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ABSTRAGCT

A quantitative study of the fluorescence yield from electron impact
dissociaﬁion of Fe(CO)5 in a semi-effusive beam was carried out and com-
pared favorablvaith a limited degree of freedom statistical dissociation
model for an excitation energy of 100 eV. ‘An absorption cros5fsection
was measured to be 4.7 Az.i-o.h A?. A quéntum:fluorescence yield was

neasured to be 2 X 10 %

at an electron eﬁergy of 100 eV.

Thin iron filhs'were formed from F"e(CO)5 on glass surfaces using a
Mercury/Xenon high pressure arc lamp. The kinetics of this process were
studied by measuring the increase in pressure due to the dissociation of
Fe(co)5. The rate of dissociation cldsely‘followed the rate equation for

dissociation by both photolysis and electron dissociative attachment due

to low energy electrons emitted by the surface.
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Chapter I

INTRODUCTION

There are various methods for dissociating metal carbonyls produc-

: ing gaseous bare metal atoms. Thermal decompositioni’2 provides a rel-

atively easy means of dissociating metal carbdnyls. PhotolysisB’u’5 has
also been used to dissociate metal‘carbonyls and at the same time induce
'excitatioﬁ of the metal atom. Quenching6 of metastable rare gases by
metal carbonyls is a relatively new method for dissociating metal car-
bonyls. This process also allows excitation of the metal atom. Exper-
iﬁental evidence has indicated that this metastable dissociative process
is a single bimolecular energy’tfahsfer,followed bj simultaneocus dissoc-
iation of the ligands from an excited metal atom.

Tﬁe present work uses electron impact as a means of dissociating
F‘e(CO)5 leaving excited iron atoms."Compa:ison of thé fluorescence
spectra obtained by this process with the chemiluminescence spectra ob-
tained by Hartman6 and Horak5 gave an indication of the mechanism in-
?olved.A |

One side effect of all these dissociative processes is the forma-.
tion of metal films on surfaces.. Baker and Bernstein1 used thermal de-
composition of nickel carbonyl'to form thin nickel films.on Pyrex glass.
They found these films to. be active hydrogen catalysfs. Nagy et a.l.7
formed iron films using both thermal énd photochemical decomposition of
Fe(CO)S. _ | |

Another aspect of the present work was the use of the photoelectric

effect to emit electrons from the surface of soda glass. It is believed

that the electrons, through dissociative attachment, form fragmented neg-



ative ions i.e.,

Fe(CO), + e~ = Fe(CO).  + CO n=1,2,3,4,5 (1-1)
5 5-n

n

These ions are then attracted to the surface where further dissociation
and neutralization accurs. By monitoring the rate of dissociation of &
Fe(CO)5 for this process, the rate law can be obtained. This rate law

will be shown to be in good agreement with the above mechanism.
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Chapter II.

ELECTRON IMPACT DISSOCIATION OF IRON PENTACARBONYL:

The electron impact dissociation of Fe(CO)S‘was studied by observ-
ing the fluorescence of Fe when a beam of Fe(CO)5 was crossed with a
beam of electrons. ‘A block diagram of the apparatus is shown in Fig.
II-1.

Briefly, an effusive bé;h ofh'Fe(CO)5 was formed through a 1/4 in.
diameter opening into the interaction chamber. A variable energy elec-
tron gun generated a beam of electrons which crossed the Fe(CO)5 beam at
e right angle. A Faraday cup at the opposite side of the chamber from
the electron gun mocitored the emission currean The total visible and
near UV fluorescence was collected by a photomultlpller (PMT) located be-
_hlnd a quartz wlndow placed orthogonal to both: the Fe(CO)5 and the elec-
tron beams. A 0. 25 monochromator was placed between the PMT and the
quartz w1ndow to collect the dispersed fluorescence in certain experi-
ments., The PMT was operated in a pulse counting mode. Discriminated
PMT pulse were counted by standerd electronics and accumulated under con-
trol of a Commodore PET 2001 microcomputer. The interaction chamber and
data collection system were designed by Dr. David V. Horaki. A more de-

tailed discussion of the appartus follows.
A. . Interaction Chamber

Electron impact dissociation of Fe(CO)5 was first attempted in a
flow system. Approximately 30 torr of Fe(CO) 5 Was flowed through a 1/4
in. stainless steel tube into a ca. 2 1/2 in. diameter tee-shaped chamb-

er. An electron beam generated from an electron gun was set'orthogonal



to the flow of‘Fe(CO)5 vapor. One major problem. developed from this sys-
tem. Iron froﬁ dissociated Fe(CO)5 plated out on the filament, reducing
the emission current to ca. zero and eventually caused the filament fo
Jburn-open. All this would oécur approximately 10 to 26 seconds after
turning on the Fe(CO)5 flow. For this reason, it was deemed neéeésary

to collimate the Fe(CO) 5asa molecular beam.

The interaction chamber, Fig. II-2, was a 13 in. X 15 in. X 13 in.
rectangular box constrﬁcted out.of 1/2 in. thick 304 stainless steel. A
glass bulb (sample reservoir) was connected to a 1 in. 0.D. brass tube
which was fed through the top of the interaction chamber using‘a Cajon
o—ring quick couple. The sample reservoir was immerséd in a water bath
which was maihtainedrat a constant'tehperature of 159G. -The end of the
. brass tube éouldwbe fitted with various size nozzles .which pro&ucé& a
.. semi-effusive beam, Novfuithér cdilimatioﬁ was used. -ApSolenoid valve
set,appréximately 4 in. above the noézle was used to turn the beam on
and off. |

Inside the interaction chamber was a copper LN2 reser&oir and four
cooled copper 5aff1es. Thésé allowed the entire chamber to beAgryopump-
ed, minimizing the amount of Fe(CO)5 entering the electron gun. A fur-
ther discussion of this will be given in the section on the electron gun.
The chamber was pumped by a ?OO 1/sec. CVC 4 in. diffusioanump backed
by a Welch 1402 mechanical pump. The chamber could be puﬁped down to ca.
2 X 10-7 torr. The entire inside of the chamber was painted black in or-

der to decrease the amount of scattered light from the electron gun.
B. Fluorescence Monitoring

The fluorescence was obsefved through a 2 1/2 in. diameter quartz



window supported by a 6 in. flange orthogonal to both the Fe(CO)5 and
the electron beams. This window was'periodically cleaned with HC1l to
remove any metallic iron which plated out on its surface. On the out-
side of the flange supporting the window was a 6 in. long light tight
tube housiné an EMC9824B PMT. The PMT high voltage was set at -1600V
using a PAR 1105 data converter as its power source. The signal from
the PMT was fed through a PAR 1120 discriminator to the data converter.
The output of the data converter was ECL type pulses which were fed to
an ECL to TIL converter. The TIL pulses were counted by a Commodore

PET computer. The counting software was provided by David V. Horakl.
C. Electron Gun

The electron beam: was generated by a modified Pierce electron gun.

The electron beam was focused through the center of the reaction chamber

into a Faraday cup supported by an LN2 baffle on the opposite side of the

chamber. The Faraday cup monitored the electron beam currentvthroﬁghout
~the experiments. The electron gun produced a stable electron beam current
of 10_'7 amps using a 0.003 in. diameter 2% thoriated tungsten filament
run at 3 amps and ca. 1.5 volts under the most ideal conditions i.e.,

no Fe(CO)5 introduced into the system. The energy of the beam could be
changed from approximately 60 volts to 180 volts with no significant
change in the beam current.

Because of the nature of the experiment two problems had to be con-
sidered when designing the electron gun. First, since photons from the
fluorescence of Fe* were to be observed, the amount of light emitted by
the electron gun had to be small in comparison. Second, the amount of

Fe allowed to contaminate the filament had to be minimized in order to

L o
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maintain a stable electron beam current. The first problem was solved
by designing light tight shields used in the construction of the elec-

tron gun. The second and more difficult problem was minimized'by col-

‘limating the Fe(CO), and by allowing the electron gun mounting assembly
5 = _ ,

to be cooled to LN, temperature.

2
The electronvgun, Fig.II-3, was cylindrically symmetric about the-
electron beam axis. The gun could be assembled and placed into the
mount, Fig. II-4, as a unit. The'gun was assembled by screwing four“
#4-40 threaded rods into the light shield. A teflon light tight ring
was then fitted snugly into the light shield. ‘The final focusing stage,
two grids, filament shield and back plafe were electrically isolated and

accurately spaced bty 3/16 in. diameter ceramic balls which fit in 120°

" dimples drilled 3/64 in. deep in each of these elements. ~-The four

threaded rods went through the baék plate and held the assembly together
with four nuts. The filament holder was made of boron nitride and fit-
ted snugly into the filament shield. The thoriated tungsten filament
was spot welded to tﬁo stainless steel posts which were mounted in the
filament holder.

Fig. II-5, shows a block diagram of the electron gun controls. The
}ilament power supply was floate& on the filament shield power supply
(filament float) which ailowed the electrons to be generated at the po-

tential of the filament float i.e., the electron beam energy was deter-

- miped by the filament float. Although the float could be varied from

0 to -180 volts, the electron beam current dropped to about 10—9 amps in

the range of 0 to -30 volts. For this reason, the float was limited to
the range of -50 to -180 volts. In order to vary the electrén beam ener-

gy and not significantly change the focusing conditions (or, more impor-



tantly, the electron beam current) botp grids and the fin;l focusing
stage were also floated on the filament float. When the electron beam
energy was changed from 50 volts to 180 volts, the beam current dropped
approximately 70 per cent. However, this could be corrected by adjust-
ing the final focusing stage voltage slightly, ca. 5 to 10 volté. The
filament emission current was measured at the first grid to be 10-6 amps

7

while the current measured at the Faraday cup was 10 amps indicating
- less than 10 per cent of the electrons generated at the filament were
focused into the Faraday cup. The first grid could also be used to pulse
the electron beam off by applying a largevnegative (~-200 v) pulse to it.
Typical operating conditions are shgwn in Table II-1.

The electron gun mount, Fig. II-4, consisted of a 5 1/4 vin. léng
3 in. 0.D., 1/8 in. wall thickness:brasé tube. A 1/8 in. fhick brass
disk with a 5/8‘in. hole through-the center was soldered in the brass

tube 1 1/4 in., from the end. .The mount fit tightly into two LN, baffles,

2
Fig. II-6, which were anchored to the LN2 reservoir., The baffles provid-
ed both structural support and good thermal condﬁctivity, allowing the
mount to‘be cryopumped.

The Faraday cup, Fig. II-?,'was constructed by soldering a 3/4 in.
long solid copper cone into a 1 in. long; 1/2 in. 0.D., cop?er tube.
The Faraday cup fit in a teflon insulating sléeve which was supported
by an LN2 baffle. The current was monitored by a Keithly Model 610B

electrometer.
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Table II-1

Typical Operating Conditions For The Electron Gun

Electron Gun Element

Filament

Filament Shield
Filament Float

Lens 1
Lens 2

Final Focusing
Stage - ‘

Faraday Cup-

Voltage
1.5v
-60v to -180v

+200v

+300v

+50v

Current

3 amps

1077

amps

10

to 10‘8

amps

LN



Figure II-1.  Interaction Chamber And Beam Source Pumping
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Figure II-2. Interactiocn Chamber Cross-section

A. Electron Gun Mount Supports
B. Faraday Cup Support

C. Cryopump Baffle #1

‘ D. - Cryopump Baffle #2

E. Cryopump Baffle #3

F. Cryopump Baffle #4

G. Cryopump Bedy . .
H. Beam Nozzle

I. Electrical Feedthrough Flang
J. Cryopump Support Pillars

K. 1IN, Feed Tubes

L. Interaction Chamber Wall

M. Cryopump Slip-on Cover
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Figure II-3., Electron Gun
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Figure II-4.  Block diagram of electron,gun‘control electronics
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" Figure II-5. ;Electronv:Gun Mount
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Figure II-6.
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Chapter IIT

EXPERIMENTAL PROCEDURES AND RESULTS

In oider to determine the experimental characteristics of the fluor-
-, escence apparatus described in Chapter II, it was'necessary to. perform

two experiments. First, by monitoring the total fluorescence és a func-
tion of time while monitoring the electron gun emission éurrent,the stab-
ility of both the Fe(CO), beam and the electron gun could be determined.
Second,_by monitoring the total fluorescence as a function of the elec-
tron beam energy, it coﬁld be determined at what energy the maximum fluor-
escence signal would be seen. This would be important to know since the
dispersed fluorescence signal was expected to be small compared to the

background.,
A. Total Fluorescence vs. . Time

1. Procedure

The diffusion pump was turned on four hours prior to the introduc-
tion of Fe(CO),. This insured an internal pressure of ca. 2 X 1077 torr.
" Approximately two hours after the diffusion pump was turnéd on, the LN2
reservoir was filled. This process normélly took an hour and was then
allowed to sit for ;n hour to allow all the baffles to be cooled to LN2
temperature. Dufing this time the sample reservoir was charged with ap-
proximately 300 grams of Fe(co)5. The Fe(CO)5 was purified by freezing
. the sample in a dry ice/methancl bath while pumping on it for an hour
with a mechanical pump. It then took about two hours for the sample to
thaw and return to room temperature.

After the sample thawed, it was immersed in a water bath which main-
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tained a constant temperature of 15°C. At this temperature the stagna-
tion pressure was 25 torr, pfbducing a flov rate of 8.2 gm/min. This
- flow rate allowed for about 30 minutes of beam time with a 1/4 in. I.D.
nozzle. | |

The timing sequence is shown in Fig. III-1. It consisted of 20 sec- -
onds beam on, 20 seconds dead time and 20 seconds beam off for a total
of 60 seconds per channel. The 20 seconds dead time allowed all the
Fe(CO)5 to leave the 20 cm. tube between the solenoid shut-off valve and
the nozzle. This time was empirically determined to_be sufficient by'
watching the photon counting rate meter drop from ca. 2 X 106 counts/sec
to ca. 2 X 10“ counts/sec about 12 seconds aftefwthe beam was turned off.

The electron beam enérgy was*sét at 100 v and the emission current
at the onset of the experiment wés-ZOO‘nanoamps. The emission current
was monitored by a Keithly Model 610B electrometer. ,Thé photomultiplier
measurea about 104 gounés/sec with the electron gun filament off and a-

bout 2 X 10 counts/sec with the filament on.

2. Results

Fig. III-2 1is a plot of the emission current (in nanoamps) vs. time
(1 min/channel). The drop in the emission current after about 25 minutes
is due to iron poisoning the filament ahd'was seen in all of the experi- -
ments performed on the apparatus. It was therefore necessary to monitor
the emission current in all of the fluorescence experiments and adjust the’
fluorescence signal to compensate for emission current changes. Fig.
III-3, is a plot of the total fluorescence ves. time. The fluorescence
pattern closely follows the electron gun emission pattern of Fig. ITI-2.

This indicates the limiting factor in the fluorescence was the electron
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beam density and not the Fe(CO)5 beam density. This in turn gives evi-
dence that the experiment was liﬁear with respect to emission current
i.e., only one electron-molecule coliision.was involved in the process.

| Fig. III-4 is a plot of the fluorescence background i.e., electron
beam on, Fe(CO)5 beam off. Fig. III-5 is the total fluorescencg vs. time
minus the background.ani adjusted for emission current. The stability

of the beam in time (up to 60 minutes) as seen from thié plot is quite

~ good. VThe rather small fluctuations in the sisnal were probably due to
fluctuations in the electron beam and not the Fe(CO)5 beam. Fgom this

it was clear there was no lohg term changes in the beam density.

The experiment also allows calculation of a minimum quantum yield
vfor fluorescence. At the start of fhe'experiment the fluofescehce sig-
nal was 1.5 X 106:counts/min; .This'is,a-hinimum'value-since not-all of
the fluorescence could be collected due,to,the>geometry of the collection
system; The number of electrons absorbed was determined to be 3.7 X 1014
/min by measuring the difference .in the emission current with the Fe(co)5
beam off and beam on. This ié a maximum value since it only takes into
account the electrons with trajectories that are within the solid angle
of the Far;day cup. The fluorescence quantum yield is defined_as the
ratio:

Q.Y.= » Total # of photons emitted ,
***7 Total # of electrons absorbed X Acceptance Angle X Quantum Efficiency

(111-1)
- Thus, the minimum flﬁorescence quantum yield was calculated to be 2 X
10-4. A further discussion of this and the fluorescence cross-section

will be given in chapter IV.
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B. Total Fluorescence vs. Electron Energy

1. Procedure

The procedure for this experiment was identical to that described
in the previous section, excepﬁ that the electron beam energy was var-
ied from 60 v to 160 v at 20 v intervalé. As described in chapter II,
all the focusing grids and the filament power supplies were floated on
the filament shield power supply which determined the energy of the elec-
tron beam. By floating the power supplies in this fashion, the electron
beam could'be varied without significant change in the focusing condi-
tions. For each selected energy, data were accumulated for -3 channels.

The emission current was monitored continuously.

2. Resﬁlpsv

The results of this experiment are plotted inAFig._III—é; .From this
experiment it was-plear-that the maximum signal was at an electron energy
of 100 v. The sharp decrease in fluorescence at 140 v and above indi-
cates a rapid decrease in quantum yield. Alsd, it must be noted that at
éo v and below the emission current dropped off considerably i.e., by a-
bout a factor of 100. This indicates very poor focuéing conditions exist-

ed below 60 v, which could account for_the low fluorescence signal.
C. Dispersed Fluorescence

1. Procedure

The experimental procedure for the collection of the dispersed fluor-
escence was essentially the same as that for the undispersed fluorescence
experiments previously described in this chapter, except for the follow-

ing changes. The electron energy remained constant at 100 v¢ The fluor-
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- escence was dispersed by a 0.25 meteerA monochrofiator, Model 82-422,
fitted with a 2360 grooves/mm grating blazed at 300 nm. The slits were
250 um which resulted in a resolution of about 5 A FWEM. Ihe_fluoies-

- cence was monitored with an EMI 9824B phofomultiplier. The‘timing se-
quence used is shown in Fig. III-7. The sequende‘consisted of 4 scans.
Each had 23 sec of accumulating data with the Fe(CO)5tﬁam off, followed
by 23 sec of accumulating data with the Fe(CO)5 beam on, then followed
by 14 sec of dead time to allow true beam off conditiéns before'the next

scan. The scan speed was 5 A /min giving a rate of 20 A/channel.

2. Resﬁlts _

Fig. III-8 is the fluorescence spectrum obtained by scanhing the
monochromator from 3500 A to QOOO:A; . The background in'this:region’is-
shown in Fig. III-9. -The fluorescencevspectrum:minusftheﬁbackground is
shown in Fig. III-10. This spectrum corresponds.to the.fluorescencé from
the quintet states of atomic iron. A similar spectrum was observed by
D.C. Hartman and J.S. Winn3 using quenching of Ar* and Ne* metéstables
with Fe(CO)5. This is also similar to the spectrum observed by D.V.
Horak and J.S. Winn1 using VUV photons.

Fig. III-11 shows the spectrum observed by scanning- the monochrom-
ator from 4000 A to 4500 A. This corresponds to the region wheréfone
observes emission from the septet levels of atomic iron. Seﬁeral scans
were performed in this region with no emission lines visible. Horak and
Winn1 also observed no emission in this region. However, Hartman and

Winn2 did observe emission from the septet levels in this region.
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Figure III-1.. Timing sequence used in nondispersed fluorescence
~data acguisition.
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Figure III-2. Electron gun emission.current: vs. time. Each channel

- is 60 sec.
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Figure III-3. Total raw fluorescence vs. time. Each channel is

60 sec.
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Figure III-4. ‘Background of total fluorescence vs..» time.
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. 'Figure III-5. . Total fluorescence vs. timeuminus'background;f
(correctedffpr the emission.current)?Each channel

is é0 sec.
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4

Figure III-6. - Total fluorescence vs. electron energy. (corrected

for emission current)
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Figure III-7.

Timing sequence used in dispersed fluorescence
. data acquisition.
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Figure ITT-8., Dispersed iron fluorescence. using eiectron-impact.

Electfon energy set at 100 v,
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Figure III-9. Background of dispersed fluorescence. Electron

"energy set at 100 v,
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. Figure ITI-10. Dispersed iron fluorescence minus.background.

‘Electron energy set at 100 v,
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-Figure III-ll.5-Dispersed‘iron*fluorescence minuSﬂbackgtound.

Electron energy set at 100 v,
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- Chapter IV

DISCUSSION AND THEORY

In order to analyze the data obtained, it is necessary to determine .
the order of the Fe(CO)5 electron interaction. As discussed in chapter
III, the total fluorescence pattern closely followed tﬁe electron gun
emission current. If tﬁe interaction between Fe(CO)5 and electrons were
not first order in electron flux, this would not be the case. If, for
ihstance, the interaction was second order in electrons, the total fluor-
escence would decrease quadraticaliy as the emission current decreased.
The first order dependence on Fe(CO)5 concentration was insured by oper-
ating the Fe(CO)5 beam such that the molecules entéring the interaction
,region were in the collisionless portion of the bean. -

_'In chapter III, a total fluorescence quantum yield of 2 x'1o‘@ was
determined. - To obtain a fluorescence. cross~section from.this, it is
necessary to know the beam dehsity in the interaction region. A beam
density of 0.047 torr or 1.5 X 1015 molec/cm3 was defermined by Horakl.
This was accomplished by comparing an experimental absorption measure-
ment with the known extinction value of Fe(CO)5.and an empirical model
for the density profile. His operating conditions were slightly differ-
ent than those used in the experiments presented here. His reservoir
temperature was 31.700, preducing a vapor pressure of 40 torr, whereas,
a reservoir temperature of 1500 was used here,‘producing a vapor pressure
.of 25.ﬁorr. From simple kinetic theory2 the beam density, NB’ is relat-
ed fo the stagnation temperature‘and pressure by equation (IV-1).

P A

Np o= —;— (IV-1)
s
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In equation (IV-1), A is the area of the effusion orifice. Using this

relation and the beam density determined by Horaki, a beam density of
14 3

9.9 X 10~ molec/cm” was obtained for the operating conditions used in

the experiments presented here. It must be noted that this is an esti-
mate of the beam density and the true beam density could vary from thié
value by 10%. |

A total absorption cross-section 4.7 Az + 0.4 AZ was calculated us-

ing equation (IV-2).
g - zln [1(1)/1(0) (1v-2)
N_ 1
B
The ratio I(1)/I(0) was the fraction of the electron beam absorbed in

the interaction region'(ca. 10%)‘and.the length of the interaction re-

gion, 1, was estimated at 5 cm. A total fluorescence cross-section of

B 9.4 X 10-& 1% vas calculated -using equation (IV-3).
op = 0 XQ.E. (IVv-3)
The large difference between OTF and o, will be discussed later in this
chapter.

Because of the limited detection volume of the apparatus, a maxi-
mum lifetime 1limit for detection was imposed for long lived states. Only

atoms that flucresced before traveling through the 5'cm, detection. region

could be counted. The most probable Maxell-Boltzman velocity was deter-
mined by equation (IV-4)2
2 RT]% _
vmp‘ [ 7 (Iv 4)
In this'equation, R is the gas constant in ergs oK-1 mole-l, T is the

temperature in OK,'M is the molecular weight of the particle, and Vmp

is in cm/sec. Because the limited degrees of freedom, statistical dis-~

sociation model3 was expected to describe the process involved the value

L
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of -the mass usedeési96 gn/mole, the mass of Fe(co)s,-and not 56 gm/mole,
the mass of iron. (This model will be discussed later.) For this sys-
tem Vmp = 1.5 X iou'cm/sec. This allowéd detection of only states with
lifetimes shorter than 3.2 X 10-& sec.

| The limited degrees of freedom statistical dissociation model is
explained in detail by Hartmano, Hollingsworth” and Horakl. Briefly,
this model sﬁggests that during a collision, the electron (in this case)
imparts an energy, E,» to the Fe(CO)5. This energy is internally ran-
domized, and when the energy located in any iron-carbonyl bond is great—r
exr than_its bond energy, a. carbon monoxide molecule is liberated. The._
energy balance governing this process is:

B, = E, -By -E (Iv=5)

Su d

where Ed is the gnefgy required to rupfure'all:iron-carbonyls, Em is the
energy required for electroniC‘excitatiqn of“thefiron'atom, #ﬁd Eu is the
exXcess energy. Ihis-excess energy must be partitioned into the electron-
ic, vibrational, rotational and translational modes of the carbonyls., It
ié then postulated that the relative production rate of an excited iron
state at an energy Em_above the ground state is proportional to the total
density of states p(Eu) for all the allowed degrees of freedom available
in fhe collision complex.

| | M oc A(E,) (IV-6)
The density of states; P(Eﬁ), can be obtained by taking the inverse La-
place transforﬁ of the total partition function for all fhe active degrees
of freedomn. .

o) = v {a ) @D

The total partition fuhction can be viewed as the product of the compo?

nent partition functions if‘théy"are'seperable i.e., the motion of the
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components are independent., For the system discussed here, this gives
a total partitioﬁ function:
Ggotal T L Wl (TV-7)
where q is the translational partitibn function for each .CO, 4. is the
rotational partition function for each CO, q, is the vibrational parti-
tion function'fof each CO and 9. is the electronic partition function
for each CO.. For an unlimited degrees of freedom statistical model, all
these components of motion would be used to calculate the total partition
function. However, it has been found 1,3 that by limiting the degrees of
freedom té only translation and vibr;tion,_the total partitionlfunction
more closely predicts the dissociation rate for F‘e(CO)5 - VUV photon and
Fe(CO)5 - metastable rare gas. Also, the translational partition func;
tion is limited to a one dimensional translator. What this suggests is
that the dissociation process is virtually simultaneous i.e.; fast enough
“that rearrangement is not possible. -
| Horak1 and Hartman3 applied this model to the aispersed fluorescence

spectrum they obtained from Fe(CO) 5" VUV and Fe(CO) 5 - metastable rare
gas collision, respectively. Comparison of the dispersed fluorescence
from electron impact, Fig. (IV-1), and the dispersed fluorescence from
VUV and metastable excitation, Fig. (IV-?) and Fig. (IV-3), shows all
these processes to be similar. This indicates the limited degree of free-
dom model could be applied to electron impact dissociation of Fe(CO)5.

| Thus far, the possibility of electron impact ionization of F‘e(CO)5
has not been discussed. This is an important and probably the dominant
process invoived in these experiments. This could explain the large dif-
ference between the absorption cross-section and the'flubresqence cross-

section discussed previously. Electron impact has been used as an effi-
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cient means of prodﬁcing ions.iﬁ mass spectrometric studiesu’5 for é long
time. Winters and Kisers have shown that eiectron impact of Fe(CO)5 pro-
.duces Fe(CO)5+, which then dissociates oy successive»remova; of neutral
CO groups to form Fe(CO)s_n+ where n=0,1,2,3,4,5. This is in d;rect con-
trast to the limited degrees of freedom model discusséd previously.

The evidence presented here indicate the two processes involve dif-
ferent collisional complexes. In the case of ionization, this complex
is short lived, similar to electron stripping. Before complete random-
ization of the energy.can occur, ionization and dissociation take place.
In the case of neutral dissoéiation fluorescence, randomization of the
energy does occur beforé the dissociation process. However, this process
iz completed on a time écaléufaster than a rotatiqnal period,of'theFe(CO)5
in ofder for the Cb groups to leavé withoutlexperiencing,ény'réaérange-' |
ment. ~This would be similar to:.an.impulsive. disscciation mechanist'

A summary of the absorption crdss-sectioné OA'and the total fluor-
escence cross-sections for chemiluminescence VUV photolysis and electron
impact is shown in Table IV-1. 1In the case of both VUV photolysis and'
eleetron impact there is a large difference between a9, and OTF' Althdugh
- the ionization cross-section was not measured in the present work, it is
expected to be larger than the total fluorescence cross-section, Ory as
reported for photolysis% Also,'similar to photolysis, largest competing
cross-section is believed to correspond to the pro&uction of ground and

low living nonradiative state of iron, 0o« The postulated dissociation

model is:
: k v :
Fe(CO)5 + e oA Fe(CO)* N (ground and +5C0 nonfluoresc-

o 5. ing existed states)

+ -
Fe +5C0 Fe (fluorescing states) +5C0 -
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It must be noted that prodﬁction of negative ions is unlikely at these
energiesé

To fully understand this discrepancy, it would be helpful to measure
the rate of successive removal of CO groups from Fe(CO)5+. This could'b;
measured by forming Fe(CO)5+ in an ion trap and sampling the trap at var-
ious time#.. Another experiment that would be useful would be to look at
a single iron line while at the same time monitoring the i§n prodﬁction,
thus observing the ion-neutral branching ratio as a function of electron

energy.



L,

59

REFERENCES FOR CHAPTER IV -

D.V. Horak, Ph.D. Thesis, University of California, Berkeley, LBL
Report 14612 (1982).

J.R. Pierce, Theory and Design of Electron Beams, D. Van Nostrand Co.,

Inc., New York (1954), Chapter 10.

D.C. Hartman, Ph.D. Thesis, Univefsity of California, Berkeley, LBL
Report 9819 (1980). | ' |

W.E. Hollingsworth, Ph.D. Thesis, University of California, Berkeley,

LBL Report 14917 (1982).

R.E. Winters and R.W. Kiser, Inorg. Chem. 3, 699 (1964).



60

Table IV-1

' Rare Gas *¥
Experiment - | Electron Impact | Metastable VUV Photolysis

Quenching

Absorption * + '

cross-section 9 b7 0.4 4_ 1.320.2

Total Fluor- -4 , -4

escence | 9.4 + 0.8 X 10 1 1.7 +0.3X 10

cross-sectiondf,r_F :
Non-F1 ol

on-Fluorescence L.7 + 0.4 3 1.3 + 0.2

cross~-sectiond;
, NF

. . . %2
¥ Cross-sections are given in A

** No estimation of error was given




Figure IV-1. Electron impact dispersed fluorescence. Lines show
relative intensities of iron emission reported by

"Hellner et alé
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Figure IV-2. VUV induced iron fluorescence
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Figure IV-3. Neon metastable induced iron fluorescence
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Chapter V'

FORMATION OF THIN -IRON FILMS

The formation of thin metal films by dissociation of organometalics
1 has long been observed]."z’3 Nickel films forméd'ﬁy-therthermaitdecompo—
.sition of nickel tetracarbonyl have been shown to be active hydrogenation
catalysts% Dercuane et a.l.2 studied the formation of iron films using
both photo and thergal decomposition of Fe(CO)S. This study showed that
photodecomposition results in smaller particle size} This is the resﬁlt
of a difference in the interaction between the intermediates and the sur-
face.

With the development‘of microelectronics it has become increasingly
more important to study'thé.formation of . thin films with greater spafial
‘resolution using metal and semiconductor material. High spatial resolu-
‘tibh may'not bé“possiblé using“gifher'thermal or photodecomposition. since
in both cases the decomﬁosition of the ?recursor could be some distance
from the surface where the film is to be formed. However, if electrons
ejected from the surface by UV photons could be used to form the dissoci-
ated intermediétes, the spatiai resolution would be a function of the ab-
sbrption cross-section and,the pressure.

Three.experiments have been performed to determine thg plausibility

of the above process. Each of these experiments will be discussed in the

following sections.
A. Photoemission Current vs. Film Growth

Fig. V-1 shows a schematic diagram of thé experimental apparatus.

The vacuum chamber consisted of a 6 in. I.D. Pyrex tee. The chamber was
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evacuated by a Welch 1402 mechanical pump which could produce a vacuum
of ca. 10 microns. Fe(CO)5 was introduced through a 1/4 in. 0.D. stain-
less steel tube. A.soda glass.target was mounted to a support rod con-
nected to: the top flange. A coaxial insulated wire was clamped to the
soda glass at one end. The other end was connected to a Keithly Model
610B electrometer. A 1000 watt Hg/Xe high pressure lamp was focused
through a Quartz window onto the target glass. The area of the target
glass was approximately 4 cmz. |
Because the wbrk function of iron is much lower than that of soda
glass, the rate of film growth could be measured by monitoring the in-
crease in the photoemission current. At the start of the experiment the

12 amps/

photoemission. current was approximately 10-12 amps or 0.25 X 10~
cm2 assuming. the target was uniformly illuminated. This compares very’
well with the,resultszof-Rohatgi?- The photoemission current increased .

10 amps/cm2 approximately 10 minutes af-

to about‘io_io'amps;o: 0.25 X 10~
ter Fe(CO)5 was introduced. If at any point the light was blocked, the
photoemission current would drop to below 10-13 amps, the detection limit
of the electrometer.

Monitdring the photoemissioﬁ current was hampered by rather large
fluctuations in.the sigﬁél. "Thisrwas-partiy be;éuse of the ihstability
of the Hg/Xe power supply. Because of these fluctuations no expression
for the rate of film formation could be determined. Also, there was no
evidence indicating whether the films were formed through dissociation
by electron impact or through photodissociation. However, the results

do indicate that photoemission does occur under these conditions and that

films did grow on the target surface.



B. A Comparison of Soda Glass and Quartz as Surface Substrates

Fig. V-2 shows a schematic diagram of the experimentai-apparatué.
The cell, Fig. V-3, consisted of a brass body and two quartz windows.
. The cell heid two surfaces, one quartz and one soda glass. The relative
rates of film-growth was measured by monitoring the opticél density of
both substrates with photodiodes. The ﬁhotodiodeé were connected to a
differential amplifier which was adjusted to zero at the start of'thé
experiments. o |

In each of the experiments the light Passing through the soda glass
Wwas attenuated faster than the llght passing through the quartz. However,
a thln film did eventually appear on the quartz substrate. .This experi-
ment was plagued with one major problem. . Vibtrations from the mechanlcal
- pump would - mlsallgn the photodiodes quite rapldly (about 2-5 mln) A1l
efforts at trying to decouple this vibration falled. .Because of this,
no quantitative information was obtained. However, the results did show
that the soda glass was a better substrate for film growth. This should
be compared to what Becuchamp5 observed with glass and silver substrates.
Their results showed films grow on silver substrates 45 times faster than
on glass. The results discussed are compatible with an electron dissoci-
ative attachment from photoe jected electrons modél. However; this does
preclude the possibility that the films are formed through photodissoéi—
ation and the differénce in the rates of film formation are due entirely

to surface effects,
C. Kinetics Study

The apparatus was modified with the addition of a MKS Baratron 0.0001
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to 0.1 torr capacitance manometer and several isolation valves, Fig. V-4,
This allowed continuéus monitoring of the total pressure inside the sam-
ple cell. A soda glass substrafe was used as a target. For each iron
atom that was absorbed on the surface, five CO groups were left. There-
fore, by monitoring the pressure a rate expression could be determined
for the dissociation of Fe(CO)5.

| Fig. V-5 is a typical plot of the increase in pressure vs. time.
The startiﬁg pressure of these experiments ranged from 0.05 torr to 0.001
torr. The change in starting préssure had no effect over the general
shape of these curves. Assuming both photodissociation and electron dis-
sociative attachment occured, the rate of iron deposition would be des-
cribed ﬁy equation (V-1).

dfFe_] |
7 = wlre(co) )l vk e ]} (V1)

In equation (V-1), [Fe_], is \the amount of iron deposited at time t,
[Fe(CO)5]t is the amount of Fe(CO)5 left at time t, ¥ is the photon flux,
kP is the photodissociation rate constant and ke is the electron dissoci-_
ative attachment rate constant. Since rate of iron deposition is equal

to the rate of Fe(CO)5 depletion.and the amount of iron deposifed is e-

qual to the amount of Fe(CO) 5 dissociated, i.e.,

[Fe(s)], =[Fe(cO) ]y - [Fe(cO),),  (v-2)
where [Fe(CO) 5]0 is the ini.tialva.moun‘t of Fe(CO) 5 equation (V-1) becomes:
-d [Fe(c0) . |
__:t__i =«p[Fe(CO)5]t kp+ k, {[Fe(co)j]O - [Fe(CO)5] é) (V-3)

The total pfessure of the system at time t is given by equation (V-4).

B(t) = RT {5(Fe(s)]y + [Fe(CO) 4]}
or
P(t) = RT {5 [Fe(co)5]o - 4[Fe(CO)5]t} (V-4)
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Integrating equation (V-3) frqm time 0 to t and solving for [Fe(CO)5]t

gives: ' '
Fe(cO) ] =[Fe(CO)5]O (kp+‘ke [Fe(CO)s]o) exp —tv(kp+ ke[Fe(CO)5]O)
_ slt K *k_ [Fe(C0) ], oxp —t@(kp+.ke[Fe(CO)5]O)
(v-5)
Equation (V-4) then becomes: ‘ v
( [Fe(co}j]O (k_+ ke[Fe(CO) ]o)exp.-tv(k + ke[Fe(CO) ]
P(t)=RT{§[Fe(CO)5]o'“[ k¢ keiFg(co)s]o exps-tv(kp+ ke[Fg(CO)S]O) : 01}

(v-6)
If electron dissociative attachment is neglected, equation V-6 becomes:
P(t)=RT{5[Fe(00) /], -4[Fe(c0) ] exp 4twkp} : (v-7)
Fig. V-6 is a plot of the increase in pressure vs. time using equa-
tion (V-7) and a starting'fressure'of 2.60 millitorr. . Ih=this case only
photodissociation occurs. ,Fig.'V-7’is a plot of the increase in pfessure
vs. time using equation (V-6) and a starting pressure of 2.60 hiliitbrr.
Comparing these two pldfs one can see that for only phbiodiésociation the
curve is convex, whereas, for both photodissoéiation and electron dissoci-
ative attachment the curve begins concave and then turns over.  This frend
was observed in all the experimental plots obtained (see Fig. V-5). This
suggests that EDA and photodissoéiation were both involved in forming the
iron films. Because of the instability of the Hg/Xe lamp,-the absolute
value of the photon flux was an unknown, and ke could not be obtained.
An interesting experiment for the future would be to use a stable
- source of monochromatic light in the region of 2537 A. ‘This would be be-
low the photodissociation threshold of Fe(CO)5 but above the photoelectric
threshold of soda glass. Frbm this a value for ke could easily be-obtain—

ed.
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Figure V-1. Schematic diagram of experimental apparatus
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Figure V-2. Schematic diagram of experimental apparatus
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Figure V-3. Diagram of sample cell
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Figure V-4. | Diagram of modified experimental apparaﬁus
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. Figure V-5. A typical plot of the increase in pressure vs. time
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Figure V-6. Calculated plot of only photodissociation
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