Fz' Gas exposure occurred
apprcximately 2 s after flashing when the temperature of
the tungsten was 588 K. The rate of electron emission
changes dramatically with time and begins immediately with
the onset of gas exposure, as sezn in Fig. 7.1 {crosses
correspond to eslectron emission rate and circles correspond
to gas flux). The rising edge of the emission peak is due
to the rising gas flux, As the surface coverage increases
the count rate decreases to zero.

The total number of electrons counted, i.e., the
area under the emission curves, remains constant for a wide
variety of F. prassure profiles at fixed temperature.

Three such CE curves are shown in Fig. 7.2 (crosses
represent data) for f2 adsorption on tungsten for different
maximun Fz fluxes. Fig. 7.2a corresponds tc the largest

paximum F, flux and Fig. 7.2c to the lowvest. The CE peaks
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corresponding to smailer maximum F, fluxes have a smaller
raximum value but last longer in time; the total number of
counts {area uncéer the curvel! remains unchanged.

At higher filament teaperatures, the maximun count
rate as well 53 the total number of counts increases.

Fig. 7.3a displays the data {cresses) for the h.ghest
tungsten tesperature and Fig. 7.3c for the lowest. Care
was taken to stay below the temperature at which thermionic
emission from the tungsten interfered. Thermionic emission
was measurable at 1136 X and 1230 K for a clean tungsten
surface and a fluorine covered tungsten surface,
respectively. The temperature dependeince cf the total
nunber of counts, during the exposure of a clean tungsten
surface %o FZ' is plotted in Fig. 7.4 (crosses). The
temperature dependence appears to be exponentiai. The data
point at 1141 K nay have a small contribution dae to
theruicnic enission. No svidence of steady state CE due tc
spontai.ecus etching of W by Fz was observed. We believe
that this is due to the increase in work function by the
electronegative adscrbed fluorine.

Although a small CE peak was observed when a clean
tungsten sample was exposed to Xer, it was found that once
the Xe?2 flux vas purged of impurities {e.g. 0,. CO, #,0,
and ?2) thea count rates dropped considerably. AES,

howevey, reveals that Xer does dissociatively chexisorb on

W, resulcing in a layer of fluorine of the sape coverage as
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that produced by exposure to F,. We conclude that the CE
measured during XeF, exposure is due to the adsorption of
rackground . 2ses (including F,) and that a very small

amount or no CE occurs when XeF2 is adsorbed or: W.
DISCUSSION

In the Norskov-Xasemo model (30,33), the excited
state rssults from the rapid apprcach of the molecule to
the surface. If the meclecule is apprcaching the surface
slowly, ths hole may be filled from the surface as that
energy level shifts below the Fermi level {an adiabatic
transition), thus an energetic electron transition does not
cccur as the moleculie approaches the surface. The
component of the average velocity noreal to the surface, of
an Xer melecule is a factor of 0,05 smaller *%an that of
an F, molecule due to the large mass difference. This may
account for itne lack of CE observed during XeF, adeorption
because adiabatic transitions are more likely. In 2ddition
to the mass diffe—ence, the prasence of the alectranic
structure of the xencn may also play a role in preventing
the formaticr of a low lying hole in the adsorbe. atom.

To probe the relation of CE tc chemisorriicn, we
expiored z kinetic mo..: for CE from the exporure of
tungsten to Fz. We assumed that the rate cf electron

emisszion, R, is prcporticral tc the rate at which surface
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s.tes are being filled, where O represents the fractional

fluorine coverage; i.e.,
7.1 R = -K(9) de/dt

We expect a coverage dependent rate constant due to an
increase in the work function with increasing 6.

The rate at which sites are being fiiled is assumed
to be proportional to the numbar of sites which 2 not

filied (i.e. first order adsorption):
7.2 -de/dt = F(t)S(ejN_(1-8)

Here F(t) represents the time dependent gas flux, S(8) the
sticking probabilitv, and " the total number of sites
(calculated to be 1014). The rate of electron =zmission can

be written as a functicn of coverage:
7.3 R = FK'G(8) (1-9;

The 9 dependercs cf the sticking probability, as well as
the probzbility for electron emission per site is contained
ir the fimcrtior GIS.

uring mar sxperizments, the gas fiux F(ti) and the
number of em_Tted alactrons C(ti; cccurring during the

t-me irterval from t; to t;+ At were measured, where the
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concentration cf electronegative fluorine om the surface,
resuits in a decreasing probability for an electron
escaping. We suspect that for © =6, this prebability is
vanishingly siall because at high F2 fluxes the CE curves
fsllowing their peaks drop to zero emissicn so decisively
even though an etching reaction is prcbably occurring which
would free new W adsorpticn sites (but at high @).

This mcedel, with the same values of r and K', fits
quite nicely the CE data taken with different gas flux
profiies, as seen in Fig. 7.2. Here the crosses represent
actual data and the iines represent the predicted behavior
using the measured F(t). The model fits the data at all
gas flux vs. time profiles that we examined. The poorest
£it cccurred with low F, fluxes (Fig. 7.2c¢), most likely
due to the larger role played by the background gases when
the Fy flux is relatively low.

This same rodel was also used to fit CE data taken
at different temperatures, as shown in Fig. 7.3. Acgain
crosses represent the actual data and the lines are the
predicted emission curves using the mezasured F(t). It was
only necessary to change X' tc fit the data at diifferent
temperatures i.e., r was held constant. This implies that
the temperature dependence is exclusively contained in the
factor X'(T), decoupied from the coverage dependence and

that the sticking probability function is unaffected by T

over the range studied.
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The average probability per site for electron
emission at & given temperature can be calcuiated by
dividing the total number of electrons emitted at that
tenmperature by the number of sites on the surface. At
588 K, the lowest temperature, 104 electrons are typically
emitted. The average probability for electrcn emissicn per
site is therefore 107 1%, 1In Fig. 7.4 we show on a log
intensity scale the increase in the emission probability
per site with temperature. We propose that thig iz due to
the increasing number of electrons occupying energies abave
the Fermi level of the metal, Ef, at higher temperature.

To model this temperature dependence, wa assume an
electron with enerqgy El, in the tungsten (Fig. 7.6), £fills
the hole in the adscrbed flucrine electronic structure E,.
The energy from this process is imparted to a second
electron in the tungsten conduction band which originally
had enerqgy Ez' If the energy of the second electron is
greater than EV, the vacuum level (relative to the bottom
of the conduction band), the electron may leave the
surface, i. e. if E, +E; - E, > E,, illustrating why an
increasing work function could cut off tha CE. This yields
a condition on the energy of the second electron (Ez) for

emnission to occur:
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Fig. 7.6 Energy level diagram cf the 2 electron process

resulting in CE; E. = bottom of the conduction
band, Ea = energy ievel of the electron hole in
the fluorine electronic structure, Ep = Fermi
energy. £, = vacuum energy level, E, = original
energy of the slectron that £ills the hole in the

fluorine electrcnic structure, £, = original

energy of the emitted electroen.




The density of occupied electron energy states in

tungsten can be approximated by a (energy)l/2

dependence,
measured from the bottom of the conducticn band (106-108).
Using a Fermi-Dirac electron occupation distribution we
arrive at the electron energy distribution in Eq. 7.7. We
take rfeor these calculations a Fermi energy of 9 eV from the

bottom of the conduction band (106).

7.7 nR(E) = __ JE

exp((E-Ef)/kT)+l

Integrating over the energy of both electrons (El and Ez)
involved in the emission process, the total emission vs.

temperature is givea by:

o 23D
=" .
7.8 A=1L VEl dEl VEZ dEz
exp((El-Ef)/kT)+l exp((Ez-Ef)/kT)+l
Voo oip -
Ea Evaa El

where L is simply a scaling factor and E, is considereé to
be an adjustable parameter. Eg. 7.8 thus represents the
temperature dependence of our model. An erifective work
function (Ev - Ef) of 4.5 eV for tungsten was used (109).
Using a non-iinear least sgquares curve fitting

program, L and Ea were adjusted to obtain the best £it to




g2

the experimental values in Fig. 7.4; the predicted values
are shown as squares. Considering its simplicity this
model fits reasonably well. We attribute, at least in
part, the deviation at high temperature to thermionic
emission. The effective energy level of the fluorine hole
(Ea) wnich provided the best fit was found to be 4.45 eV
below the Fermi level. The energy obtained by £illing this
ievel with an electron at the Fermi level is not sufficient
to cause the emission of a second electron at the Fermi
level. Therefore this process involves at least one
electron above the Fermi level. Since the number of
electrons above the Fermi level at the temperatures studied
here is swmall, this may account for the small enmission

probability per site observed.
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