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I. TWENICAL SUMMARY

-- The addition of energetic radiation to a gas-solid

surface system may initiate or enhance chemical reactions

occurring on the surface. Conversely, when a chemical

-• reaction proceeds on a surface, radiation may be

spontaneously emitted.

The effect of argon ion bombardment on SiO2 exposed

to XOF 2 was studied. At room temperature SiO2 adsorbs a

monolayer of fluorine when exposed to XeF 2 . It was found

that the adsorbed fluorine layer is responsible for a 3.5

fold enhancement in the ion sputtering rate in the presence

of XeF-.

The effect of electron bombardment on a silver

surface in the presence of XeF 2 and F2 was studied. It was

discovered that a multilayer adsorption of fluorine occurs

during exposure of a silver surface to F2 or XeF2 . As

silver fluoride was formed on the surface, XeF 2 adsorbed

more rapidly. Under the influence of electron bombardment,

the rates of adsorption increased due to the formation of a

mobiie, reactive fluorine species. This phenomenon was

%-S found to occur when thin films of SiO., A1 2 03 , ThF4, or

_MgF2- were deposited on the silver.

The effect of electron bombardment on ThF 4 exposed

to XeF 2 was studied. During electron bombardment, a ThF 4

film was found to lose the equivalent of all of the

- -- A
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fluorine in 27 monolayers. When the fluorine depleted

surface was exposed to XeF 2 , it rapidly gained back 1

monolayer of fluorine. When ThF4 was electron bombarded in

the presence of XeF., much less fluorine was lost. Under

certain conditions, ThF4 was found to rapidly adsorb

multilayers of fluorine.

The emission of electrons from the adsorption of F2

on tungsten was studied. An emission probability of 10-10

was determined. A simple kinetic model was developed which

agrees well with the data. The emission rapidly increases

with temperature due to the electron population in the

tungsten shifting to higher energies, above the Fermi

level. Emission was not observed during the adsorption of

XeF 2 on tungsten.

'S

4
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II. INTRODUCTION

•4

Understanding how radiation affects chemical

reactions occurring on surfaces is important because it

enables us to understand how well materials will survive in

an environment which contains c=rrrosive gases and energetic

radiation. One such environment exists inside an excimer

laser, where the optical components are exposed to fluorine

containing gases, electrons, ions, and reactive radicals in

the presence oZ an intense photon flux. A b,-eakdown of the

optical coating thin films exposed to .-.-is iv.ironment

often renders the entire laser useless.

Knowledge of how radiat ion affects surface chemical

reactions can be usefu,. ir manufacturing submicron

_ structurei, '.ar VLSI (1-4) or integrated optics (optical

computeý' -Vlications. In typical manufacturing

.plicat ions the mater.ial to be etched is masked with a

difficult to etch zterial (as in Fig. 2.1a). The etchant

rias is then dir4:e:- ;t the surface. In an isotropic etch

radiation is nkZ usA and the gas molecules are able to

etch the surface in any uirection. This results in an

abundance of material removed under the mask (undercutting)

as in Fig. 2.1b. If a radiation induced reaction 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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DIRECTIONAUTY OF ETCHING PROCESS

MASK ___________

Ca)

SUBSTRATE

ISOTROPIC '=T CH . 7 7 b

RADIATION

VERTICAL ETCH

Fig. 2.1 (a) Manufacture of IC's involves etching a

pattern in the substrate using a mask. (b)

Isotropic etching undercuts the mask. (c) Use of

radiation induced stching only etches the surface

illuminated by the radiation.

!



etch profile as illustrated in Fig. 2.1c. Vertical etching

allows smaller structures to be etched and larger device

densities to be placed on a chip.

CHEMICAL REACTIONS ON SURFACES

When a solid surface comes in contact with a

reactive gas, a chemical reaction may take place on the

surface. A surface reaction can typically be divided into

3 processes: adsorption, product formation, and product

desorption (1-21). The reaction is initiated when

molecules from the gas phase chemisorb on the surface.

During this adsorption 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 rearrangement of their electronic structure.

The volatile 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 surfaca, the rate

at which a chemical reaction will proceed can be gre&tly

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
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production of nonvolatile products. Radiation may also

stimulate a reaction to occur in gas-surface systems where

no reaction occurs spontaneously

(1,4,8,9,15,16,18,19.41,46-58).

-REACTIVE ION ETCHING

When a solid surface is bombarded with sufficiently

energetic ions, an atomic collision 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 atom, the sputtering yields for each

species may be different (60,66-68). This leads to an

enrichment in the surface concentration 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 the gas as enhancing the sputtering yield, or the

ion bombardment as enhancing the chemical reaction rate on

the surface. There are several mechanisms by which ion

" bombardment can enhance or initiate a chemical reaction

between a gas and a solid surface. Ion bombardment tends

'-I
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to produce a rough and highly defective surface (60:67).

This tends to increase thr sticking probabilities for

various gases (6G) and tLus enhances the adsorption process

(7). Ion bombardment also tends to rearrange the positions

of atoms on the surface away from their room temperature

equilibrium 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 (69,70). These two phenomena may enhance

the formation of a volatile product (7,19). Ion sputtering

also removes nonvolatile 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 1-4, a study on the chemical sputtering of

SiO2 in the presence of XeF 2 and Ar ions is reported. An

adsorbed fluorine layer is found to be responsible for a

3.5 fold enhancement in the sputtering yield of SiO2 in

such an environment. It is concluded that ion bombardment

or SiO2 in XeF 2 enhances product formation or product

desorption.

ELECTRON STIMULATED EFFECTS

Electron bombardment of a solid surface can result

in a number of processes. If gas molecules are adsorbed o
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the surface, electron bombardzent can result in the

desorption of some of these molecules (electron stimulated

desorption: ESD, 17,41,50,71-77). Energetic electrons

incident on the surface of a compound often result in the

dissociation of the compound near the surface and the

desorption of one or more atomic species in the form of

ions or neutral particles (78-86). Two models exist to

explain these phenomena. One model proposed by Menzel,

V Gomer, and Redhead (MGR) involves a Franck-Condon

excitation caused by electron or photon impact

(41,71,72,74,76). If the excitation involves a nonbonding

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 core hole ionization of one

component of an ionic system. This is followed 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 positively

charged cations from the surface.

In addition to these effects, electron bombardment

has been repoited to stimulate a number of chemical

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 adsorbed layer may enhance the
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adsorption 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 energy is available to overcome activation barriers

associated with chemical reaction and diffusion, which may

aid in product formation. In addition, product desorption

may be enhanced by ESD.

In Section VI a study on electron induced damage of

ThF4 films in the presence of XeF 2 is reported. The

effects of electron bombardment 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 XeF 2 . The effect of simultaneous exposure of

ThF4 to XeF- and energetic electrons is reported and the4 9

effect of XeF 2 flux, electron flux, and electron energy on

this phenomenon is reported.

During the initial studies of the effect of

simultaneous electron bombardment and XeF2 exposure on

' ThF 4 , the silver substrate was found to participate in an

electron stimulated reaction. This is the subject of

Section V. In Section V the adsorption of fluorine from

gaseous F2 and XeFP on silver was investigated along with

the electron stimulated formation of silver fluoride. This

phenomenon was found to occur even when thin film barriers

existed on the silver surface.
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CHEMIBORPTIV EMIBSION AND C•MEILUXINESCENCE

Emission of radiation during a surface chemical

reaction usually occurs during the adsorption phase (22-

=5). However, the desorption of excited particles which

radiate in the gas phase has also been reported (87). In

the mrodel of Norskov and Kasamo (30,33,34) emission during

Sadsorption is due to t:e 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-raalative (Auger)

process from electrons in the solid (30,33,34) This

emission is detected as chemisorptive emission (CE) and

chemiluminesce-nce (CL).

In Section VII CE from the exposure of

"polycrystaIline tungsten to gaseous F2 and XeF 2 is

examined. Metal-halogen interactions are of considerable

interest to metalization processes and reactive etching of

metals in thin films and •LSI technologies. A simple

kinetic model is applied to CE from the exposure of

tungsten to F2* The apparent lack of CE from the exposure

of tungsten to XeF 2 is explained in terms of the large

molecular mass of Xe? 2 which results in a vanishingly small



probability for the nonadiabatic formation of the excited

state. Finally the temperature dependence of CE from tne
exposure of tungsten to F2 is modeled utilizing the

temperature dependence of the energies for the conduction

electrons in the tungsten.

*4
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III. EXPERIMENTAL

GAS ANIDLING SYSTEM

The experiments were done in an ultra high vacuum

system which was equipped with a 240 liter/s triode ion

pump. A cryopump was used and the ion pump shut off when

gas was being added to the chamber. The gas composition

was monitored with a UTI 100C quadrupole mass spectrometer

(QMS). Fig. 3.1 illustrates a typical background spectrum

during cryopumping at a background pressure of

1 X 10-8 torr. The experimental apparatus is depicted in

Fig. 3.2.

XeFF2  F 2 and N2 F4 were utilized in the gas manifold

* depending on the valve selected. XeF 2 was obtained from

PCR Research Chemicals Inc. and transferred under argon to

a stainless steel bottle. The XeF_ was then vacuum

distilled at -64 C to remove excess argon, xenon, and other

Svolatile impurities. The gas flow into a small volume was

con-rolled by a leak valve. Tne volume pressure was

measured with a capacitance manometer 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 conductance of the tube was

calculated using Clausing's equation (88):
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BACKGROUND SPECTRUM

2 4 20 28 4.4 85

--- kMASS CAMU)
II

Fig. 3 .1 Residual gas background spectrum during

cryopumping with an amplification setting of
10 -7.
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STO TRAP AND

4 I1~.pVACIUW UM UP

Fig. 3.2 Schematic diagram of experimental apparatus: (1)

QMI; (2) Faraday cup; (3) gas dosing tube; (4) in

line valve of vacuum isolation; (5) ion

decelerator; (6) deflection plates; (7) Wien ion

filter; (8) Colutron ion Tun; (9) capacitance

manometer; (10) leak valve; (11) isolation

valves; (12) stainless steel Xe?2 bottle

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, A

represents the tube's cross sectional area, and a' is

Clausing's factor which was taken to be 4d/31 for a long

narrow tube (SB). The inner diameter of the tube is d and 1

is its length. The average velocity of the gas molecules

(v) is given by Eq. 3.2 where k is Boltzman's constant, T

is temperature, and m is the molecular mass.

3.2 v = (8kT/- rm) 1/2

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 (P 1<<P 2 ).

3.3 Q - C(P 2 -P 1 ) - CP 2

The flux was generally maintained at 1 X 1016 molecules/s

unless otherwise stated. This condition was met by

adiusting the leak valve until the manometer read 0.74 torr

with XeP2 or 0.35 torr with F-.

The fraction of this flux incident on the sample was

calculated assuming the gas leaving the tube follows a

cos 2 (9) distribution where e is the angle measured from the

direction the tube is pointing. For a majority of
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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

sample is given by Eq. 3.4

3.4 10.2 CO2G 2?rd
3,4 /0"cos2 G.2• dG

F -F 0J / 0.25 F

cos- -27r de

Therefore the average flux of gas hitting the 0.713 cm2

sample from the tube is maintained at 3.5 X 1015

molecules/cm2 /s.

- Fig. 3.3 shows a typical mass spectrum during XeF 2

exposure. The large 19 AMU peak is partially due to a

--* fluorine memory effect which is always present. The large

Xe peaks are due to dissociative adsorption of XeF 2 on the

surfaces in the chamber. There arc two facts which tend to

support this. First, our vapor pressure measurements of

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

(89,90). Second, fast pumping on the XeF 2 with a forepump

decreases the XeF+ peaks at the same rate as the Xe+ peaks.

However, if the flux of XeF2 into the chamber is increased

the XeF+ peaks increase faster than the Xe+ peaks, as one

would expect if a large portion of the Xe was due to

passivation of the chamber walls. Typical XeF 2 spectra in

the literature (which we did not attempt to duplicate
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MASS SPECTRUM OF XeF2

%: ,oo4

z F'
ZF-

. I f

:: ~ ~ ~~201x.*ixi""x•

i .L I. , kJLJ

0 20 40 60 80 M0 2_0 14O 160 IS0
MASS/ CHARGE

.4

Z Fig. 3.3 Mass spectrum of XeF 2 plus background taken with

% EAI QMS.
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because of the damage it would have caused to electron

multipliers in the chamber) are found in references 89 and

91. The pressure in the chamber as measured with an ion

gauge during XeF 2 exposure is 1 X 10- torr. After the Xe

contribution is subtracted out and a correction is made for

the ionization cross section for XeF 2 (92), the additional

flux of XeF2 from the background gas during exposure is

found to be 7.2 X 1013 molecules/cm2/s. This is negligible

compared to the flux from the tube.

A typical mass spectru-m during F 2 exposure £s shown

in Fig. 3.4. The ratio of the intensities of the 38 AMU

_F 2+) to 19 AMU (F+) peaks is 1.3 i- this particular

-* spectrum. This ratio is highly variable and depends on the

history of the mass spectrometer ionizer. The ion gauge

pressure during F2 exposure is 2 X i1-7 torr. This

corresponds to a flux of 4.8 X 1013 Uolecules/cm2 /s. This

is negligible compared to the flux from the tube.

AUGER ELECTRON SPECTROSCOPY

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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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.
-I

* Its spot size was typically 2.5 mm.

COLUTRON ION GUN

SThe Colutron ion gun is a differentially pumped,

* velocity filtered, ion source. It was pumped with a liquid

- nitrogen trapped 6 inch diffusion 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 applied to a set of 14 metal shims through which the

beam 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 of

the ion beam before filtering was determined by varying the

filter parameters. Fig. 3.5 shows the current collected in

the Faraday cup as the magnet current in the filter is

varied anC all other parameters are held constant. Argon

gas was being fed into the gun and the ions were being

accelerated with 1000 V. Over 95% of the ions from the
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Fig. 3.5 Current collected in Faraday cup as magnet

current in Wien filter is Changed. The discharge

gas is argon.
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argon discharge appear to be Ar+. However, there is also

evidence of Ai++ (20 AMU) as well as peaks at 24, 28, 36,

and 44 AMU.

QUARTZ CRYSTAL MICROBALANC"!.

A quartz crystal microbalance was constructed for

the purpose of measuring small (monolayer) mass changes.

AT cut, 5 Mz. 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

-- placed on an electrically grounded copper block which was

-- _ cooled by flowing water through it at a rate in excess nf

100 ml/min. An electrode made from stainless steel and

lava was 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 attached to the

oscillator as diagrammed in Fig. 3.6. The oscillator is

driven at the resonance frequency of the crystal. The

signal from the oscillator is fed into an HP 5345A

frequency counter which is interfaced with an HP 85B

micrucomputer for analysis.

The resonance frequency of the thickness shear mode

of the quartz crystal is very sensitive to mass loading on

one or both sides of the crystal (93). Warner and

Stockbridge (94) showed that a change in frequency 6f,
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Fig. 3.6 Schematic diagram of oscillator use'u for QH.

B-22.5 volt battery, C1=O.1 piF, C2=80 pF,

C3=160 pF, C4-0.01 pF, L-0.5 m•, Rl-20 K,

R2=5.1 K, R3-10 K; R4-5.1 K, R5=4.7 K, Tl=2N1303,

T2-2N3642.
-- - 5
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due to a deposit of mass m, added to the area A of the

"antinodal surface of a quartz crystal resonator is given by

3.5 Af = -Cfm/A

Cf 2 = 2 Ne 5.65 X 107 cm 2 /g/s

where eq is the density of quartz, f the resonant

frequency of the crystal, and the negative sign implies a

decrease in frequency for an increase in mass. The

constant N depends on the elastic constants of the crystal

and for quartz is given by 1670 . .kHz/s (93). The active

surface area of the crystals used here is 0.713 cm2 .

Therefcre, a frequency increase of 1 Hz would correspond to
• 10-8

a mass decrease of 1.26 X 10 gram. Very large mass
loads, up to 60% of the mass of the quartz crystal itself,

can be measured (95). The mass determinations are very

accurate and agree to within 1% of the values obtained with

other microbalance techniques (9G).

Temperature changes and gradients can affect the

resonance frequency of the crystals on the order of 3 HIz/C

1(97). This change varies considerably from crystal to

crystal (97). Fig. 3.7 shows the response of the resonance

frequency of a crystal to bombardment with a 1 keY, I A

electron beam. After 300 s and a frequency increase of

I 4 Hz, the resonance frequency stabilizes and the QCM

stability depends only on the stability of the electron
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QCM RESPONSE TO ELECTRON

BOMBARDMEMT
r

M I.U 2
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Fig. 3.7 QCM response due to thermal effects caused by a

1 keV, 1 pA electron bean.
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gun. After the electron gun is turned off, the resonance

frequency returns to the value prior to electron

bombardment. The increase in frequency depends linearly on

electron current (at constant energy) and electron energy

(at constant current) and therefore depends linearly on

their product, the incident power. This indicates that the

frequency change is due to thermal effects.

The resonance frequency is also dependent upon the

pressure and viscosity of the gas in contact with the

crystal (98). According to Stockbridge (98), the

hydrostatic pressure affects the resonance frequency by

1.35 parts per billion for each torr of pressure. The

"viscosity of the gas affects the pressure according to

Eq. 3.•.

3.6 (nlf/flv M 7.2 X 10-v( f tg /g)l1/2

tog M Pm/R'T

where 79g is the viscosity of the gas and /09 its density.

Note the dependence on (pressure) 1 / 2 . 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 torr of F2 and XeF 2

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 sensitivity of the quartz crystals has a
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spatial dependence on the surface of the crystal. The

crystal is more sensitive in the center than near the edge.

Fig. 3.8 shows the response of 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 ion

bombardment and sorption studies, the entire face of the

crystal was exposed and thus the mass change measurements

reported may be somewhat too small in these cases.

THIN !ýIUMN COATINGS

Thin film coatings were deposited on quartz crystals

at the Naval Weapons Center at China Lake and shipped to

WSU under nitrogen. All films were 1000 A thick. SiO2

* films were sputtered onto the quartz crystals using a

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

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

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. ThF 4 , MgF 2 , and A1 2 0 3

films were thermally evaporated onto quartz crystals. The

ThF4 films studied in Section VI were evaporated onto a

gold substrate at a rate of 3 A/s. The substrate

temperature was held at 150 C, and the background pressure

was 9 X 108 torr during evaporation.
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QUARTZ CRYSTAL RESPONSE TO ELECTRON BEAM vs. POSIT!ON
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Fig. 3.8 QCM response to sweeping an electron beam across

one face of the crystal.
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FARADAY CUP

A Faraday cup was constructed to measure 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 onto the collector. Fig. 3.9 shows the

dependence of current collected from a 1 keV electron beam

vs. the positive potential applied to the collector. The

Faraday cup was operated at 20 V for electron detection.

For positive ion detection, the current with no bias an 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 current. When the

Faraday cup was biased positive to saturation, the negative

secondary particles were collected and I+-P was measured.

When the Faraday cup was biased negatively to saturation,

the positive secondary ions were collected and I ++N was

measured. From these three equations, the ion current
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FARADAY CUP CURRENT COLLECTED vs. BIAS POTENTIAL
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Fig. 3.9 Current collected by the 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 stainless steel collector could also be measured

(P/I+ and N/I+ respectively). These can be used to more

accurately determine the ion current at the location of the

microbalance by replacing the quartz crystal with a

*; stainless steel plate.

CREMI-EMISSION DETECTION

Electron emission was detected with a Galileo 4039

Channel Electron Multiplier (CEM). The CEM shown in

Fig. 3.10 was operated at 2.5 kV. The pulses were

amplified, discriminated, and counted. The cou-.t rate was

recorded simultaneously with the p.essures behind the gas

_ dosing tube by an HI' 850 microcamputer. Photoelectrons

generated in the chamber iv ahihing an incar-deecent --i;h!t

through a pyrex window were used to check . z irz a.rx

sensitivity of the CEM. During the experiments the window

was covered to eliminate unwanted counts.

The sample consisted of a 14 cm length of 14 um

diameter polycrystalline tungsten wire wrapped into a

sDiral filament 0.15 cm in diameter. The ends of the

filament were spot welded to high current stainless steel

leads. The tungsten samples were heated resistively and

the temperature was determined by measuring the

resistivity. At high temperature, the temperatures
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-- " Fig. 3.10 Experimental apparatus used to simultaneously

*measure CE and incident gas flux.
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obtained by resistivity measurements agree with those

obtained with optical pyrometry to within 15 C.

The sample was cleaned by numerous resistive

heatings to 2800 C followed by F 2 exposure. Exposure to F2

conveniently removed an oxygen contaminant, presumably

tungsten oxide (98,99). AES revealed a large oxygen

concentration on the surface following long exposure to

background gases and before fluorine exposure. After

fluorine expos-r* a single flashing to 2500 C was

sufficient tc obtain a clean surface. To minimize

contamination from background gases (including F2 ),

experiments were performed immediately after flashing.
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IV. THE CHEMICAL SPUTTZRING OF SILICA BY Ar+ IONS AND XeF 2

When an SiO2 thin film was exposed to XeF 2 , QCM

registered a mass 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 corresponded to 2.5 X 10-8 M.

(approximately one monolayer of fluorine). During the

initial adsorption of fluorine onto the surface, one half

of the monolayer is adsorbed in the first 5 minutes. A

sticking coefficient of 0.14 was measured during the first

5 minutes. After this time, the adsorption rate per

available site declines, indicating a decrease in the

sticking coefficient. After a monolayer of fluorine is

adsorbed, there is no further mass change, indicating that

a spontaneous reaction between the surface of our SiO2

films and XeF 2 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 uA, 500 eV Ar ion beam was measured to be 1.0 Hz/min

which corresponds to 24 AMU/Ar ion. This etch rate can be

seen at the beginning of Fig. 4.3. This physical

sputtering yield was measured in a vacuum of 2 X 10 torr.



35

FLUORINE ADSORPTION
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Fig. 4.1 QCM response during the initial adsorptior of

fluorine on an Si 2 thin film during XeF2

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

exposure to XeF 2.
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Fig. 4.3 QCH response taken during 500 eV Ar ion

bombardment with constant ion gun parameters.

XeF 2 was admitted to t.he system at t=2 min.
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most of this (approximately 1.7 X 10-7 torr) was argon from

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 other published

values (8,36). However, our value agrees well with the

value of Tu et. al. (8) who obtained 0.3 molecules/ion

which we interpret as 20 AMU/ion. Our value also agrees

"wel± with the value published by Zalm et. al. (36) of

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

When XeF 2 was allowed into the dosing tube while the

sample was being physically sputtered (shown in Fig. 4.3),

the SiO2 surface initially went through an adsorption

phase. After 4 minutes, equilibrium was reestablished with

the SiO2 etching at the much faster rate of 3.5 Hz/min

which corresponds to 86 AMU/Ar ion. During adsorption, a

surprising amcunt of mass was gained before mass loss

resumed. This mass corresponds to 0.8 monolayer of

fluorine adsorbed. This suggests that a large fluorine

coverage is necessary for a large enhancement in the etch

rate.

* We studied the SiO 2-F adsorbate system by allowing

fluorine to adsorb onto the SiO2 from XeF2 and then pumping

the XeF 2 away. After pumpout, the SiO2 -F(ads) surface was

irradiated with the Ar ion beam. Fig. 4.4 is the response

of the QCH 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 %:esults clearly indicated the

enhanced etching behavior during the initial bombardment.

For early times, the etch rate was identical to that

observed with both ion bombardment and XeF 2 exposure. As

the adsorbate and the reaction products were sputtered off,

the etch rate declined to the physical sputtering rate.

The enhanced etch rate obtained 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 SiO, are primarily SiF and 02
4 4 2

(101), then we can calculate the number of SiO2 molecules

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 0.8 monolayer of SiO . We can

conclude that had the fluorine coverage not decreased

during this time, then one monolayer cf fluorine would have

been responsible for removing approximately one monolayer

of SiO2.

As this work indicates, fluorine adsorption is a

necessary step for the chemical sputtering of SiO2 with

XeF 2 . However, 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., SiF4 ) (19) leaving new SiO2
=•2
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4

available 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).

;.

%S
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V. ELECTRON ENHPUCED SORPTION 01 FLUOPZNE BY SILVER

SURFACES

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 phenomena include dissociation of

the adsorbate and its chemical reaction with the substrate

(17, 18, 41, 79, 83, 84). However, minimal information

exists on electron stimulated absorption 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

surfaces exposed to fluorine containing gases. In

addition, we can readily observe the consequences of

simultaneous electron bombardment on the rate of mass gain

or loss.

The Q01 is often used to measure mass changes of

thin films in fluorine containing environments (3, 8, 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 of the silver electrodes are exposed to the

fluorine containing gases and may be a major source of

error in these measurements. In addition, our measurements

also suggest that fluorine may find its way through several

such thin film overlayers (S4O 2 , A1 2 03 , MgF 2 , andThF4 ) to

reach and react with the underlying silver surface,

e ncouraging further uptake of gas. In contrast, when gold

is used as an electrode material, we have not observed more

than a monolayer of fluorine adsorption.

This work bears directly on coatings technology

where protection of underlying surfaces is desired. In

addition, electron stimulated diffusion and electron

stimulated chemical reactions may be useful tools in the

preparation and doping of thin films.

EXPERIMENTAL

The experiments were done in a stainless steel UHHV

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

The base pressure of the system was 1 X 10-8 torr without

baking. Gaseous XeF 2 and F2 were directed at the samples

by means of a 1/16 inch stainless steel dosing tube. A

capacitance manometer measured the pressure of the gas as
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it entired the dosing tube and together with the calculated

gas conductance of the tube allowed us to calculate the

flux of molecules exiting the doser. The pressure of the

gas behind the dosing tube was adjusted such that the flux

of molecules exiting the doser was maintained at 1 X 1016

molecules/s for both F2 and XeF 2 . The flux density

incident on the 0.71 cm2 active area of the quartz crystal

was calculated to be 3.5 X 1015 molecules/s.

Mass changes were detected with a thermally

stabilized QCM. Silver or gold coated 5 MHz crystals were

obtained from Detec Inc. The resonance frequencies of the

crystals were measured with an HP 5345A electronic counter

-S and analyzed with an HP 85B microcomputer. For this QCM, a

frequency increase of 1 Hz corresponds to a mass decrease

of 12.6 X 10-9 grams (102).

The residual gas composition was measured with a

craaftrupole mass spectrometer (EZ.I QUAD 160). Aurar

Electrcn Spectroscopy (AES) was done with a Varian Auger

Cylindrical mirror Analyzer(OLN). The electron source used

for this study was the axial Auger electron Tan in the 01A.

This equipment is described further in reference.

__ _ __ _ .

5' -I

5d
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RESULTS AND DISCUSSION

SPONTMIEOUS GROWTH 07 SILVER PLOURIDE

No attempt was made to clean the silver surfaces

prior to gas exposure. AES of the silver surface revealed

a trace of carbon after pumpdown. The carbon was

diminished after exposure to F2 or XeF 2 and completely

disappeared after simultaneous exposure to F2 or XeF 2 and

A electrons.

When a silver surface was exposed to F2, a layer of

fluorine was adsorbed onto the surface. Fig. 5.1 shows

the F 2 adsorption-induced frequency shift of the monitoring

crystal after F2 was introduced to the sample at the time

indicated. The resonance frequency of the crystal dropped

2.58 Hz dairing the first 600 seconds of adsorption. This

corresponds to a mass gain of 3.25 X 10-8 grams or 0.85

monolayer of fluorine (one monolayer corresponds to 1.1 X

10 silver atoms/cm2 ). From the first 20n seconds cf

adsorption an average sticking coefficient of 0.016 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 i0-l grams/s which corresponds to

C
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approximately 7 X 10-4 monolayer/s. Over long periods of

time the rate of mass uptake did not appear to change

significantly. Whien the flux of F2 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 2 a layer of fluorine was initially

adsorbed onto the surface. In Fig. 5.2 we plot the QCM

response during XeF 2 exposure. After exposure to XeF 2 at

-* the time indicated, the resonance frequency of the crystal

- drops 3.74 Hz in thz fol!oWing 400 s. This corresponds to

4.7 X 10-8 grams (1.1 monolayer of fluorine). For the

first 200 s of adsorption a sticking coefficient of 0.02 is

calculated. Thereafter the silver surface continues to

gain mass from the XeF 2 at a constant rate of 2.0 X l0-11

grams/s (4.5 X i0-4 monolayer/s).

Fig. 5.3 shows the behavior of the resonance

frequency of the QCM when the silver surface is subjected

to a large flux of XeF 2 . At the time indicated, the XeF 2

flux is doubled to 2 X 1016 molecules/s. Immediately the

rate of mass gain increases by a factor of 2. At t = 4600

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 monolayers)

a mass gain rate of 2.8 X i0l grams/s (6.5 X 10-

monolayer/s) is established. This is a seven fold
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increase. At thi3 high rate of gas uptake one would expect

a large concentration of fluorine in the near surface

layers. This is verified by AES. Indeed the surface

layers resemble silver fluoride more than silver. For

sufficient fluorine exposure, the surf3ce of the silver

turns a distinct brown color which is an indication that

AgF has been formed. We conclude that fluorine adsorption

and silver fluoride growth occurs at a higher rate for a

silver fluoride surface exposed to XeF 2 , as opposed to a

silver surface. The fact that this does not occur with 7 2

indicates that it is not a bulk effect, if one assumes that

the same surface species results from F2 and XeF 2

adsorption. This behavior can be explained by the presence

of a more mobile species resulting from the adsorption of

XeF2 onto a silver fluoride surface.

"McIntyre et. al. (102) have observed similar rapid

AgF formation when a silver surface was exposed to atomic

fluorine from a discharge. Due to the unstable nature of

XeF2 it would seem plausible to conclude that XeF 2

dissociatively chemisorbs on a silver fluoride surface

resulting in at least a partial layer of atomic fluorine,

which diffuses to and reacts more readily with the

underlying silver.
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SILVER PLODURIDE GROWTH UNDER ELECTRON BOMBARDMENT

When a beam of electrons is incident on a quartz

crystal, thermal gradients are created which can cause

frequency shifts. Fig. 5.4 shows the response of the

crystal to the thermal gradient created by a 1 KeV, I uA

electron beam incident on one face of the crystal. Note

ift=m Fig. 5.4 that the frequency reaches equilibrium within

300 s after initiation and termination of electron
4

"bombardment.

A 1 KeV, 5 uA electron beam was found to

- significantly enhance the rate of fluorine uptake in F2 . A

- comparison of Fig. 5.5 with Fig. 5.1 bears this )ut. 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. Thp. rate of mass gain during this time remains

a steady 9.37 X 10-11 grams/s or 2.3 X 10-3 monolayer/s.

This represents an over 3 fold enhancement in the fluorine

uptake rate.

An even larger fluorine uptake rate can be obtained

from the combination of XeF 2 and electron bombardment on

the silver surface. The QC-H data of Fig. 5.6 was obtained

with the same XeF2 flux as in Fig. 5.2, the cnly difference

* again being the presence of the 1 KeV, 5 uA electron heam

Sduring the times indicated. From a mass gain rate of 2.0 X

10- grams/s (4.6 X 10-4 monolayer/s) the rate of fluoride
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uptake accelerated to a rate of 3.9 X 10-10 grams/s (9.3 X

10-3 monolayer/s) as the near surface fluorine

concentration increased. This is an enhancement of 1.4

over the mass gain rate without the electrons present, and

is a factor of 4 greater than the mass gain rate with F 2

and electrons.
S

4 The larger enhancement obtained with F 2 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 2

exposed surface the electron bombardment increased the AgF

growth rate. In the case of the XeF 2 exposed surface, the

electron enhanced reaction rate may be due to a higher

degree of dissoCiation and thus a higher concentration of

the more mobile species on the surface. Other mechanisms

that need to be considered include the creation of charged

species whose mobility may depend on surface charging under

electron bombardment and the excitation of activated

syst-ms to overcome energy barriers associated with

chemical reactions and diffusion.

SILVER FLOURIDE GROWTH UNDER A THIN FILM

1000 A thin films of ThF 4 , MgF 2 , SI0 2 , and A1203

deposited on a silver surface do 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 2 fluxes and a 1 KeY,

5 uA electron beam. A net mass gain was observed on a

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 loss was observed, in agreement with Coburn and

Winters' earlier findings (19). One important feature of

these data is that silver surfaces overicoated with fluoride

films gain mass at a faster rate than silver surfaces with

oxide films or the bare silver surface itaelf. Note t1hat

the exposed silver electrodes surrounding the deposited

film are on a relatively insensitive part of the crystal.

Fig. 5.7 shows the QOC response when a silver coated

crystal with 1000 A of ThFF4 is simultaneously bombardedS.4

with by flux of XeF 2 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 freqaency rise due to the thermal gradient in

- the crystal created by electron bombardment as discussed in

section 3.2. However, this should last for less than 300 s

as opposed to the 600+ s duration seen in Fig. 5.7. The

. prolonged rise in freqaency is due to the electron

stimulated decomposition of ThF 4 and desorption of the

". liberated fluorine (112). There is no accelerated mass

S.
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Table 5.1 Rate of fluorine uptake on a silver surface

through various dielectric 1000 A thin films as

determined by QCM.

thin film electron rate of mass gain

composition energy (eV) (graam/s) (monolayer/s)

ThF 4  1000 6.3 X I0-10 1 x iO-2

MgF 2  1000 5.9 X 10-10 9.8 X 10-3

Al 203 1000 4.7 X 10-10 7.8 X 10-3

SiiO2  100 2.5 X 10- 4.2 X ijo0

none (bare Ag) 1000 3.9 X 10-10 6,6 X 10-5

II

4....I
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film deposited on it.
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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 same

fluorine species results from XeF 2 adsorption on a ThF4

surface as is formed on an AgF surface and that this mobile

species diffuses through the ThF 4 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 ThF4 film deposited on a gold substrate

is subjected to identical conditions. Meakin (103) and

Leamy et. al. (104) have demonstrated that such thin films

may have an open, porous stracture which may help to

explain the ease with which this species seems to diffuse

through them. The considerable ease with which fluorine

diffuses through the ThF 4 along with the fluorine present

in the ThF4 itself results in a large fluorine

concentration at the ThF 4 - silver interface. The large

fluorine concentration that results may be equivalent to

exposure of a silver surface to a larger flux o2 fluorine.

The rate of fluorine uptake on a bare silver aurface

stimulated by electron bombardmene is largely unaffected by

changes in the incident electron energy and depends

* linearly on the electron flux in the region invest.gated.

-The influence of the electron bombardment can be calculated

by subtracting the mass gain rate before electron

bombardment from that during electron bombardment to obtain

the mass gain rate due purely to the electron enhancement.



61

This is then normalized by dividing by the electron current
to obtain the enhanced fluorine uptake rate per electron

(enhancement rate). This enhancement rate is plotted as a

function of incident electron energy in Fig. 5.8. The

enhancement rate on a bar- silver surface (circles in Fig.

* 5.8) 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 1000 A ThF4 overlayer

(crosses in Fig. 5.8) depends strongly on the incident

electron energy. At energies greater than 300 eV the

enhancement rate for the ThF 4 films is just slightly larger

than that for bare silver. However, at energies below 200

eV the enhancement rate for the ThF 4 films is greater than

that for bare silver by a factor of 5. Considering the

penetration depth of the electrons this appears to bs due

to an increase in the electron enhanced fluorine sorption

rate on the ThF 4 itself which may be caused by an increase

in the fluorine surface to bulk diffusion cross section

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

SUMMIARY

* In this section the electron enhanced growth of

silver fluoride films on a silver surface in the presence
of F2 and XeF2 was studied using AES, and QCM techniques.

The fluorine uptake through various dielectric thin films
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ABSORPTION YIELD OF F 2

vs. ELECTRON ENERGY
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Fig. 5.8 Electron enhanced fluorine uptake rate per

electron using F2 and 5 pA electron beam. a =

bare silver ; + = 1000 A ThF 4 film on silver.
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was also investigated.

In the absence of electron bombardment, an initial

layer (0.8 to 1.1 monolayer) of fluorine is adsorbed from

F2 and XeF 2 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 104 monolayer/s.

As the near surface layers become fluorine enriched, an

increasing amount of XeF 2 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 10-3 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 fluorine uptake

rate on a silver surface exposed to F2 increases by a

-- factor of 3 to 2.3 X 10-3 monolayer/s. The rate of

Fluorine uptake on a silver surface exposed to XeF 2

- increased by a factor of 1.4 to 9.3 X 10-3 monolayer/s.

This may be the result of the formation of additional

mobile fluorine from the F2 or XeF2 adsorbate by the

_electrons. The electron enhanced fluorine uptake rate does

not strongly depend on the incident electron energy in the

100 eV to 1 KeY energy range.
When a thin film coated on a silver substrate was

* simultaneously exposed to a flux of XeF 2 and a flux of

electrons it was discovered that electron-enhanced fluorine

_•

-t
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uptake into the silver substrate occurs through a variety

of thin film materials (ThF 4 , MgF 2 , SiO,, and A120 3 ).

Electron enhanced fluorine uptake appears to be faster

through fluoride films than through oxide films or on a

bare silver surface. XeF 2 appears to dissociatively

chemisorb on ThF 4 resulting in a mobile fluorine species

which can easily diffuse through the ThB4 to the silver

where it may form an AgF layer.

•4

e
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VI. ELECTRON INDUCED DAMAGE OF Tb? TRIN FILMS IN THE

PRESZNCE OF XeF 2

During Az ion sputtering, AES revealed traces of

carbon and oxygen in the bulk of the ThF4 films, almost at

the same concentration as on the surface initially. Tne

presence of oxygen in ThF4 usually indicates water (105).

- Exposure of the surface to XRF 2 rapidly removes most of the

* surface impurities, especially during electron bombardment,

a? although one must keep these trace impurities in mind when

evaluating the results.

EFFECT OF ELECTRON BOMBARDEENT ON Tbh4

ThF4 rapidly loses mass during electron bombardment,

as indicated by microbalance measurements. The

microbalance measures total mass loss which includes the

mass of + or - ions and neutral particles. Simultaneous

with this mass loss, the quadrupole mass spectrometer

reaistered a substantial (up to 28%) increase in the 38 AMU

(F 2 ) peak. Since the quadrupole is not in line of sight

w1,-1. the Th? 4 it is unlikely that it would detect atomic

-1 "lucrine dua to wall collisions. Although no increase in

Srhe 1^ kMU (F 2 ) peak was measured, there is a stroag

- possib2ilty that at least Dart of the desorbing fluorine is

* atomic.

.4

- S.-
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The atomic concentration of surface species was

monitored with AES during an extensive exposure to 1 key

electrons and is plotted in Fig. 6.1. The fluorine

concentration decreases from 75% to 50% during the first

0.01 C (3 X 1017 electrons/cm2 ) of bombardment, with little

_* change in fluorine concentration thereafter. The thorium

concentration initially increeses due to the loss of

fluorine and then decreases as the film slowly adsorbs

carbon and oxygen containing gases from the background.

The sticking probability of the residual gas on the ThF4

surface is increased by the removal of fluorine.

The damage caused by electron bombardment is not

limited to the near surface layers. Microbalance

measurements indicate that during extensive bombardment

with a 1 keY, 50 uA electron beam, the fluorine loss is

equivalent to all the fluorine contained in up to

27 monolayers of ThF 4 . The damage actually 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 ThF 4 film. The

film develops a dark blue color where the electron beam was

incident uDon it. This blue color is due to bulk defects

or color centers which presumably are associated with

fluorine vacancies. No information on ThF4 color centers4

could be found in the literat-ure. This blue color is
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SURFACE CO&*OSMTON OF ThrF4 CUIiNG ESC
AND SuSSEOUVNT EXPOSURE TO XeF'.

-. ~z

z
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- 20-- -

Fig. 6.1 Concentration of fluorine, oxygen, carbon, and

t-horium on the surface as determined by AES

during Electron Stimulated Desorption of ThF4

with 1 keV electrons. Symbols on far right

represent surface concentrations after electron

bombardent is halted and the sample is exposed

to XeF 2 .
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visibly diminished after the film reabsorbs a large amount

of fluorine.

For a ThF 4 film to lose many monolayers of fluorine

very quickly under electron bombardment in a vacuum,

electron bombardment must stimulate the following

processes: ThF4 dissociation, fluorine bulk diffusion in

the near surface layers, bulk to surface diffusisn (surface

segregation), and fluorine desorption. Without electron

bombardment, fluorine would not be driven to the surface

very quickly by the concentration gradient. Indeed, under

certa- i circumstances, ThF4 can rapidly gain many

monolayers of fluorine assisted by electron stimulated

diffusion.

The initial rate of mass loss of InF 4 subjected to

electron bombardment at various energies from 50 eV to

500 eV was measured, Fig. 6.2 shows the dependence on

electron energy of the vield (mass loss rate/electron flux)

during the first 100 s of ESD with a low intensity beam of

electrons. The electrons are very efficient at desorbing

fluorine; almost every electron removes a fluorine

particle. The sudden jump in yield between 200 and 250 eV

is readily appar6nt, and we suggest that it is due to a

Yjiotek-Feibelman desorption mechanism (9-10). The incident

electron would cause ionization of a thorium-O shell

(229 eV), followed by an intra-atomic Auger decay leaving

the fluorine positively charged. The fluorine should then
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Fig. 6.2 Electron energy dependence of Electron Stimulated
Desorption of fluorine from ThF4 as determined by

QC44.
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desorb as F+ or neutral F. This requires further

experimental verification with line of sight mass

spectroscopy.

EXPOSURE OF ELECTRON DAMAGED ThF4 T0 Xe?2

- When "virgin" ThF4 is exposc4 to XeF2 it slowly

adsorbs a fraction of a monolayer of fluorine

(typically 0.7 monolayer). The sticking probability is

small and can vary considerably from one sam-ple to the next

due to surface contamination. Xenon could not be detected

with AES. The surfa-e 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 ý

(such as that at the completion of electron bombardment in

Fig. 6.1) readily adsorbs fluorine. When such a surface is

exposed to XeF 2 , it rapidly gains a monolayer of fluorine

with unity sticking probability. After 1 monolayer is

adsorbed, the fluorine adsorption continues at a very slow

rate with less than an additional monolayer adscrbed after

several hours. The data at the right side of Fig. 6.1

shows the increase in surface fluorine concentration which

occurred after electron bo-mbardment was halted and the

sample was exposed to XeF 2 .
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SIMULTANEOUS EXPOSURE TO ELECTRON8 AND XF2

When a ThF4 surface is simultaneously exposed to

XeF 2 and 1 keV electrons, it loses less total fluorine than

it would if the XeF 2 were not present. Under the identical

1 keV electron bean used before, the maximum fluorine a

ThF 4 film would lose, when subjected to a flux of XeF 2 , was

J3 equivalent monolayers or about half of what it would

lose in vacuum. Fig. 6.3 shows the concentration of

surface species as determined by AES during simultaneous

exposure to XeF2 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

0.008 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 phase. The diffusion of the near

surface fluorine is still stimulated by electron

bombardment and this results in a fluorine enriched

surface. After some time, however, the bulk fluorine

concentration decreases until a chemical eqailibrium is

established where fluorine is desorbed 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 for very long
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SURFACE COMPOSITION OF ThF. DURING
100 r SIMULTANEOUS X*F2 AND ELECTRON EXPOSURE
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Fig. 6.3 Surface concentration of fluorine, oxygen,

carbon, and thorium as determined by AES during

simultaneous exposure to 1 keV electrons and

3.5 X 105 XeF 2 molecules/cm2/s.
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periods of t'imme. During simaul taneous bombardment with low

energy elect-rons and Xe? 2  neT. film gains mass at-- a

steady rate depending on electron energy, XeF 2 ~x and

el~ectron Zlux. After 2 hotrs of b-c-bardnent- with 7 UA;-

100 eV electrons and 1 X 10 16Xe? 2 molecules/a, t-he mass

gain rate showed no change. From our microbalance

measure-aents, we can calculatCe a "sorption yield" which is

equal to the rate of mass gain/elect'ron, ?ig. 6.44 sh-ows

the dependence of thea sorption yield on Jinaid~qt elect'ron,

energy mmeasured by the nicrobft1an-ce during bom-bardmimant *with

2. uk of e-lectrons. The mass gain rate appeara to peak at

50 eV., suggesting that- this is the energy at which the

diffu.-ion of fluor-ins from the surface Ln-to the bulk Is

Max~iZaILSC. If at, 4th%-iM energy" Ithi cross section for

fluorine segregat-icn into the blalk is a =maxizv=, th-en t-he

fluorin .Tl-zw would be regulated at the surface by the

incoming gagi phase E]Aiorine (X^-e?.. i~nd the electron current

and not by the bulk concen't;ratior. gradient. FiLeld

stinmulated. *ffacts :gay also -clay a role since the secondary

alectron, yield daeceases at these 'Low energices, reaulti~rq

in iznczv~ased suirface charging.

Large flur-inm con.ýent rations can be pim-ped in~to a

ThF thin film. Fiy 6-5 shows the Xe?. 'flux dependence of4 e

the sorption/E-SD yield as meat--red by the =-z.craoblance.

With 1 keV (circles In Fig. 6.5t incident- elec-trons, ESD

dominates until an XeF 2 f.lux Of 4 X la~ molacuzles/'s is
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FLUORINE UPTAKE
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• ; Fig. 6,4 Yield (mass change/electron current) dependence

on electron •.nergy d~iring •imultaneous exposure

------ '•to XeF2 and electrons.
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ESO ANO FLUORINE uITAKE

XeF 2 FLUX DEPENOENCE
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__•;Fig. 6.5 Dependence of the sorption-ESD yield of ThF4 filIm

an XeF 2 flux during electron bombardment with

•--• 1 keY (circles) and 100 eV (crosses) electrons.
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reached, which is when chemical equilibrium is rapidly

established. When 100 eV (crosses in Fig. 6.5) electrons

are incident, a very small flux of XeF 2 (less than

3.5 X 1014 molecules/s/cm2 ) is required for significant

sorption to take place,

In Fig. 6.6, we show the electron flux. %ependence on

the mass change of a ThF4 film exposed to

3.5 X 1015 XeF 2 molecules/s/cm2 and electrons. For I keV

electrons (circles in Fig. 6.6), ESD is more dominant at

large electron fluxes (10 uA), as one would expect. With

100 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 to the bulk is

regulated by the electron flux. At higher current, the

reaction becomes gas flux limited starting at 4 uA when the

rate of fluorine segregation into the bulk is limited by

the gas phase fluorine reaching the surface. At higher

electron fluxes, the sorption yield decreases because ESD

is occurring faster than adsorption from the gas phase.

The surface fluorine concentration is reduced and therefore

segregation into the bulk is slightly slower.

It should be noted that the results obtained with F2

as a gas phase fluorine source were almost identical with

those obtained with XeF 2 when care was taken to carefully

match the fluxes for the two gases.

r
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FLUORINE UPTAKE
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Fig. 6.6 Electron flux dependence of the mass change of a

ThF 4 film while exposed to XeF 2 for electron

energies of 1 keV (circles) and 100 eV (crosses).
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VII. CHEMISORPTIVE EMISSION FROM

FLUORINE ADSORPTION ON TUNGSTEN

RESULTa

Tungsten was observed to emit electrons during

exposure to F2 . Prior to cleaning no CE was observed from

the filament. Immediately after flashing, a small electron

count rate was measured as seen at the beginning of

Fig. 7.1 due to background F . Gas exposure occurred

approximately 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 seen in Fig. 7.1 (crosses

correspond to electron emission rate and circles corresppnd

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, pressure profiles at fixed temperature.

Three such CE curves are shown in Fig. 7.2 (crosses

represent data) for F2 adsorption on ttungsten for different

maximum F2 fluxes. Fig. 7.2a corresponds to the largest

maximum F_ flux and Fig. 7.2c to the lowest. The CE peaks
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Fig. 7.1 CE rate of clean tungsten exposed to F2.

"Electron emission rates are represented as

crosses. The gas flux is represented as circles.
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corresponding to smaller maximum F. fluxes have a smaller

maximum value but last longer in time; the total number of

counts (area under the curve) remains unchanged.

At higher filament temperatures, the maximum count

rate as well as the total number of counts increases.

Fig. 7.3a displays the data (crosses) for the h.ghest

tutngsten temperature and Fig. 7.3c for the l'owest. Care

was taken to stay below the temperature at which thermionic

emission from the tungsten interfered. Thermionic emission

was measurable at 1140 K and 1230 K for a clean tungsten

surface and a fluorine covered tungsten surface,

respectively. The temperature dependence of the total

.number of counts, during the exposure of a clean tungsten

surface to F2 , is plotted in Fig. 7.4 (crosses). The

temperature dependence appears to be exponential. The data

point at 1241 K may have a small contribution due to

thermionic emission. No evidence of steady state c due to

spontaneous etching of W by F2 was observed. We believe

that this is due to the increase in work function by the

electronegative adsorbed fluorine.

Although a small CE peak was observed when a clean

tungsten sample was exposed to XeF 2 , it was found that once

the XeF 2 flux was purged of impurities (e.g. 02, CO, H2 0,

and F2) the count rates dropped considerably. AES,

however, reveals that XeF 2 does dissociatively chemisorb on

W, resulcing in a layer of fluorine of the same coverage as
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Fig 7.3 CEE rate during 3 successive exposures of clean W

to F 2or different tungsten temperatures: (a)

7760 K %b) 6690 K c) 588 X. The lines represent

the fit predicted by the model.
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Fig. 7.4 Temperature dependence of the total number of

electrons detected from W surface during F2

exposure plotted on a log scale (crosses). The

squares represent the best fit predicted by the

model.
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that produced by exposure to F2 . We conclude that the CE

measured during XeF 2 exposure is due to the adsorption of

background iises (including F 2 ) and that a very small

amount or no CE occurs when XeF 2 is adsorbed on W.

* DISCUSSION

In the Norskov-Kasemo model (30,33), the excited

state results from the rapid approach of the molecule to

the surface. If the molecule is approaching the aurface

slowly, the 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

occur as the molecule approaches the surface. The

component of the average velocity normal to the surface, of

an XeF 2 molecule is a factor of 0.05 smaller -ian that of

an F2 molecule due to the large mass difference. This may

account for the lack of CE observed during XeFI adaorption

because adiabatic transitions are more likely. In addition

to the mass diffe-ence, the presence of the electronic

structure of the xenon may also play a role in preventing

the formatior of a low lying hole in the adsorbe! atom.

To probe the relation of CE to chemisorrtion, we

explored a kinetic mo,-, for CE from the expoture of

. tungsten to F . We assumed that the rate of electron

---- emission, R, is proportional to the rate at which sarface
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sites are being filled, where 0 represents the fraction3l

fliiorine coverage; i.e.,

7.1 R = -K(G) dG/dt

We expect a coverage dependent rate constant due to an

increase in the work function with increasing 8.

The rate at which sites are being filled 4-s assumed

to be proportional to the number of sites which . not

filled (i.e. first order adsorption):

7.2 -d9/dt = F(t)S(e)o (1-8)
0~

Here F(t) represents the time dependent gas flux, S(9) the

sticking probability, and N 0 the total number of sites

(calculated to be 10'). The rate of electron emission can

be written as a function of coverage:

7f.3R =

The 9 deenden cf the sticking probability, as well as

- the prohnbility for electron emission per site is contained

in tt-e ftrnction Gf'

-=r:. r exmeriments,' the gas flux F(ti) and the

number o em-_tee electrons C(ti) occurring during the

t-me Lz-te-va- tr= ti to t-i+Lt were measured, where the
i



coverage incr-eases ftrc 0 at t=O to I. at t-' w

S. + Zit

7.4 Ct)jR(t~dt

.aations 7,3 anid 7.4 wore 7n-merically sitoed ;mingr

standard integration techmiaroec and the measuread ---t). R,

ar;& si~ij.s funct-ions for G(C-) ware adjuted tCO ririmie th~e

snu oC the sq~uares of thle djzviationz betw-enr predlIcted

-~'a~uf fomm equation~ 7.4 and the expprinental data. A

si ls GOW funct-ion, qiwf by equiation 7.5, wIth the

~inie~dt~~epara*rneter r vas founid toyieiftdameeý_Pnt-

3.t-ýween eutpabon 7.-3 and the da~ta. 9 is tha Co-'rerage Z~t

wt~ic -tbea~isin oan- to zero.

max_ T:ax

lbis -ft-ction Gee). plotted in F'ig. 7,.5, dscvreasas to zero
as e irxrease. ;1,i is a eca f~rr flor the orozi-t-

af a ty-picz! st.Uckdng poai.tyam-n a functjion of 9

C re-e--entiric the a frýicat ;,f a~n irizreaaincq work function. An

increasing- v:ork function. due to the ±n-creasing
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Fig. 7.5 Coverage dependent function used to model CE.
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concentration of electronegative fluorine on the surface,

results in a decreasing probability for an electron

escaping. We suspecl that for e = 9 max this probability is

vanishingly s&,all because at high F2 fluxes the CE curves

following their peaks drop to zero emission so decisively

even though an etching reaction is probably occurring which

would free new W adsorption sites (but at high 9).

This model, with the same values of r and K', fits

quite nicely the CE data taken with different gas flux

* profiles, as seen in Fig. 7.2. Here the crosses represent

actual data and the lines 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

fit occurred with low F2 fluxes (Fig. 7.2c), most likely

due to the larger role played by the background gases when

the F2 flux is relatively low.

This same model was also used to fit CE data taken

--J at different temperatures, as shown in Fig. 7.3. Again

crosses represent the actual data and the lines are the

predicted emission curves using the measured F(t). It was

only necessary to change K' to fit the data at different

temperatures i.e., r was held constant. This implies that

the temperature dependence is exclusively contained in the

factor K'(T), decoupled 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

eemission at a given temperature can be calculated by

dividing the total number of electrons emitted at that

temperature by the number of sites on the surface. At

588 K, the lowest temperature, 104 electrons are typically

emitted. The average probability for electron emission per

site is therefore 10-10. In Fig. 7.4 we show on a log

intensity scale the increase in the emission probability

per site with temperature. We propose that this is due to

the increasing number of electrons occupying energies aboze

the Fermi level 3f the metal, Ef, at higher temperature.

To model this temperature dependence, we assume an

electron with energy El, in the tungsten (Fig. 7.6), fills

the hole in the adsorbed fluorine electronic structure E a

The energy from this process is imparted to a second

electron in the tungsten conduction band which originally

had energy E2 . 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 - Ea > Ev, illustrating why anSz aI

increasing work function could cut off the CE. This yields

a condition on the energy of the second electron (E 2 ) for

emission to occur:

7.6 E2 > Ev + Ea -

2-V a
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Fig. 7.6 Energy level diagram of the 2 electron process

resulting in CE; Ec = bottom of the conduction

band, E a = energy level of the electron hole in

the fluorine electronic structure, Ef - Fermi

energy. Ev = vacuum energy level, E 1 = original

energy of the electron that fills the hole in the

fluorine electronic structure, E2 - original

energy of the emitted electron.
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The density of occupied electron energy states in

tungsten can be approximated by a (energy) 1 / 2 dependence,

measured from the bottom of the conduction band (106-108).

Using a Fermi-Dirac electron occupation distribution we

arrive at the electron energy distribution in Eq. 7.7. We

"take for these calculations a Fermi energy of 9 eV from the

bottom of the conduction band (106).

7.7 n(E) - -__

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

Integrating over the energy of both electrons (E 1 and E2 )

- involved in the emission process, the total emission vs.

temperature is given by:

7.8 A = L dE1 2 dE2

/ exp((Ei-Ef)/kT)+l exp((2,E -Ef)/kT)+l

Ea ~Ev+Ea E1

where L is simply a scaling factor and E a is considered to

be an adjustable parameter. Eq. 7.8 thus represents the

temperature dependence of our model. An eifective work

function (Ev - Ef) of 4.5 eV for tungsten was used (109).

Using a non-linear least squares curve fitting

program, L and Ea were adjusted to obtain the best fit to
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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) which provided the best fit was found to be 4.45 eV

below the Fermi level. The energy obtained by filling this

level 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 small, this may account for the small emission

probability per site observed.

--.
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