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Abstract

Uranium oxide is a potential X-ray lithography mask material due to its high X-ray
absorption cross-section. An investigation into the solid state photochemistry of uranyl
carboxylate and 1,3-diketonate complexes has been carried out to develop methods for the

deposition of uranium oxide films.

A series of uranyl carboxylate complexes, UO,(OOCR);, (R = i-C;H;, CsHy,,
CH,CsHs, CHsOCH,;, C,HsOC,H;, C,HsOC¢H;) and 1,3-diketonate complexes,
UO,(RCOCHCOR); (R = CH; and t-C;H, ), have been synthesized and characterized.
The thin films of these precursors were prepared by a spin-coating technique and the
quality of these precursor films was examined. The photoproducts of these complexes
were different depending on the R group, but a common product, UO;, was obtained in

each case.

The mechanism of photochemically activated reactions of UO,(OOCR), has been
investigated. It has been found that the energy resulting from absorption of a photon leads
to a decarboxylation via a ligand to metal charge transfer excitation. The resultant CO; is
ejected from the film. The other resultant species, alkyl radical, not only underwent
radical coupling and disproportionation to generate organic products, but also reacted
with the starting material UO,(OOCR), in a radical chain reaction in some of the cases.
This was demonstrated by the quantum yield measurements in which some of the quantum
yields exceeded one. The initiation of the decomposition of UO,(OOCR), by a radical

initiator, azo-isobutyro nitrile, is also indicative of a radical chain process.

The photochemistry of UO,(RCOCHCOR), as thin films on Si surfaces was also
studied. The photoextrusion of all the ligands was indicated in both complexes (R = CH;
and t-C4Hs) due to the disappearance of all of the IR absorption bands associated with

diketonate ligands. A single photon process was indicated by linear plots of In[Ao/At]
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versus photolysis time. The quantum yields, less than 1, were consistent with a non-chain

process.

Irradiation of thin films of uranyl complexes through a photolithographic mask
produced resolvable uranium oxide patterns with sub-micron resolution. Electron-beams
were used to expose uranyl complex thin films for the generation of uranium oxide lines.
The investigation has shown that electron-beam lithography easily produces 0.2 pum
resolution depositions. These results indicate the feasibility of using uranyl complexes for

the production of X-ray lithography mask materials.
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Chapter 1. Introduction

Presented in this thesis is the photochemistry of uranyl 1,3-diketonate complexes
and uranyl carboxylate complexes as amorphous thin films on Si surfaces and an
investigation of lithographing uranium oxide patterns. In order to help the readers to
understand the project, a brief introduction to thin film deposition methods will be given.
Photochemical deposition from surface films (PDSF), a method that we developed in our
laboratory, will be introduced. This is followed by a comparison of PDSF with the
current major deposition method, chemical vapour deposition (CVD). Some of the
pertinent laws of photochemistry will then be described. The definition and derivation of
photoreaction quantum yield will also be given. The sensitive surface analysis technique,
Auger electron spectroscopy (AES) will also be introduced. Next I will present the
reasons for choosing uranium compounds for study. Finally, my research goals will be

described.

1.1 The Techniques of Thin Film Deposition

Thin films of the noble metals have been used for decorating glass and ceramics

1 As early as the 17th century, a method for the conversion

for over a thousand years.
from a layer of suspended silver salt to metallic silver film was known. The beating of
gold to form “gold leaves” was another thin film formation method. In the last quarter
century, thin film techniques have become important in the field of semiconductor
electronics.? Current film formation techniques include: electrolytic deposition, vacuum
evaporation, liquid and solid phase epitaxy, and chemical vapour deposition according to
the film formation environment. Below, a brief introduction to each technique is
summarized in Tables 1-1, 1-2, 1-3 and 1-4. CVD is one of the major techniques for

preparing various kinds of films. It is useful in the fabrication of semiconductor devices

and integrated circuits.® A comparison of CVD and PDSF will also be given.



s1oAe[ uoneAISSEJ

o1s ‘0%l *0uv

asuap A1aA J0U
W[lj p2IeurnuIeIuod

alensqns pajruI

ssauyony)
Jo jonuos asioaid

Hd
aimeradurd)

Ayisuap jualnd

"apoue
Ue JO UOTIEPIXO [RITWAYD
011991 9y} JO SUBIUI

Kq Suneoo aprxo Uy

uonezipoue
onA[ons9g

L2

“uonnjos gunerd

(-arensqns Hd ur SurNd%0 uondINpal
s1ake] Sunonpuod Sunonpuod suot Suronpal % [edTwayd oY} Aq pauLIo ewcﬁm_a
-uou JO ON pairuiy) uLojIun A[2Ane[a1| S1y[eIauI Jo UonenuUIdU0D J9A®] J1[[BISUI © “JUALIND SSI[ONOH
IN| ‘-omensqns Sunonpuod Suneos Josuap aimeradura) [eUIIXD Ue oYM
Kjuojmun moj 1410n59]9 Jo aimyeu “apoyIed
s1aAe| Sunonpuod ‘salensqns A3oroydiour apoyied | 9y 18 SUOIIID [RWIAXI AqQ mwcum_a
9AMONPUOD UO AJUO wswdmbs spdus Ansuap waumd | suor orreIdw ay3 Suronpas -0I199[q
“IN ‘ND sfeuew pajrun] | ayes uonisodap Yy SUOI JO UOTIENJUAOUOD Aq swy SurureigQ
suonedijdde
puUe pauLIo} ssaoo1d ayy ssadco1d
suaqy reordA g, suoneIuI| sofeiueapy | sioyourered ssoo01d Jo uonduosap uoys uomsodo(g

,senbruyoay uonisodap iy ury on&onos[e Jo Arewrns v [-1 9[qeL




“901A9P JIUOI)D ouesIp
-9[901do 2 dAemoIdTW Aurreisiin 91e1SqNS-32In0S sureaq
0] SI01ONPUOIIUIIS uraIsAs aarsuadxo ‘uonisodwod A310uo wreaq | Te[nosjow pue AeNsSqns o Axendo ureaq
AHN ‘ssauyoIy) sa1oads aur[eisK1o ® Jo uon Je[NOJ[ON
sy*en ¥y ‘syen eI MO] Jo [onuod asraid Sursnyya jo axnyeu | -ovrayur oy £q Axendy
s1afe[ oInd9paIp [eHIateUI 19310) "SUOT JO UIeaq
PUE JO)ONPUOITUISS ameradwa) | v ynm sersajew 1o31e) :.o_co_:momov
el MO| suor ap Surprequioq Aq wreaq uog
YNHS ‘syen ‘1§ umnasea y3ry urqyy aind Suidurdun jo A810ua | uomnisodap 1oke[ ulyy,
ssauyoIy) arssaxd
w1} uojrun-uou punoidyorq sed Wiy ury
sIake] aAnsisal 199J9p aul[[EIsAIo uoneredss B SB UOIJBSUdpUO0Ial
Jo uonezijed|W sonundun pansaspun ajensqns-201nos | 1nodea st Kq pamojio] acocﬁomm>o
(D,00-00¢) 2amesad ajensqns » ‘wnnoeA Ul [eridjew uwnnoeA
ID-IN ‘Y 1V -UI9) 9JBIISQNS PAAFUI] sojensqns Aue 201nos Jo armeradurd) | 9o1nos ap Jurzuodep
suonedidde
puER pauuIo} ssa001d oy ssao01d
suifiy reordA 1, suone I sagejueApy s1gjowrered ssa001g | Jo uonduosap Loys uomsoda(g

,SUILy uIys jo spoyzowr uonisodop wnnoeA z-1 2[qeL,




IS
[erxends Sutureiqo

Joj [njasn A[renusjod

1S

arensqgns

ues[o A[y31y annbay

yuowdinbs opdus
Kirenb+Aund y3iy

[0NU09 ssawyaIYy) pood

arnyeradwa) Jusiquie

*2IM)O1U)S Ul 9)elISqns
o) 0) JeqIwls Iake|

® urejqo o3 Jurjesuue
reuwsay) Aq 10ke] po)

-1s0dap € JO UOISIoAUOD)

S\Qﬁmmo
sseyd-prjos

[elI)eW dnaugew
SODIADP OTUOIIDI[O
-01do 2 2aemoIdIW

10} SI1039NPUOOIUIIS

U N ‘sy¥len iy

poog A19A
ou s1 Ajjiqronpoidal
AnyswoIysiols

1snlpe 03 Asea j0u

splezey
[e21WAYD JO uoheulwli[d
sjuedop ajerodioour
a1 Y43y

uswdinba opduns

saANIppe juedop

918l 3u1j00d

a1nyeradwa) yymo1d
[elIojEW UOTIN|OS

2 sed 1a1ures Jo Aind

“alenisqns pajeay e o) uo
uornjos Jurj0oo e woiy

[eustew e Sunendioarg

Eba:mo
aseyd-pmbry

as
U0 [eLI2)BU DI1}O3[IP

juowdinbd SAISUIGXD
a1n)

-onJs wij padewep
198

3ul
-UuB9[d JJBIISYNS [qe)INs
a)ensqns p-¢ uo

uolsaype pood

Jomod
ainssaxd
sed oAnoeal

29 21elIsgns ‘92Inos

‘unannds Iy

Pim uonelodeads wnnoea

YNEIS WOJ1J UOTRUIWIBIUOD 9l 1oygIy uonerodeas Jo aInjeu JO uoTBuIqUIOd Y eﬁ.mﬁwcuma uog
wowdinbs oarsuodxo
sIoyonpuostadns 2Imonns aponosa Jo azis+adeys |  -sajensqns uo ysodap £]
DI % (S 10} sioje| w1y pagewep sed Juuonnds -juanbasqns ‘sed paziuot
-nsur 7 J0)oNpuod 181e) ajensqns refngoain Jo uonenuadsuod | aanisod yum paprequioq
*NEIS w101} UOTRUTLILIUOD uo uneoa [ewIoyuod seiq ajensqns 19318 O1pOYIED B WOI) E.Q:o:_momoﬁ
‘UGON “TISM ‘O ‘M el mo| $92IN0S pojeoyun [eld)ewW 10318) 9SeoJal Woje [eIININ uozsmm
suoneoijdde
puE pawoj sso001d ay) ssao0ad
swyry reord£ L, suoneywI] sadejueapy s1o1owered $s9001g | jo uonduosap Moys uonisoda(]

vomm:m ptjos pue pmbi| ‘ewseyd jo sjusIUOIIAUS Y} Ul SaNDIUYDIS) UONISOddq ¢-1 J[qeL




Jlensqns

juejoeal

DI® ds Ayuojiun pue 9ATIISUIS-1BY Jo uonoey ajour | ‘sajensqns A uo 1ake| e AAD
loj siake| uoneaissed | ssouyom+ uonisoduiod uo swiy snoydioure ammueiadwsy | e usodap Apuonbasqns pasueyua
uIfyj [ONUOD 01 JNOLIp SUI[T} [RULIOJUOD amssaid | pue uonseas e e[NUINS -ewise[d
stowifjod ‘*NEIS QIS aeI MO| ammesadurs) moj A310uo .y | 01 ewseid 4y Jo sasn)
‘DI pue gs uonoeal “k310ud
Uo [eLIdlewW S1NII[2IP AIepuooas pansapun 91e1 Surdwund [euuay) Aq paeanse e AAD
‘s19Ae] J01ONPUOD Aruuojiun a|qronpoidal onel Jue)oeal suonoeas aseyd-sen pateanoe
-1was aur[esAiokjod 2 uonisoduros ‘ssou yourdinba opduns amnyeraduwo) woly Sunnsal swiy -A[rewoy ],
SyED PNEIS ‘TQIS ‘IS | -)ory wyy [onuos o1 prey ajer ySiy assaid ury) Jo UONBULIO]
T agou&bmn_zm
DI % dsS ur sysewt ‘uonezipoue ewise[d [ JO UOISIOAUOD
‘s19Ke] uonearssed uawaAout uonounf u-d QIS umoid JouBIpRLII JISB] IO uonedX9 Iose| 10 Inodea
a1BI MO Jo Airenb 1s9yS1y JUALIND UoleZIpoU® | [euLIdY) AQ SANENSqNS JO [esrwuay))
syen ‘NEIS ¢ {OIS y3noua Yory jou aiqronpoidal amssaxd | uoneniu Jo UOHEPIXQ
suonesidde
pue pauLloj ssaso1d a1y ssaoo1d
suipiy reowdA L, SuoneIWI sagejueApy s1ajourered ssaso1g | jo uonduosap Loys uonisoda(g

,Senbruysa) uontsodap 1nodea resrway) -1 9qeL




aInjeradwa) mo|

*SUOI JO UIeaq

K3o[ouyoo) e1s a1 Y3y 9181 moy] sed pasnooj e uonpul < AD paisisse
-p11os ul s19ke] [e1oW uonnjosa y3iy Joowerp uresq | Aq sed jusiquie d[qeins -ureaq-uoy
DM MY IV uoneulweuod 0 Jo D | yum surened Suiureiqo JUOLIND Weaq e wolj uonisodo(y
A30] 9Iqeul)ed
-0uyd9) 9Je)S-pI[oS 95BJINS UOADUN ‘Weaq-9 Wolj pajelouad
ut s1oAe[ uonearssed uo s3utjeos [BULIOJUOD a1nssoxd uorjoeal ewserd ocd AD paisisse
armerodwd) mo] ainjeradua) pouljuod Aq arensqns -wreaq-g
PNEIS OIS UOHBUIWEIUOD U] a1 y3iy A810us weaq | poreoy & uo uonisoda
A3o[ouyd9) '$9[novjoul
31eIs-pIos Ul s19he] s1ojowrered ssoooid aseyd snoose3 srgrdJAD
[erow 1o uonealssed Jo uonerrea poyur| Anooraa uiuuess Jo uonisodwoodp | poonpur-1ose |
19se} SNnONuUNuod dois ouo aimeroduro) onKjoloyd 10 onkjolAd
s[erowr ‘PNEIS ‘2QIS Jo auin 9J1] Moys ol Y3y aouelpew 19se| woiy uonisodo(y
aIneraduw9)

"K30]
-0u1]59) JNeIS-pI[OS
ul s1ake] uoneaissed

s1owAjod “PNEIS OIS

indy3noy) moj
Auwaojiun

9181 MO]

Y31y woly Sunnsox
sagejueapesip
1] S9UI00JOA0

aImeradwa) mo]

ainssaid

Ansuaur 1y3i|

4311 AN £q parowr
~o1d sosed jueyoeal Jo
uonisodwosap oY) woly

s3uneoos SulureiqO

ZAAD
PaduBRYUI-A )

poNuUIUOd -] JqeL




1.2 The Film Deposition Technique Developed in Qur Laboratory: Photochemical
Deposition From Surface Films (PDSF)

The deposition method developed in our laboratory is a photochemical process.
The deposition of various materials is achieved by the direct photolysis of thin amorphous

films of precursor molecules prepared by spin coating from organic solvents.

MLn

-nL | hv
M

Figure 1-1 An illustration of PDSF

A solution of a photosensitive molecular precursor (MLn) containing desired
material (M) is first prepared. The thin amorphous film of MLn is then obtained by
dropping the solution on to a spinning Si chip. The photolysis of this thin film leads to the
loss of the organic ligands resulting in desired material thin film (Figure 1-1). The
photolysis can be done under vacuum, in the air or in other atmospheres such as H, H,S,

N,, O, in order to obtain different materials or to study different photochemistry.

1.3 A Comparison of CVD with PDSF

Chemical vapour deposition, as its name suggests, means the formation of a stable
film on a substrate, produced by the reaction of chemicals from the vapour phase.*
According to the source of the activating energy, thermally activated CVD, plasma-

enhanced CVD, photo-enhanced CVD, laser-induced CVD and electron-beam and ion-



beam assisted CVDs are all different CVD processes. They have been summarized in

Table 1-4. Figure 1-2 shows one of the simplest thermal activated CVD processes.

substrate

\ I}eatcr

carrier
gas

| exhaust

heater

Figure 1-2 One of the simplest thermal activated CVD processes

In order to compare CVD and PDSF, we must know the requirements for both

processes. Table 1-5 lists the basic requirements for CVD and PDSF.

Table 1-5 Requirements of CVD and PDSF

requirement CVD PDSF
precursor volatile non-volatile
thermally sensitive photosensitive

spin-coatable

substrate any any
temperature high ambient
pressure must be controlled ambient

CVD can produce uniform, reproducible, pure and stable films with high rates.*
PDSF can also produce and reproduce uniform, pure and stable films. Because of the

comparatively high processing temperature and controllable pressure (in some cases high



pressure), there are some disadvantages in CVD processes, such as, toxic exhaust, high
equipment cost and relatively complicated operation procedures. In comparison to CVD
processes, the above disadvantages are greatly reduced due to the use of ambient
temperature and pressure in PDSF. The equipment cost is almost nothing for PDSF. The
PDSF process is simple as shown in Figure 1-1. The photoejected ligands or fragments in
PDSF can be easily designed as non-toxic hydrocarbon compounds. Furthermore, the
requirement of volatile precursors, limits the selection of precursors for CVD processes.
A larger selection of precursors is available for PDSF since volatile precursors are not
required. In addition, PDSF is a lithographic process hence no photoresists are required.

This eliminates etching and stripping steps.

1.4 The Laws of Photochemistrv and Quantum Yields

1.4.1 First law of photochemistry
The first law of photochemistry states “Only radiations which are absorbed by the

reacting system can be effective in producing photochemical changes.”

1.4.2 Quantum yields

The quantum yield is defined as the number of molecules that have undergone a
photoprocess divided by the number of photons absorbed. In order to determine a
quantum yield, two quantities are needed. First we need to know the change in the
number of molecules of the reactant (or products). We also must know the number of
photons absorbed by the reactant.

For the basic photoreaction outlined below (Equation 1-1),

hv
A —— B 1-1

the simplest mechanism is shown in Equation 1-2, 1-3, 1-4.



hv

A —— A* 1-2
kq

A* —— A 1-3
| &

A* —— B 1-4

where, A is the reactant;
A* is the exited state of A;

B is the product.

We can express the change in the number of molecules of A, da/dt, using Equation 1-5.

The change in the number of molecules of A*, da*/dt is shown in Equation 1-6.

da/dt = d(hv)/dt + kg a* 1-5

da*/dt = -d(hv)/dt - kqa* - k,a* 1-6

With the steady-state approximation, da*/dt = 0, the steady molecular number a* is given

by Equation 1-7.

a* = -(d(hv)/dt)/(kq + k;) 1-7

Substituting a* into equation 1-5, we obtain Equation 1-8.

da/d(hv) = k/(kq + ko)
=® 1-8

10



Equation 1-8 is the expression for the quantum yield of the decomposition of A or
the formation of B. From equation 1-8, we know that the quantum yield is not a function
of a single rate constant, even for the simplest reaction A — B. It depends on the ratio of

kd/(kq + k;). Because of this, the interpretation of quantum yields becomes difficuit.

1.4.3 Second law of photochemistry
The second law of photochemistry states “The absorption of light by a molecule is

a one-quantum process, so that the sum of the primary process quantum yields must be

9 33

unity.

1.5 Auger Electron Spectroscopy—A Sensitive Surface Analysis Technique

As one of most widely used surface analysis techniques, Auger electron
spectroscopy (AES) is a sensitive method to obtain the chemical composition of a

surface.®® An Auger process (KL1L2 Auger transition) is described below.

1.
ET I L1

K

Figure 1-3 An Auger process
(K, L——principal quantum numbers)

The vacancy A in the core level of the atom (K) is generated by the ionization from

electron bombardment. The vacancy A is filled immediately by an electron, B, from the

higher energy level L1 (Figure 1-3). The energy (Ex-EL,) resulting from this transition can

11



be transferred to another electron (C) in L2 level. The energized C electron is called an
Auger electron, which is then ejected from the atom with an energy E, shown in equation

1-9. The final state of the atom is a doubly ionized state.

Ea=Ex- Eui - Eia- 0p 1-9

where ¢p is the work function of the detector.

There are other Auger processes occurring. Most common ones are KLL, LMM
and MNN (K, L, M and N are the principal quantum numbers) families that involve
electrons of neighboring orbitals. A general equation (1-10) is given for estimating the

kinetic energy of Auger electrons from WXY transition.
Ewxy = Ew - Ex - Ev(A) - ¢p 1-10

Because of the small difference in energy between doubly ionized state and the
sum of two individual ionization of the same level, A is introduced. The Auger electron
energies are characteristic of the target material, which provides the information for the
identification of elements.

Quantitative analysis to determine the elemental composition is more complicated
than qualitative analysis described above. Here, I introduce the method that we used to
determine the composition of photochemical deposited thin films. The method uses the
relative sensitivity of elements.’® For the element i, the atomic fraction C; is given by

Equation 1-11.

Ci = (I,/Sl)/Z(I,/SJ 1- 1 1

12



where, [; is the current of emitted Auger electrons, S; is the relative sensitivity factor of
element i, and Z(I/S;) is the summation of (I/S;) ratio of all elements detected in the

Auger spectrum.

1.6 Reasons of Studying Uranium

Understanding the thin film solid state photochemistry of inorganic, metal organic
and organometallic compounds has been a goal of our research group for some time.’**
The solid state photochemistry of copper, platinum, nickel, iron, titanium, chromium,
molybdenum, and tungsten compounds has been studied recently. The deposition of
metals (Cu, Pt, Ni);*® *” ¥ metal oxides (CuO, Cu,0, Fe,0s, TiO, Cr,05);” ** ** metal
sulfide (M0S4)* as well as mixed metal oxides*® has been successfully achieved. Some of
these materials are useful in the electronics industry as conductors, resistors, solar cell and
semitransparent materials.*!

Uranium is of particular interest due to its potential application as a mask material
for X-ray lithography. A lithographic mask usually consists of two parts, a substrate that
is transparent to the irradiation light, and an absorber that stops the irradiation light. the
most common photolithography mask is made of Cr patterns on a glass substrate.”” X-ray
lithography has been found to have advantages over optical lithography. One of the
advantages is that X-ray reduces diffraction limits far below deep-ultraviolet. Lowered
defect level due to the relative insensitivity of organic contamination to X-rays is the other
one.”’ In theory, X-ray lithography is able to print features with sub-0.1 pum resolution,
however, the mask fabrication has been a concern.*® Commonly, X-ray lithography masks
consist of a low X-ray-absorbing substrate supporting a high X-ray-absorbing pattern.*’
Although gold has been used as a mask absorber material, the use of uranium patterns is
preferable since in general, uranium possesses a higher X-ray absorption cross-section
than gold.*®* The use of thinner films on the mask substrate should be possible with

uranium, thereby reducing Fresnel or near-field diffraction.*

13



1.7_Research Objectives

The goal of this study was to investigate the deposition of uranium oxide patterns
for the application of making a high resolution X-ray lithographic mask material. In order
to reach this goal, my first approach was to photochemically deposit uranium oxide films
as well as uranium oxide patterns. This would show the possibility of obtaining the right
materials by means of photochemical deposition. Electron-beam lithography is the
approach to obtain high resolution features. The study of photochemistry of uranium
compounds helped us to understand the mechanism of the photoreactions. Based on the
understanding of the mechanism of the photoreactions, we could then effectively reach the
goal.

The choice of suitable uranium compounds as precursors for the deposition of
uranium oxides is discussed in Chapter 2. The preparation and characterization of these
precursors, quality of precursor films and the formation of uranium oxide films by means
of PDSF are also presented in Chapter 2.

Following the synthesis of suitable uranium compounds, we were able to study the
mechanism of photoreactions of uranium compounds as thin amorphous films on Si
substrates. Monitoring the photolysis of uranium compounds by Fourier Transform
Infrared (FTIR) spectroscopy provided us with the information about the ejection of
ligands and the formation of intermediates as well as the information about final
photoproducts left on the substrates. Quantum yield measurements allowed us to
compare the photoefficiency of uranyl complexes with different ligands and to further
study the mechanism. Using mass spectrometry to identify volatile products of the
photoreaction in order to gather information for the mechanistic study will also be
discussed. All these subjects will be presented in Chapter 3.

To reach the research goal, optical lithography was used to show the possibility of
patterning uranium oxide lines by a photochemical means. Electron-beam lithography was

the approach to improve the resolution of features. The detailed results are reported in

14



Chapter 4.

15



Chapter 2. Synthesis of Uranium Trioxide Film

2.1 Introduction

An ideal X-ray lithography mask material has a high X-ray absorption cross
section. Both uranium and uranium oxide have high X-ray absorption cross sections and

may be suitable for X-ray lithography mask materials. The deposition of metal,’** metal

50-52 53, 54

oxide, metal nitride and metal carbide™ films has been studied extensively,
however, little has been done on uranium material.>® 56 Uranium metal films are not
stable as they oxidize in the presence of air.”’ This results in the formation of
discontinuous uranium oxide films because the volume expands upon oxidation. In
contrast, uranium oxide films are stable.® A uniform uranium oxide film can be
obtained by the photoejection of the organic ligands from an uranyl organic complex film.
The presence of the oxygen in the uranium oxide films does not preclude the application
as a potential material for making an X-ray lithography mask since uranium is such a
heavy atom. Uranium oxide can stop X-rays more effectively than uranium when the
wavelength of X-rays used is 12.4 nm due to the high photon attenuation coefficient® of
oxygen at this wavelength. Equation 2-1 below can be used in conjunction with mass
density and p to calculate the thickness of uranium and uranium oxide needed to attenuate
99.99% of X-rays. Table 2-1 lists the thickness, x, required for the attenuation of 99.99%
of the X-rays with the wavelengths of 12.4, 1.24 and 0.124 nm.
Vlo =™ 2-1
where, Io is the initial light intensity,
I is the light intensity after path length x,
p is the mass density of the material,

1L is the photon attenuation coefficient that is additive for

the elements present.

16



Table 2-1 Thickness of U and UO, needed to attenuate 99.99% of X-rays

X-ray
thickness (Lm)
wavelength
U U0,
12.4 nm 0.25 0.16
1.24 nm 0.73 1.74
0.124 nm 27.1 73.5

In this chapter, I describe the photochemical synthesis of uranium oxide films. The
logic surrounding the choice of precursor molecules is discussed. The qualities of
precursor films are compared. The characterizations of the uranium oxide films are also

described.

2.2 Results and Discussion
2.2.1 The choice of precursor molecules

Molecules must be photosensitive and thermally stable to serve as precursors for
the formation of uranium oxide films. The photosensitivity of the precursors would allow
us to achieve the photochemical deposition. The thermal stability allows us to study the
photochemistry in the absence of thermal side reactions. The ability to form amorphous
films by spin-coating is another requirement for precursor molecules. Ionic inorganic
compounds (no organic components), such as CuCl,, are not ideal. These types of
complexes tend to form crystalline films because of the strong intermolecular forces. This
affects the photoreactivity of the films, due to the recombination of photochemical
fragments under the lattice force. In amorphous films, there are no such lattice forces.
Therefore, the photochemical fragments diffuse and are ejected from the films. Low
volatility and air stability are also requirements for precursor molecules. These quantities

result in stable precursor films both in the air and under vacuum.

17



Previously in our laboratory,* four uranyl complexes, UO,(NCS),(OP(C¢Hs),),,
UO,(NO,),(OP(C¢Hs)3), UO,(NO,),(OP(C¢Hs),),, and UO,(OH,)(O,CH,) (0,CsH,=
CH;C(O)CHC(O)CH; = acac) have been studied. The investigation indicated that
UO,(NO,),(OP(C¢Hjs),), and UO,(NO,),(OP(C(H,),), did not spin coat as amorphous
films. The other two uranyl complexes, UO,(NCS),(OP(C¢Hs);), and UO,(OH,)(acac),
had a low photosensitivity. The investigation also showed that UO,(OH,)(acac), formed a
thinner film (approximately 50 monolayers) than satisfactory but it produced UO, on
photolysis. The photolysis of UO,(NCS),(OP(C¢H,),), resulted in the loss of only the

NCS ligands (Scheme 2-1). This reaction does not result in a uranium oxide film.

h
UO,(NCS)o(OP(CeHs)s)s — >  UO»(OP(CeHs)s)2 + 2NCS

Scheme 2-1

Considering the above requirements and the results obtained previously in our
laboratory, the uranyl 1,3-diketonate complex UO,(OH,)(O,C,;H;g), (O,C, H,y =
(CH3);CC(O)CHC(O)C(CH;); = t-butylacac) shown in Figure 2-1, was chosen as a
potential precursor. This complex has larger organic components than UO,(OH,)(acac),.
We choose UO,(OH,)(t-butylacac), in the expectation that spin coating will result in a
thicker amorphous precursor film. We also expected it would undergo similar
photochemistry to UO,(OH,)(acac), producing uranium oxide upon photolysis. With the
highly amorphous film, the photoefficiency of UO,(OH,)(t-butylacac), is also expected to
~ be higher than UO,(OH,)(acac),.

18



Figure 2-1 Structure of UO,(OH,)(t-butylacac),

Uranyl carboxylate complexes with the structure shown in Figure 2-2 were also
chosen as precursors. We expect these metal organic complexes to have weak

intermolecular forces; therefore they should be able to form amorphous films. Carboxylate

O
Rcéol""-[”j-"“'o\

>CR
hodhed
O

Figure 2-2 General structure of uranyl carboxylate complexes

complexes are expected to be photosensitive. In solution they have been found to
decarboxylate forming CO, and alkyl radicals. The reaction is thought to occur via a
ligand to metal charge transfer excitation.” We can vary the alkyl group R to control both
film quality and photosensitivity. The uranyl group oxygen, contained in both classes of

molecules, contributes to the air stability of the precursors.

19



2.2.2 Synthesis of uranyl 1,3-diketonate complexes and uranyl carboxylate
complexes
A single step synthesis combining metathesis and neutralization was used for the

preparation of UOz(OHZ)(t—butylacac)z.‘sz The reaction equation is shown in Scheme 2-2.
H20
UO2(NO3),2H,0 + 2t-butylacacH + 2NaOH —;:,,Tb UO,(OH,)(t-butylacac), + 2NaNO3 + H20

Scheme 2-2

The preparation of the uranyl carboxylate complexes followed Yokpyama’s
synthesis of UO,(OOCC,H,OC,H,), and UO,(OOCCH,OC,H,),.* The reactions are
shown in Scheme 2-3. The first step is a metathesis step between KOH and UO,(NO3), to
precipitate uranium hydroxide. Uranium hydroxide is then neutralized by an organic acid

in the second step.

2 KOH + UO,(NOs) —-H——5> UO2(OH)2 +2KNOs

2

8h
2 RCOOH + UO,(OH), ;o—':r UO,(OOCR), +2H20

Scheme 2-3
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2.2.3 Characterization of uranyl 1,3-diketonate complexes

FTIR spectroscopy was used to characterize UO,(OH,)(t-butylacac), and
UO,(OH,)(acac),. The FTIR spectrum of a film of UO,(OH,)(acac), on a silicon surface
was similar to the literature® spectrum for crystalline IR samples. The FTIR absorption
bands of a film of UO,(OH,)(t-butylacac), were identical to those reported by Belyaeva®*

within experimental error. Belyaeva’s spectrum was obtained for crystalline sample. The

FTIR spectroscopic data for these two complexes is summarized in Table 2-2.

Table 2-2 A comparison of IR absorption data of uranyl

diketonate complexes in crystalline states and as films on Si surface

Complex crystalline state | film(cm™) assignments
(cm™)*> & (log €)
UO,(OH,)(acac), 1570 1574(2.24) v{(C=0)
1529 1524(2.30) V(C=0)
1437 1429(1.73) (C-H)
1351 1362(2.18) V(C=0)
1227 1271(1.80) v{(C=C)
1024, 1014 1015(1.63) (CH»)
925 920(2.11) V(U-0)
UO,(OH,)t- 1565, 1545 1564, 1547 v,(C=0)
butylacac), (2.46, 2.53)
1535 1537(2.08) V4 (C-C-O)
1500 1503(2.46) V4 (C=0)
1372,1350 1374, 1351 6(CHa»)
(2.37,2.42)
1246 1247(1.78) v, (C-C-C))
1224 1226(1.94) p(CH3)
1145 1146(2.08) 6(CH)
892 887(2.28) Vas(U=0)

21
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The absorbance of a precursor film is a function of the amount of the precursor
molecule deposited on a silicon surface as a film. The modified Beer’s Law” was used to
calibrate the absorbance. A standard calibration experiment was done by dropping a small
amount of a stock solution of a uranyl complex onto a silicon chip and allowing the
solvent to evaporate. The FTIR spectrum was recorded after each drop was deposited on
to the surface. Since the concentration of the stock solution and the volume of the drop
are known, we can calculate the surface coverage (molecules/A%) by measuring the area of
the drop. Figure 2-3(a) shows overlaid FTIR spectra from the calibration experiment for
UO,(OH,)(t-butylacac),. Figure 2-3(b) shows the linear relationship between FTIR
absorbance (at 1337 cm™) and the surface coverage.

The calibration of FTIR -absorbances of UO,(OH,)(acac), was also conducted.
The calibration curve is shown in Figure 2-5. The extinction coefficient (€) of all of the

FTIR bands of these two complexes are listed in Table 2-2.

" Beer’s Law®®: A=ebc, where A is the absorbance of the chosen absorption band;
¢ is the extinction coefficient of this absorption;
b is the path length (cm);
¢ is the concentration of the solution (mole/l).
We used A=ea for the calibration. Where a is the surface coverage (mole/cm?).
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Figure 2-3  a) FTIR spectra of UO,(OH,)(t-butylacac), for 2.0, 4.0, 6.0

8.0, and 10.0 molecules per A? on a Si surface.
b) Plot of the absorbance of 1351 cm™ band
of UO,(OH,)(t-butylacac), versus coverage
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UV-Vis spectroscopy was also used to characterize UO,(OH,)(t-butylacac), and
UO,(OH,)(acac),. The UV-Vis spectra of UO,(OH,)(acac), had absorption bands in the
region of 290 and 370 nm (Table 2-3). The absorption band at 290 nm is assigned to
intraligand 7t-m* transition.”” Since the shape of this band is asymmetric, there might be a
ligand to metal charge transfer band obscured on the higher energy side. This ligand to
metal charge transfer band is not resolvable as a shoulder. A band in the region of 370

nm is associated with the urany! group.”

Table 2-3 UV-Vis data of uranyl! 1,3-diketonate complexes

as films on Si surfaces

complex Amax, (nm) log €* Amax, (nm)
film soln.**
UO,(OH,)(acac), 290 3.34 273
365 2.59 347
UO,(OH,)(t- 290 348
butylacac), 370 2.85

a) Calculated based on IR absorption calibration data.

The energy of the transitions observed in thin films are shifted 18 nm to lower
energy compared to the result in ethanol solution reported by Comyns.®? This presumably
results from the interaction between polar solvent and sample molecules. It is known that
a polar solvent usually increases the energies of m-m* transitions.”" In films, there is no
solvent-sample interaction, so the absorption energies we obtained from films appeared to
lower energies.

The UV-Vis spectrum of UO,(OH,)(t-butylacac), thin film was very similar to the
spectrum of UO,(OH,)(acac),. The absorption bands and the extinction coefficients are

listed in Table 2-3.
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The elemental analysis gave the result of C% (25.02), H% (3.32) for
UO,(OH,)(acac),, which is close to the calculated value: C% (24.69), H% (3.29). The
elemental analysis of UO,(OH,)(t-butylacac), was also done. The result was: found: C%

(40.37), H% (6.16); calculated: C% (40.32), H% (6.22).

2.2.4 Characterization of uranyl carboxylate complexes

The FTIR spectroscopic data of uranyl carboxylate complex films on Si(111) are
presented in Table 2-4. The carboxylate groups were identified by two strong absorptions,
Vas(COO) and v((COO). The asymmetric stretching vibration v,(COO) in all seven uranyl
complexes appeared in a lower energy region than that in the free carboxylic acids due to
the coordination to uranium. The coordination also causes the A values (va;(COO)-
v(COQ)) of these uranyl complexes to become significantly smaller than that of the free
ligands. (In free ligands, the A is typically about 500 cm™). The simplified explanation for
the change in A is that the coordination averages the bond order (length and strength as
well) of C=0 and C-O bonds leading to a weakened C=0 bond and a strengthened C-O
bond. Therefore, in the FTIR spectrum, we see a lower energy v,(COO) and a higher
energy V{(COO). This FTIR result confirms that the complexes have the chelating
(bidentate) structure’® shown in Figure 2-2.

The calibration of the FTIR absorption of UO,(OOCCsH; ), was done in the
same manner as described for UO,(OH,)(t-butylacac),. Figure 2-4(a) shows the overlaid
FTIR spectra from the calibration experiment of UO,(OOCCsHy),. Figure 2-4(b) shows
a linear relationship between FTIR absorbance and the surface coverage. The calibration
of FTIR absorption of all of other uranyl carboxylate complexes were done in the same
way. The calibration curves are shown in Figure 2-5 and Figure 2-6.

UV-Vis spectroscopic data of uranyl carboxylate complexes in methanol solution

and as films on silicon surfaces were obtained. The results are listed in Table 2-5.
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Figure 2-4  a) FTIR spectra of UO,(OOCCsH; ), for 5.9, 11.8, 17.7,
23.6, and 29.5 molecules per A’ on a Si surface.
b) Plot of the absorbance of v,(O=U=0)
of UO,(OOCCsH; ), versus coverage

27



¢(SH9D%HDD00) 0N (3

o€
00°0

C(oeoefing-L)(CHO)CON (1 {(oeoe)(CHO)0N (D
¢(1TgSHo00)0n O U(SHCDOCHDD00) 0N (VW

saorINS IS UO saxa[dwod [AueIn 10] 95eI9A0D

sns1oa (O=N=0)SeA jo saoueqiosqe 9y} Jo S10[d S-7 InSLi

Z2vy/se|nosjow
52 0z Sl 0l 5 0
i (] 2 A

0Z'o

(11>

G52 0e Sl ol S 0

soueqJosqe

28

e i



¢(YH9DO0VHCDD00) 0N (O ¢(tHDD00)0N ("
A(LHtO-MOo0)lon © ¢(SHYDOVYHCDD00) 0N (V

saoeyns 1 U0 saxa[dwos [Auein J0] 33e10A00
sns1oa (O=(1=0)SeA Jo $30URQIOSQR 3Y) JO S10[d 9-7 2InSL]

2v/se|nosjow

000

10°0

8 L 9 S 14 € 4 l 0

- 100

200

c0'0

aoueqiosqe

29




Table 2-5 UV-Vis data of uranyl carboxylate complexes

complex Amax(nm)(film) Amax(nm) assignment®
[log £*] (soln.™[log €]

UO0,(OOCCH,0C,H,), 214(sh)[3.13] 210[3.55] unassigned
242[3.57] LMCT
302(sh)[2.29] 304(sh)[3.08] Uo*
420[1.41] 430[2.11] U0

U0,(00CC,H,0C,H,), 231(sh)[3.00] 210[3.54] unassigned
240[3.48] LMCT
301(sh)[2.00] 302(sh)[2.90] U0
432[1.51] 430[1.68] U0

UO,(0OOCC,H,0C,H.), 204[4.55] 212[4.36] unassigned
238[4.18] 234[4.18] LMCT

298[3.89] 292[3.79] T-1* from

benzene ring

430[1.78] Uo*

UO,(OOCCH,), 206(sh)[3.16] 210[3.61] unassigned
264[3.52] LMCT
238(sh)[2.36] 314(sh)[3.04] U0
402[2.06) 432[1.93] Uo*

UO0,(00C(i)-C,H,), 210[3.64] unassigned
232(sh)[3.71] 240[3.55] LMCT
316(sh)[2.92] 160 5
432[1.60] Uo*

UO,(OOCCH,,), 230[3.06] 206[3.66] unassigned
240[3.51] LMCT
302(sh)[1.82] 310(sh)[2.92] 16/0 %
418[1.38] 432[1.88] Uo,*

UO,(OOCCH,CH,), | 196[4.33],212[4.03] 214[4.09] unassigned
250(sh)[3.41] 244(sh)[3.68] LMCT
302(sh)[3.19] U0
412(sh)[2.45] U0

a) Calculated from calibration data.
b) The solution absorption data was obtained from CH;OH solution.

c) Assignments are tentative. See references 70, 71, 73-75, and in particular, the

discussion in reference 73.
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The elemental analysis (C, H) results for the carboxylate uranyl complexes are
presented in Table 2-6. The analysis results of UO,(OOCCH,0C,Hs),,
UO,(C,H;0C,H,COO0), and UO,(OOC(i)-C;H,), fit the simple formulation. Some other
complexes, (UO,(OOCC,H,OC,Hs),, UO,(OOCCsH;;), and UO,(OOCCH,C¢Hs),),
apparently crystallized with a half molecule of solvent (acetone). The elemental analysis

result seemed to be consistent with the formula of UO,(OOCR),-1/2(CH,;COCH,) (R=

C,H,0C,H;, CH,,, CH,C Hy).

Table 2-6 Elemental analysis result of uranyl complexes

complex Experimental Calculated

C% H% C% H%

UO,(OOCCH,0C,H,), | 20.25 295 | 2017 | 294

UO0,(C,H.0C,H,C00), | 36.85 3.10 | 36.60 | 3.00

U0,(00C(i)-C;H,), 22.17 3.31 21.62 3.15

UO,(OOCC,H,0C,H,), | 25.53 386 | 2589 | 3.94
-1/2(CH,COCH,)

UO,(0O0OCCsH1 1), 3069 | 490 | 3063 | 476
-1/2(CH,COCH,)

UO,OOCCH,CH,), | 3709 | 270 | 3691 | 299

-1/2(CH,COCH,)

2.2.5 The quality of thin precursor films

The series of uranyl carboxylate complexes with the general formula
UOZ(OOCR)Z (R= CH3, i-C3H7, CSH“, CH2C6H5, C2H50CH2, C2H50C2H4 and

C,H5;0C,H,) were examined to determine if they formed amorphous films by spin
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coating from organic solvents. All of these complexes formed amorphous films. Five of
them, U0,(0O0OCCH,0C,Hy),, UO,(00CC,H,0C,Hy),, UO,(0O0CCsHy1),,
UO,(O0OCCH3); and UO,(OOCCH,;CgHs),, formed uniform films. The other two
complexes, UO,(OOC(i)-C3H7), and UO,(OOCC¢H,OC,H;), formed discontinuous
films. The complex, UO,(OH,)(t-butylacac), formed films up to approximately 600
monolayers thick. This is thicker than films of UO,(OH,)(acac), which were only up to
100 monolayers.

In choosing suitable organic solvents for spin coating a precursor film, the first
property to be considered is the solubility. Obviously, a solvent which does not dissolve
the precursor complex should not be chosen. Studies™ 77 have shown that the film
thickness is dependent on the concentration of the solution at a constant spin speed. The
higher concentration gives a thicker film. Usually, the solvent in which the precursor is
reasonably soluble should be chosen. However, solvents which contain hydrogen bonds
(such as methanol) resulted in discontinuous films. The quality of films apparently
depends not only on the intermolecular forces between the precursor molecules but also
on the interaction of the solvent with the substrate surface. The two diketonate
complexes were spin coated from CH,Cl,. A mixed solvent of acetone and methanol
(4:1) was used for both UO,(OOCCH3); and UO,(OOCC,H,OC,Hy),. These two
complexes are very soluble in methanol and only slightly soluble in acetone. This mixed
solvent solved the solubility problem and weakened the hydrogen-bonding. The other
carboxylate complexes were spin coated from acetone solutions.

The film thickness (1) depends on the spin speed. It has the relationship with spin
speed, ®, shown in equation 2-2."% The lower the spin speed used, the thicker the film
formed. A high solution concentration combined with a low spin speed sometimes

resulted in a crystalline film.

1 = KC*Y/p®3 2-2
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where, K is a constant.
C is the concentration (volume fraction) of the precursor
solution.

@ is the spin speed.

Silicon, glass, calcium fluoride and quartz were used as substrates for the film
preparation to compare the quality of films. The result indicated that the quality of a film
depends very little on substrates, as long as the surfaces of the substrates are clean and
smooth. Due to the light interference, the colors of the films on different substrates
sometimes looked different. The films of UO,(OOCCsH;),, used for comparing the film
quality on different substrates were prepared from acetone solution. Hydrogen-bonding
solvents were not involved in these experiments. Thus, hydrogen-bonding interactions

between the precursor solution and the substrate surface were small.

2.2.6 Photochemical deposition and characterization of uranium oxide films

A room temperature, photochemical method was used for the deposition of
uranium oxide films via uranyl complex thin film precursors. A thin amorphous film of
UO,(OH,)(acac), was prepared by spin-coating. This thin film was photolyzed in the air
or under low vacuum (1 torr). The photolysis led the loss of the organic ligands to form
UO; film. Transmission FTIR was used to monitor the photoreactions. The photolysis of
amorphous thin films of UO,(OH,)(acac), resulted in the loss of all IR absorption bands
associated with the acetylacetonate ligand. These bands were at 1574 cm’, 1524 cm’,
1429 cm™, 1362 cm™, 1271 cm™ and 1015 cm™. The loss of the asymmetric stretching of
uranyl group at 916 cm™ was also observed. A band at 908 cm’' appeared during the
photolysis. The FTIR spectrum of the resultant film from photolysis was similar to the IR
spectrum of UO; powder as well as that reported for 6-UO, by Hoekstra and Siegal.”®

Based on the similarity, the uranium containing product is assigned as UO;.
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Similar results were obtained for the photolysis of UO,(OH,)(t-butylacac), thin
films. The photolysis of UO,(OH,)(t-butylacac), led to the loss of diketonate ligands.
The FTIR results indicated the formation of UO; film.

The photolysis of thin films of UO,(OOCC5H,), resulted in a reduction of the
IR bands due to the carboxylate groups (1539 cm’ and 1467 cm™). The intensity of the
IR band of the U-O asymmetric stretch at 933 cm” was also reduced. These bands
decreased to the baseline after prolonged photolysis. During the photolysis, a broad band
at 890 cm’' grew in (Figure 2-7). The appearance of the broad band at 890 cm’ is
presumably due to the formation of an intermediate. This band decreased and a band at
873 cm’’ appeared after prolonged photolysis. Based on the IR information and the
literature data’®, we can conclude that the carboxylate ligands had been lost and uranium

oxide (UO;) had formed after prolonged photolysis.

absorbance

frequency (cm—1)

Figure 2-7 FTIR spectra of UOy(CsH;;COO), upon photolysis with 334 nm
light for 0, 20, 40, 60, 80, 100, 120, 168 and 1300 minutes
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Similar experiments were conducted for all uranyl carboxylate complexes. Two of
them showed similarly stable intermediates as described above during photolysis. The
other four did not exhibit observable intermediates. A detailed description of the
intermediates will be given in Chapter 3. The final FTIR spectra indicated the loss of all
the carboxylate ligands and the formation of UO; except for complex
UO,(0O0CCH,OC,Hs),. In this case the prolonged photolysis did not result in the
disappearance of IR absorption bands associated with organic ligands. The film resultant
from the photolysis of UO,(OOCCH,OC,Hjs), still contains the carboxylate group.

Auger electron spectroscopy was also used to examine the films resulting from
photolysis. The quantitative analysis of uranium by AES has been difficult due to the lack
of a uranium sensitivity factor. The composition analysis of the resultant uranium oxide
films was accomplished by comparing the Auger electron spectra of the resultant films
with a standard UO; sample. The relative uranium and oxygen peak ratio obtained from
the standard UO; sample was compared with the uranium and oxygen peak ratio found in
the spectra of resultant films.

An Auger spectrum of a UO; pellet made of UO; powder was first obtained.
Peaks at 72, 87, 280 eV corresponding to uranium and a peak at 500 eV associated with
oxygen appeared clearly on the spectrum. The ratio of the intensity of the 500 eV and the
72 eV peaks (Io/Iy) was found to be about 3.9. According to the Equation 1-8, the atomic

fraction for the standard UO; is shown in Equation 2-3.

[Co/Culstandara = (Io/S0)/(Iu/Sv) = (o/Iu)(Su/So) = 3 2-3

where, Co is the atomic fraction of O in the sample;
Cy is the atomic fraction of U in the sample;
Io is the intensity of the 500 eV peak in the UO3 Auger spectrum.
Iy is the intensity of the 72 eV peak in the UO; Auger spectrum.

So and Sy are the sensitivity factors of O and U.
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By knowing the Io/Iy ratio, which was measured to be 3.9, Sy/So is calculated to
be 3/3.9. Equation 2-4 is then used to calculate the O, U atomic ratio of the resultant

photolyzed films.

[Co/Culum= (I o/So)/(I'v/Su) = (I'o/T" u)(Su/So)
=(3/3.9)T'oT'v) 2-4
where, I'o is the intensity of the 500 eV peak in the
Auger spectrum of the film.
‘T’y is the intensity of the 78 eV peak in the

Auger spectrum of the film.

The Auger spectrum of a film resulting from the photolysis of UO,(OOCCsH, ),
was compared with the Auger spectrum of the UO; pellet. The spectra were found to be
similar as shown in Figure 2-8(a) and (b). The I'o/I'y in the spectrum of the resultant film
was 1:3.9, which is the same as that found in the UO; pellet spectrum. Therefore, the
AES is consistent with the FTIR result, both indicating the production of a UO; film from
the photolysis of a UO,(OOCCsH| ), film.

All of the films produced by photolysis of the uranyl complex thin films were
examined by AES. The results are listed in Table 2-7. The results showed that all of the
uranyl complexes except UO,(OOCCH,0C,H,), had the same approximate composition,
which was UQ; 4 ; for final photolysis films. The result for UO,(OOCCH,0C,H,), was
UO; + 1. The film produced by the photolysis of UO,(OOCCH,0C,Hy), was very thin.

This may affect the O:U ratio due to the contribution of oxygen from the substrate (SiO,).
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Figure 2-8  a) Auger electron spectrum of UO; pellet
b) Auger electron spectrum of a film resulting from

the photolysis of UO,(OOCCsH;);
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Table 2-7 Auger electron spectroscopic analysis data®

precursor I/I° composition
(0/0)

UO; pellet 3.9 3
UO0,(0O0CCH,0C,H,), 9 7
U0,(00CC,H,0C,Hy), 4.5 3.5
UO0,(00CCH,), 4.5 3.5
U0,(00C(i)-C,H,), 4.5 3.5
UO0,(00CCsHq1)2 3.9 3
UO0,(00CC,H,), 3.9 3
UO,(OH,)(acac), 3.9 3
UO,(OH,)(t-butylacac), 4.5 3.5

a) Approximate 30% error in the measurements due to the noisy spectra obtained.

b) Use of 10 sec. sputtered spectra for the measurements.

The adhesions of resultant uranium oxide films on silicon substrates were examined

by the Scotch Tape method.” Uranium oxide films resulting from all of the precursors

showed good adhesion.

2.3 Conclusion

The photochemical deposition of uranium trioxide films though thin films of metal
organic complex precursors has been demonstrated. Uranyl carboxylate and uranyl 1,3-
diketonate complexes were found to be suitable precursor molecules. It has been shown
that the uniformity of precursor films depends very little on the substrates. This makes the

deposition of uranium oxide on X-ray transparent substrates for the purpose of making X-

ray lithography mask possible.
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2.4 Experimental Section

FTIR spectra were obtained with a Bomen MB-120 spectrophotometer at 4 cm-1
resolution. UV spectra were obtained using a HP 8452A diode array spectrophotometer.
Elemental analyses were performed by M. K. Yang of the Micro analytical Laboratory at
Simon Fraser University. Auger spectra were obtained using a PHI double pass CMA at
0.85 eV resolution with 3 kV ionization electron beams. Sample sputtering was done
using 3 kV electron beam ionized Ar. They were done at the Surface Physics Laboratory,
Department of Physics, Simon Fraser University. Film quality examination and film
thickness measurements were conducted using a Leitz optical microscope equipped with
an interferometer.

P-type Si(111) and p-type Si(100) wafers were purchased from Pacific
Microelectronics Center and cut into 1x1.2 cm chips in house. The CaF, crystals were
obtained from Wilmad Glass Co. Inc. UO,(OOCCH3),-2H,0 was purchased from Fluka

Chemika. Uranium oxides were purchased from Strem Chemicals, Inc.

2.4.1 Synthesis of uranyl carboxylate complexes
All the complexes were characterized by Fourier transform infrared (FTIR)
spectroscopy, UV -Vis spectroscopy and elemental analysis. The results were shown in

Tables 2-3, 2-4, 2-5 and Table 2-6.

1) Preparation of uranium hydroxide:
UO,(OH), was prepared by the literature procedure.®* A solution of uranium
nitrite was prepared by dissolving 1.25 g of UOy(NO3),6H,0 in 2 ml distilled water. A
solution of KOH was prepared with 0.28 g KOH in 1 ml distilled water.
The KOH solution was gradually added to the stirred UO»(NO3), solution. A

yellow suspension was formed during the addition. The solution was filtered under water
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filtration pump. The yellow filter residue, UO,(OH),, was washed with water then

methanol and dried under vacuum to give the desired compound UO,(OH),.

2) Preparation of bis-(ethoxyacetato)dioxouranium (vi) UO,(OOCCH,0C,H;),
and bis-(B-ethoxypropionato)dioxouranium (vi) UO,(OOCC,H,0C,H,),
The preparation of UO,(OOCCH,0C,H;), and UO,(OOCC,H,OC,H;), were
carried out by literature procedures.*

The UO,(OH), used in this preparation was obtained by the above procedures.

3) Preparation of UO,(0O0C(i)-C3H7),, UO(OOCCsHyq),,

U0,(00CCH,0C,H,), and UO,(OOCCH,C4Hs),

0.5 g ground UO,(OH), i)owder was reacted with 3 ml of iso-butanioc acid, (i-
C3H;COOH), in a flask at 50°C while stirring overnight. A yellow liquid was obtained
after reaction. Approximately 5 ml of anhydrous diethyl ether was added into the yellow
liquid; the product was precipitated out. The flask was then put into a refrigerator for
approximately 4 hours. The solution was carefully removed by pipette and the precipitate
(product) was washed with anhydrous diethyl ether 6 times. The residue was redissolved
in acetone. The acetone solution was filtered through a medium fine porosity fritted glass
funnel to remove the unreacted UO,(OH),. The pure product was obtained by removing
the solvent under vacuum.

A similar procedure was used for the preparation of UO,(OOCCsH;1),,
UO,(OOCC¢H,OC,Hy), and UO,(OOCCH,CgHs),. For the preparation of
UO,(OOCCH,C¢Hs),, phenyl acetic acid (1g) ligand, was dissolved in 5 ml benzene prior

to the reaction with UO,(OH),.

4) Preparation of uranyl 1,3-diketonate complexes: UO,(OH,)(acac), and
UO,(t-butylacac),
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The preparation of UO,(OH,)(acac), and UO,(OH,)(t-butylacac), was carried out
by literature methods.*

Yellow needle-like crystals of UO,(OH,)(acac), were obtained by dissolving the
raw product in hot CH,Cl; and slowly adding a small amount of hexane. Cooling the
solution in the refrigerator resulted in the crystallization of UO,(OH,)(acac),.

The purification of UO,(OH,)(t-butylacac), was done by washing the orange

colored crystals resulting from the reaction with anhydrous diethyl ether.

2.4.2 Calibration of FTIR absorption on Si surfaces:

The calibration of absorption intensities for a wuranyl complex,
UO,(OOCCH,0C,Hy),, was conducted. The procedure is described below.

A solution of UO,(OOCCH,0C,Hy), (0.0032g) was prepared in acetone (2 ml).
A reference IR spectrum of Si substrate (a Si chip) was obtained. A drop of this solution
(3.3 ul) was then placed on the Si chip. The solvent evaporated to leave a
UO,(OOCCH,0C,Hy), film on the Si surface. The FTIR spectrum was then recorded.
The area of the film was measured to be 0.28 cm? corresponding to a coverage of 2.4
molecules per A2 . The same process was repeated several times giving the FTIR spectra
shown in Figure 2-9(a). The corresponding calibration curve of absorbance at 931 c¢m!
vs. molecules per A2 is shown in Figure 2-9(b). The slope of this calibration line (3.2x10°
A¥molecule) was used to calculate the extinction coefficient, i.e., the absorbance cm’/mol.
The calculation, therefore, gave a value of 1.9x10° cm*mol that can be converted to
1.6x10"/monolayer by assuming that the volume of a UO,(OOCCH,0C,H;), molecule®" is
326 A3. Based on the calibration data, we can estimate the thickness of precursor films.

Similar experiments were conducted for all of the studied uranyl complexes. The
linear calibration curves are shown in Figure 2-5 and 2-6. Table 2-8 is a summary of the

calibration data of all precursor complexes.
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Figure 2-9  a) FTIR spectra of UO,(OOCCH,0C,H;),for 2.4, 4.8, 7.2,
9.6, 12.0 and 14.4 molecules per A” on a Si surface.
b) Plot of the absorbance of v,(O=U=0)
of UO,(OOCCH,0OC,Hs), versus coverage.
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2.4.3 Preparation of thin films of uranyl complexes
Thin amorphous uranyl complex films on different substrates were prepared by the
spin coating technique shown in Figure 2-10. A typical film preparation is described

below:

a drop of the solution.

spinning Si chip

Figure 2-10 An illustration of the spin coating process

A p-type Si (111) chip was placed on the platform of a spinner. A fresh solution
of UO,(OOCCH,0C,Hs), was prepared in acetone. A drop of this solution was then
placed on the spinning Si chip. The solution spread due to the spinning and the volatile
solvent, acetone, evaporated to leave a thin amorphous film on the Si surface.

The quality of films was checked by a Leitz optical microscope and the film
thickness was measured by optical interferometry.**

The Scotch Tape method” was used to test the adhesion of the photodeposited
uranium oxide films on silicon substrates. The test was done by pressing a piece of Scotch
Tape onto the film and determining if the film is removed, partially removed or stayed on

the substrate after the tape is pulled off.
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2.4.4 Extinction coefficient of UV bands

A reference UV absorption spectrum and a FTIR spectrum of CaF, crystal were
obtained prior to the film deposition. A film of uranyl complex was deposited on the CaF,
surface by the spin coating technique described above. The UV-Vis absorption spectrum
of this film was then recorded with a HP 8452A diode array spectrophotometer over a
wavelength range of 190-800 nm. Subsequently, a FTIR spectrum of the same film was
obtained at 4 cm™ resolution with a Bomem MB-120 spectrophotometer.

The molar extinction coefficients of the UV bands are given by equation 2-3.

E=Ayv Er/ARR 2-3
Where, €1z is the IR extinction coefficient calculated from the
calibration experiment described in 2.4.2 and listed in
Table 2-8.
Ayy is the UV absorbance at Amax.
Az is the absorbance of the IR band chosen in

calibration curve.

2.4.5 Photolysis experiments

The photolysis of all of the uranyl complexes was done using the same procedure
and is illustrated in Figure 2-11. The vacuum chamber that has a sample holder is made of
aluminum. Two NaCl crystal windows are on the sides of the chamber to allow the
irradiating UV light and monitoring IR beam to go through. A typical experiment was
performed as follows: A p-type Si(111) chip was first placed on the sample holder to
obtain a reference IR spectrum under vacuum prior to the film deposition. A thin
amorphous film of complex UO,(OOCC,H,0C,H;), was deposited on the Si surface by
spin coating from an acetone solution. The coated Si chip was then transferred to the

vacuum chamber. The system was evacuated and the FTIR spectrum obtained. The
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sample of UO,(OOCC,H,OC,H;), was then irradiated by the UV light (75 W high
pressure Xe lamp) through a 10 cm water filter for 5 minutes. The FTIR spectrum
obtained again. This procedure was repeated for the following accumulated photolysis
times, 15, 40, 80, 140, 200 and 320 minutes, until all the IR bands due to the starting

material decreased to the baseline.

“acuum
T
NaCl
window
UV light
~—
S
precursor IR beam
film NaCl
IR detector a
window
silicon chip

Figure 2-11 Photolysis experiment

Thin amorphous films of UO,(OOCC,H,OC,Hs), were also photolyzed with a 254
nm output Hg arc lamp in air atmosphere. The procedure was as described above, but it

was not necessary to put the film into the vacuum chamber.

2.4.6 Auger electron spectroscopy

A UO; pellet (about 0.1 cm thick) was made by mechanically conpressing the UO;
powder. The UQ; pellet was adhered on a silicon chip by silver paste and then placed on
the sample holder used in the Auger spectrometer. Several Auger electron spectra were

obtained for this UO; pellet sample. The average intensity ratio of the uranium and
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uranium and oxygen peaks in the Auger electron spectra of the UO; pellet was used as a
relative standard.

The initial Auger electron spectrum of the thin film resulting from photolysis of
UO,(OOCCsH ), was obtained. The film sample was then sputtered by Ar ions for 10
seconds. After sputtering, another Auger electron spectrum was obtained.

Auger electron spectra for all of the thin films resulting from the photolysis of
other uranyl complexes were obtained in the same way. The intensity ratio of the
uranium and oxygen peaks in the Auger electron spectrum of each resultant film were
measured and compared to the ratio obtained for the UO; pellet. The stoichiometry was

then determined.
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Chapter 3. Mechanistic Study of The Photochemistry of Uranyl
1,3-diketonate Complexes and Uranyl Carboxylate

Complexes as Thin Films on Silicon Surfaces

3.1 Introduction

A large amount of research has been done on the photochemistry of transition
metal compounds. However, most photochemical studies have been conducted on species
in solution, in the gas phase, or in a low temperature glass.*® Due to the difficulties of
separation and analysis of reactants and products, less work has been done in the solid

state. 34

The photochemistry of compounds, in thin amorphous film state, remains
relatively unexplored at the moment. As a reaction medium, amorphous thin films offer
different properties from crystalline, solution and gaseous states. As described in chapter
2, we can make thin films of useful materials through this medium by using the technique,
PDSF, developed in our laboratory. The deposition of thin films is an active area due in
part to the applications in the electronics industry. #4858

The study of the chemistry occurring in the amorphous thin film medium is to
understand the mechanism of making useful materials. = An understanding of the
mechanism should allow us to design better precursors and processing conditions.. In this

chapter, the mechanisms of photoreactions of uranyl carboxylate and uranyl 1,3-diketonate

complexes as thin amorphous films on silicon surfaces are discussed.
3.2 Results

3.2.1 Photolysis of uranyl 1,3-diketonate complexes as thin films on silicon

surfaces: quantum yields
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The photolysis of UOy(OHj)(t-butylacac)y was conducted using 254 nm
monochromatic light with an intenéity of 9.3 x 10" Einsteins per second.” The FTIR
spectroscopic changes of an approximately 580 monolayer UO2(OH5)(t-butylacac)y film
upon photolysis were obtained. The photolysis of UO2(OHjy)(t-butylacac); led to the loss
of all of the FTIR bands associated with diketonate ligand at 1564 cm™, 1547 cm™, 1503
cm’, 1374 cm”, 1351 cm™, 1226 cm™ and 1146 cm™ (Figure 3-1). The asymmetric
stretching band of O=U=0 at 887 cm™ (not shown) decreased to leave a broad band with
the frequency of 904 cm™ after prolonged photolysis. The band of 904 cm™ is consistent

with the formation of UO3.”" There was no detectable intermediate observed during the

photolysis.
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Figure 3-1 Changes in FTIR spectra of UO2(OH»)(t-butylacac); thin film
upon photolysis at 254 nm for 0, 35, 70, 130, 255, 420, 740 and 1360 minutes

“Light intensity was measured in mW/cm? using a radiometer. See the experimental section for the
conversion of mW/cm? to einsteins/second.
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The decomposition quantum yield of UO,(OHj)(t-butylacac), was determined
based on the FTIR spectroscopic data of the photolysis experiment. The IR absorbance of
the starting material at 1351 cm™ (Ao) and the absorbance of this band as a function of
photolysis time (At) were measured. A plot of In(Ao/At) versus photolysis time (Figure
3-2) was then made. This linear plot is consistent with a single photon process. The
quantum yield was determined by the slope of the plot, the intensity of the irradiation light
and the extinction coefficient of absorption at the irradiation wavelength according to
Equation 3-24. The quantum yield was found to be 0.02.

A similar photolysis experiment was conducted with UO7(OHj)(acac);. The
photolysis of thin films of UO2(OHj)(acac), resulted in the loss of all IR absorption
bands associated with the acetylacetonate ligand at 1574 cm’, 1524 cm’, 1429 cm™, 1362
cm’, 1271 cm™ and 1015 cm™. The loss of the asymmetric stretching band of O=U=0 at
916 cm’ was accompanied by the appearance of a band at 908 cm™ associated with the
asymmetric stretching of UO3.53 The plot of In(Ao/At) for the absorption at 1524 cm’
versus photolysis time is a straight line (Figure 3-3) indicating a single photon process.
The disappearance quantum yield of UO2(OHj)(acac)y was found to be 0.01.

UO,(OHjp)(t-butylacac); reacted with a higher quantum yield than
UO2(OHp)(acac)y. This is attributed to the bulky ligand in UO7(OHj)(t-butylacac))
molecule. The bulky ligand, t-butylacac, creates spaces between molecules in the film to

allow the photochemically produced fragments to eject from the surface.
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Figure 3-2 Logarithmic plot of absorbances versus photolysis time in the photolysis of

UO,(OH»)(t-butylacac), at 254 nm
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Both the photolysis of UO7(OHj)(acac); and UO(OH»)(t-butylacac); are single
photon processes. The photoreaction of UO2(OH2)(acac)9 and UO7(OHj3)(t-butylacac);

can be outlined by Equation 3-1 and 3-2.

hv

UOly ——= *UOyL» 3-1
kd
kr

*UOpLg ——— UO3 + organic products 3-2

L= acac or t-butylacac

3.2.2 Photolysis of UO2(0O0CCsH11)2, UO2(00CC2H40C,H5)2 and
UO2(0O0CCH»0OC,Hj3); as thin films on silicon surfaces: quantum yields
The photolysis of an amorphous film of UO2(OOCCsH{ 1), was conducted using
254 nm light with an intensity of 4.3 x 10" Einsteins per second. This resulted in a
reduction in the intensity of the FTIR bands due to va5(COO), vg(COO) at 1538 and 1467
cm’' as well as the FTIR band at 933 cm™ due to va5(0O=U=0). This indicated the loss of
the C5H11COO ligand from the precursor. A band at 890 cm’! grew in (Figure 3-4). The

! is presumably due to the formation of an

appearance of this band at 890 cm’
intermediate. Upon further photolysis, this band decreased and was accompanied by the
appearance of a broad band at 873 cm’'. After prolonged photolysis, the 1538, 1467, and
933 cm’' bands were no longer apparent indicating the loss of all of the carboxylate

ligands. The broad band at 873 cm’’ remained after prolonged photolysis. The 873 cm’!

band is associated with the product, UO3.
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Figure 3-4 FTIR spectroscopic changes in va5(U-O) of a thin film of
UO,(OOCCsH{1)7 on a Si surface upon photolysis for 0, 1, 2.5, 4, 6, 8, 10,
12, 15, 18, 22, 40 and 345 minutes

The decomposition quantum yield of UOp(OOCCsHji); was determined.
The vas(U-O) absorption band exhibited a single exponential decay as shown by a linear
relationship between In(Ao/At) and photolysis time. A plot of In(Ao/At) versus photolysis
time is shown in Figure 3-5. The quantum yield was determined using the slope of the
line, the intensity of the irradiation light and the extinction coefficient (Equation 3-26).
The quantum yield was found to be 0.36. However, the disappearance of the vas(COO)
absorption band did not give a linear plot of In(Ao/At) versus photolysis time. This is
presumably due to the formation of a thermally stable intermediate having the same
vas(COO) absorption band as the starting material. By plotting In[(Ao-Ac)/(At-Aco)]
(where A is the absorbance of the intermediate at maximum concentration) versus
photolysis time; a straight line is obtained (Figure 3-6). Taking the slope of this line in
conjunction with the light intensity as well as extinction coefficient, the same quantum

yield (0.36) was obtained.

53



3.0 F =

25 -

20 p (] -

In{(Ao/At)

0.0 A 3 A J I 1 L
0 200 400 600 800 1000 1200 1400

PHOTOLYSIS TIME[SECOND]

Figure 3-5 Logarithmic plot of Ao/At at va5(O=U=0) in UO»(OOCCsH11)7

versus photolysis time
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Figure 3-6 Logarithmic plot of (Ao-Ae)/(At-Aco) at vas(COO) in
UO,(00CC5H11)7 versus photolysis time
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The photolysis of an amorphous film of UO2(OOCCsH )2 was also conducted
using 334 nm light with an intensity of 2.8 x 10" Einsteins per second. Similar results
were obtained. To determine the disappearance quantum yield of the photolysis of
UO,(0O0CCsH| 1) at 334 nm, the absorbances of va5(COO) absorption band were used
to plot In[(Ao-Aco)/(At-Ao)] versus photolysis time. The calculation gave the quantum
yield of 0.04.

A 1000 monolayer amorphous film of UOy(OOCC,H40C,>H5)2 on a Si(100)
surface was photolyzed at room temperature under vacuum (1 torr). The loss of
absorptions at 1539 cm™ and 1465 cm’, associated with va5(COO) and v¢(COO) from
the carboxylate group was evident. The photolysis also resulted in a reduction of
absorption due to vas(O=U=0) at 927 cm™ accompaning by the appearance of a band at
890 cm™ (Figure 3-7). The intehsity of this band increased upon photolysis, reached a
maximum, and subsequently decreased upon further photolysis.

The reduction ratio” of bands assigned as due to va5(COO) and vg(COO) was
found to be different from the reduction ratio of the band associated with va5(O=U=0).
The v35(0O=U=0) band decreased at a greater rate than the v35(COO) and vg(COO)
bands. This indicates that an intermediate is formed during the photolysis and the
intermediate has the FTIR bands consistent with those assigned to va5(COO) and
vs(COO). After prolonged photolysis, the absorption bands assigned as va5(COO),
vs(COO) and va5(0O=U=0) decreased to the baseline indicating the loss of all of the
organic ligands. The 890 cm™ absorption band associated with the intermediate,
decreased in intensity and was accompanied by the appearance of a broad band at 880 cm’

!. This broad absorption band remained after prolonged photolysis.

* reduction ratio is defined as :(Ao-At)/Ao, where Ao and At are the IR band absorbances at the photolysis
time of 0 and t.
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Figure 3-7 FTIR spectroscopic changes in va5 (U-O) of a thin film of
UO2(00CC,H40C,Hj5); on a Si surface upon photolysis for 0, 5, 15,
40, 80, 140, 200 and 320 minutes

The photolysis of a UO2(OOCC,H40C7Hj5), film on a silicon surface was also
conducted in the air using 254 nm light. The results obtained were as described above.
The quantum yield for the decomposition of UO2(OOCC,H40C,H5)7 upon irradiation
at 254 nm was determined using the absorbances of v45(COO) absorption band. From the
slope of the plot of In[(Ao-Ac<)/(At-Ae)] versus photolysis time, the quantum yield was
determined to be 0.30.

A similar photolysis experiment was conducted on UO2(0OOCC,H40C,Hs)2
films with 334 nm light. The disappearance quantum yield of UO2(OOCC,H40C7Hj5)7
at 334 nm was found to be 0.10.

The photolysis of UO2(OOCCH,OC,Hs5), also resulted in an observable

intermediate. The FTIR bands associated with va5(COOQ), vg(COO) decreased at a lower
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rate than the FTIR band of vas(O=U=0). This indicates that the intermediate contains a
carboxylate group. This intermediate is itself photosensitive. Both the absorption bands
of the carboxylate group (1560 cm' and 1448 cm) and uranyl group (938 cm’)
decreased to the baseline upon prolonged photolysis.

Quantum yields for the decomposition of UO,(OOCCH,OC,Hs5), upon
irradiation at 254 nm and at 334 nm were measured as described for
UO2(O0CC7oH40CyHs), . The quantum yields were found to be 1.44 and 1.19 for 254
nm and 334 nm irradiation respectively.

The photoreactions of UO2(OOCCsH1)2, UO2(0O0CCoH40C,Hs)2 and
UO2(OOCCH,0C7H35)7 as thin films are summarized in Equations 3-3, 3-4 and 3-5. An
intermediate with the carboxylate ligand portion was generated during the photolysis. The
organic photofragments were ejected from the films as gaseous products. UO3 was

formed as final photolysis product.

hv
U0y —=— *U0OzL, 3-3
kd
*UOgLy — “int.” + gaseous products 3-4
hv
“int.” ——— UO3 + gaseous products 3-5
02

L= 00CC5H{ , 0OCC,H40C,Hs or OOCCHOC2Hs

“int.” = intermediate containing the carboxylate ligand
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3.2.3 Photolysis of UO2(0O0CCH3)3, UO2(0OOC(i)-C3H7)9 and

UO2(00CCHCgHjs)3 as thin films on silicon surfaces: quantum yields

The photolysis experiment for thin films of UO2(OOCCH3);, was conducted at
254 nm using the same procedure. There was no intermediate observed. The intensity of
the absorption bands of the carboxylate group (1529 cm™ and 1450 cm™) and uranyl
group (938 cm™) decreased at the same rate during photolysis. All of these absorption
bands decayed to the baseline. A band at 873 cm™, which appeared during photolysis, is
attributed to the formation of UO3 as in the examples above.

Similar results were obtained for the photolysis of thin films of UO,(OOC(i)-
C3H7), and UOL(OOCCH,CgHs);. The decomposition quantum yields of
UO2(O0OCCH3)2, UO2(00C(i)-C3H7)2 and UO(OOCCH,CgHs)o films upon
irradiation at 254 nm were measured to be 0.03, 0.10 and 0.52 respectively. The quantum
yield of UOp(OOCCH3); upon 334 nm irradiation was also measured and it was found to
be 0.01.

Equation 3-6 and 3-7 summarize the photoreactions of thin films of

UO,(OOCCH3);, UO2(0OC(i)-C3H7), and UOo(OOCCH,CgHs),.

hv
UOsL, a— *UOsLp 3-6
kd

*UOpLy ——— UO3 + gaseous products 3-7
02

L= OOCCH3, 00C(i)-C3H7 or OOCCH,CgHs
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3.2.4 Photolysis of UO2(00CCgH40C,Hjs)) as thin films on silicon surfaces:

quantum yields |

The photolysis of thin films of UO2(OOCCgH40C,Hs) resulted in a reduction
of the absorption bands corresponding to the carboxylate ligands. These bands did not
completely disappear. Approximately 10% (intensity) of these bands remained after
prolonged photolysis. This is attributed to the formation of a photo and thermally stable
product. This stable product is proposed to be an U(IV) species having the formula of
UO(0CgH40C7H5)(O0OCCgH40CoH35). This is consistent with the FTIR spectroscopic
data. In section 3.3.2, the discussion of some intermediates having the similar formula as
this product is given. Further study of this complex was not carried out since the complex
is not suitable for making the material we need.

The quantum yield was measured for the reaction of UO2(OOCCgH40C,Hs)>
film with 254 nm light. The plot of In[(Ao-Aec)/(At-Aco)] versus photolysis time was
obtained. The quantum yield is determined to be 0.002. The photoreaction is outlined in

Equation 3-8 and 3-9.

hv
U0(00CC6H40CHs); —— *UO2(00CCgH40CoHs), 3-8
“Xd

*U0»(00CCgH40C,H5)y — UO(OCgH40C,H5)(O0CCgH40C,Hs)

+ gaseous products 3-9

3.2.5 Summary of quantum yields

The quantum yields of all studied uranyl complexes are summarized in Table 3-1.
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Table 3-1 Decomposition quantum yields for the photoreactions
of uranyl complexes

complexes D254 @’534
UO02(00CCH20C2H3)» 1.44 1.19
UO»(0O0CCH»CgHs))" 0.52
UO,»(00CCsH11)2 0.36 0.04
U0,(00CCH40C,H5)y 0.30 0.10
U0, (00C(i)-C3H7)» 0.10
UO7(OHj)(t-butylacac); 0.02
UO2(0O0CCH3), 0.03 0.01
UO7(0OHj)(acac))’ 0.01
U0,»(00CCgH40CrH5)) 0.002

a. A=254 nm, I=4.3 x 107 einsteins/sec.
b. A=334 nm, I~2.8 x 10" einsteins/sec.
c. A=254 nm, 1=9.3 x 10"'® einsteins/sec.

3.2.6 Radical initiation experiments

A radical initiator, azo-isobutronitrile (AIBN), was added to solutions of uranyl
carboxylate complexes to make precursor films composed of a uranyl complex and
AIBN. FTIR spectroscopic changes in the dark were monitored in order to determine if
the starting material will react with organic radical, R (R="NCC(CH3)3), produced from

AIBN shown in Equation 3-10.

(CH3)3CCNNCC(CH3)3 —— 2-NCC(CH3)3 3-10
A film prepared with AIBN and UO2(OOCCsH{1)7 was monitored by FTIR. In

Figure 3-8, the overlaid FTIR spectra of a film of UO2(OOCCsH| 1) co-deposited with
AIBN in the region of the va5(COO) and the v5(COOQ) absorption bands are shown. The
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presence of the radical initiator in the film resulted in a reduction of the intensities of FTIR
bands associated with va5(COO), vg(COO) and va5(0O=U=0) absorption. A band at 894
cm’ (not shown) increased in intensity accompanying by the reduction of the bands
associated with the starting material. The further reduction of the intensities of v
as(COO0), vg(COO) and va5(O=U=0) absorption bands did not happen after 4 days of
prolonged reaction. This is presumably due to the generation of a stable species. This
stable species is proposed to be UOORL since the intensities of va5(COO) and vg(COO)
bands were 50% of that in the initial FTIR spectrum.

Similar results were obtained for the films composed of AIBN and either
UO,(OOCCH,0C,Hs)y or UO»(OOCCpH40C2Hs)7. The intensities of vas(COO)
and vg(COO) bands reduced and remained at certain points. The results indicated a
thermally stable species formed in the reaction of each case. The reduction ratios are

shown in Table 3-2.

absorbance

1800 1600 1400 1200

frequency (cm—1)

Figure 3-8 FTIR spectroscopic changes in the dark of a film with
UO,(O0CCsH{1)7 and radical initiator AIBN

top: initial; middle: 18 hrs. bottom: 30 hrs.
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Equation 3-11 describes the reactions of the radical initiator with

UO2(O0CCH0C7Hj5)3, UO2(O0CCyH40C,Hs)2 and UO2(OOCCsH| ().

R

UOpLy ——— UOORL + gaseous products  3-11
02

R=-NCC(CH3)3
L=00CCsH{, OOCC,H40C,H5 or OOCCH,0C,Hj5

The radical initiator AIBN co-deposited with UO2(OOCCH3)2, UO,(OOC(1)-
C3H7)2 or UO2(OOCCHCgHs)o resulted in the loss of the intensity of the FTIR
absorption bands associated with the v35(COQ), vs(COO) and v35(U-O). No thermally
stable intermediate was observed during the reaction. The reactions resulted in the

formation of UO3. Equation 3-12 summarizes the reaction.

R
UOjLy — UOj + gaseous products 3-12
02

R=NCC(CH3)3
L= OOCCH3, 00C(i)-C3H7 or OOCCH,CgHs

The absorption bands for the co-deposited thin film of AIBN with
UO,(0O0CCgH40C,Hs), did not change. This indicates no reaction between AIBN and
UO,(O0CCgH40CoHs)5.

Table 3-2 summarizes the results of radical initiation experiments for all of uranyl
carboxylate complexes. The absorption bands of va5(COO) and vg(COO) in
UO»(O0CCH3)3, UO2(0O0C(i)-C3H7)7 and UO2(OOCCH2CgHs), disappeared upon
reacting with AIBN. For UO,(OOCCH,0C7H5),y, UO2(O0OCCoH40C7H5), and
UO,(O0CC5H]1 1)2, the intensities of vas(COO) and vg(COO) bands reduced to a certain
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degree. The intensities of v35(COO) and vs(COO) bands in UO»(OOCCgH40C,Hs))

did not change.

Table 3-2 Reduction ratio of the intensities of va5(COO) and
vs(COO) bands upon radical initiation for 24 hrs

complexes reduction ratio® (%)
U02(00CCHy0CyHs)y 80
U0(00CCoH40C,H5)y 40
U02(00CCgH40C2H5)2 0
UO02(0O0CCH3)y 100
U0,(00C(i)-C3H7)2 100
U02(00CCsH11)2 50
U0»(OOCCHHC¢Hzs)y 100

a) (Ai-Af)/Ai, where Al is the initial absorbance of va5(COQO) or
vs(COO) band of the co-deposited film. Af is absorbance of va5(COO)
or vg(COO) band upon initiation for 24 hr.

3.2.7 Mass spectrometric analyses of organic photoproducts

Electron impact mass spectrometry (EIMS) was used for the identification of the
volatile organic photoproducts. MS analysis of the volatile organic products formed from
photolysis of a UOy(OHj)(acac)y film on silicon substrate was conducted. An
UO,(OH))(acac), film on a silicon chip was prepared by spin-coating from an acetone
solution. The film was irradiated in a sealed vessel under a static vacuum (107 torr). The
mass spectra of the background (due to the air and the pumping system) were recorded.
The valve of the vessel was then opened. About 200 mass spectra were recorded. A mass
spectrum of the volatile photolysis products was obtained by subtracting the mass

spectrum of the background from sample spectra. The spectrum had signals associated
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with the molecular ion and fragments due to acetylacetone (acacH). Another organic
photoproduct observed in the spectrum was an isomer of acacH, 3-hydroxyl, 3-methyl

cyclobutanone. The MS result is listed in Table 3-3.

Table 3-3 MS analysis results of volatile products resulting
from the photolysis of uranyl 1,3-diketonates

complex M/Z assignment®®
UO5(OHj)(acac); | 100, 85, 43. acacH
100, 71, 57, 43. CH,C(O)C(OH)CH3)CHy
UO(OH7)(t- 184, 127, 109, 85, 81, t-butylacacH
butylacac)p 69, 57,43, 41.
114, 109, 57. (CH3)3CC(CH3)3
100, 85, 57, 43. CH3COC(CH3)3
86, 85, 71, 57, 43. (CH3)3CCHO
84, 69, 43,41. CH,C(CH3)COCH3

A similar experiment was conducted with UO(OHj)(t-butylacac);. The result
showed that the photolysis of a UOy(OHj)(t-butylacac); film produced the free ligand, t-
butylacacH.  Other organic products observed in MS were (CH3)3CC(CH3)3,
CH3COC(CH3)3, (CH3)3CCHO and CHpC(CH3)COCH3. The detailed MS analysis
result is listed in Table 3-3.

Combining the results obtained from the photolysis experiment and MS analysis,
the photoreaction for UO,(OH»)(acac), can be described in Equation 3-13. Equation 3-
14 presents the photoreaction of UO2(OH»)(t-butylacac);.



hv , |
UO7(OHp)(acac)y ———— UO3 + acacH + CHC(O)C(OH)(CH3)CH»
3-13

hv
UO7(OHj)(t-butylacac)y) —— UO3 + t-butylacacH + (CH3)3CC(CH3)3,

+ CH3COC(CH3)3 + (CH3)3CCHO
+ CHpC(CH3)COCH3.

3-14

MS analysis of volatile organic products formed from photolysis of UO2(OOC(i)-
C3H7)j clearly showed the peaks for COp, C¢His, C3Hg and C3Hg. CO2 is the product of
decarboxylation of the carboxyl radical -OOC(i)-C3H7. The alkyl radical, -i-C3H; is the
other half of the decarboxylation product. This alkyl radical leads to the radical coupling
product, C¢H14 and radical disproportionation products, CsHg and C3Hg.

Similar MS analysis results have been obtained for the photolysis of thin films of
UO2(00CC5H11)2. CO3, CioH2, CsHyo and CsHg were observed in MS. COj is the
decarboxylation product. CjoHj; is the coupling product of the alkyl radical -CsHj;.
CsHjo and CsHjg are the radical disproportionation products of -CsHj;.

Combining the results obtained from the photolysis experiment, radical initiation
and MS analysis, the overall photoreaction of thin films of UO2(OOC(i)-C3H7), and
UO2(0O0CCsH1 1), is given in Equation 3-15.
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hv
2UO07(0O0CR)3 + 09 — 2U03 +4C0O3 +RR
+ ‘R disproportionation products

3-15
R =i-C3H7 or C5H|

The volatile products of the photolysis of a UO2(OOCCH»OC,Hg)s film
observed in MS were COy, CH30CoHg and CHOC,Hs. Again, COy is the
decarboxylation product. CH30C7Hg and CHOC,Hj5 are the radical disproportionation
products of -CH>OC,Hg. The radical coupling product, CoH§0CH>CH>OC,Hg, was
not observed in MS. Equation 3-16 presents the overall reaction for the photolysis of

UO7(OOCCH,»0OC,H35) films on silicon surfaces.

2U02(OOCCH70C7H5)7 + O3 —— 2UO03 +4COy
+ 2CH30C7H35 + 2CHOC7H54
3-16

MS analysis of the atmosphere over a photolyzed UO2(OOCCH2CgHs); film
indicated CO9 and toluene. CO is the decarboxylation product. Toluene is one part of
the disproportionation products of the radical -CHpCgHsg, which was formed from the
decarboxylation of the carboxyl radical. The other half of the disproportionation products,
CgHsCH, (benzoyl carbene) was not shown since this species is highly reactive.” The
radical coupling product of -CH7CgHs, Cj4H14, showed only its fragments (M/Z91, 77,
65, 64, 63, 51, 50, 39, 38) in the spectrum due to its high tendency of fragmentation.”

The MS analysis results showed that the photolysis of a film of UO2(OOCCH3)7

produced CO», methane and ethane as organic products.
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Equation 3-17 presents the overall photoreaction of thin films of

UO,(00CCH,CgHs)s and UO2(OOCCH3),.

hv
2UO2(O0CR) + O — 2U03 +4C0O2 + R,
+ -R disproportionation products

3-17

R =CHCgHg or CHj

MS analysis of the atmosphere over a photolyzed UO2(OOCCoH40C7Hs)7 film
indicated COp, CoH50CH=CH2, CoH50C,H35, CoH50H, CH3CHO and ethylene. The
MS result showed the radical disproportionation products resulted from the initia] alkyl
radical -CoH40C7Hs. They were CoH50CH=CH2 and CpH50CyHs. The radical
disproportionation products resulting from the OCyHj radical, CoH50H and CH3CHO,
were also observed in MS. Presumably the radical -OCyHjs and ethylene are formed from
-CoH40CoH5 by B-scission.”  The overall photoreaction of the thin film of

UO2(00CCyH40C»H3)s is outlined in Equation 3-18

hv
200,2(00CCH40CyH35)7 + O ——— 2UO3 + 4CO3 + CoH50CH=CH?
+ CoH50CyHj5 + 2CoHy
+ CoH50H + CH3CHO
3-18

Mass spectrometry indicates that the major volatile products resulting from
photolysis of uranyl carboxylate complexes are decarboxylation product, CO5 and alkyl
radical coupling product as well as radical disproportionation products. The results are

summarized in Table 3-4.
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Table 3-4. Results of MS analysis of volatile products from photolysis

complex R m/z? assignment”” >
U02(00C(i)-C3H7)2 i-C3H7 86 CeHi4
44° C3Hg
42 C3Hg (CH3CH=CH)y)
44" COy
UO2(00CCsH1)2 CsHyy 142 CioH22
72 CsHip
70 | CsH;o(C3H7CH=CHy)
44 COy
UO,(OOCCH0CyHs)2 | CHp0OC;H5 60 C>H50CHj3
58 CoH5CHO
COp
UO,(00OCCH3), CHj 44 CO,
30 CoHg
16 CHy
UO»(0O0CCH,CgH5)2 CH,CgHjs 92 C7Hg
44 CO,
UO5(00CCyH40C,Hs)y | CoH4OCoHs | 74 C,H50C2H5 (RH)
(CoH4 R) 72 CoH5OCH=CH
46 CoHs50H (R'H)
44 CH3CHO
44 CO,

a. molecular ions only
b. M+1 was used to distinguish these two products.
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3.3 Discussion

3.3.1 Mechanism of the photolysis of uranyl 1,3-diketonate complexes

FTIR spectroscopy indicated that the photolysis of UO2(OH3)(acac); film did not
result in a thermally stable intermediate. The linear plot of In[Ao/At] versus photolysis
time for the 254 nm photolysis of UO2(OHj)(acac); was consistent with a single photon
process. Both FTIR and Auger electron spectroscopy indicated that the photolysis of

UO,(OHj)(acac), generated UO3 as the surface product. MS indicated that the organic

photoproducts were Hacac and 3-hydroxy, 3-methyl cyclobutanone.

the photoreaction of UO7(OHj)(acac); film, shown in Scheme 3-1, is consistent with all

these results.

LMCT O
U0,(0OH,)(acac), T

!

{acac)(H,0)0U-0

t

-0-U02(OH ) (acac)

Ve
OH

‘:L +  UO(OH)(acac)

oH Yl
| (6 l

OH
UO3 + Hacac

O- U0,(OH;){acac)

0

~ 5

{acackH,0)0.U-0

OH

/

0-UO,(OH,)(acac)
4)

Scheme 3-1 Mechanism of the photoreaction of uranyl 1,3-diketonate complexes
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The starting material, UO2(OH>)(acac), absorbs a photon undergoing a ligand to
metal charge transfer (LMCT) to generate radical species (1). (1) isomerizes to form
species (2) via bond rotation. A y-hydrogen transfer, though a five-member ring,”* leads
to radical species (3). The radical (3) cyclizes to form radical (4). (4) becomes (5) via a
radical rearrangement. (5) undergoes a hydrogen abst‘raction to give a four-member ring
(6) and UO7(OH)(acac) (7). (6) is unstable. It isomerizes to give the product, 3-hydroxy,

3-methyl cyclobutanone.”

(7) is also unstable. It decomposes to produce UO3 and
acacH.

For the photolysis of UO7(OHj)(t-butylacac)y film, the FTIR spectroscopy
indicated that the reaction was a single photon process. As the result of the single photon
process, the plot of In[Ao/At] versus photolysis time was linear. Both FTIR and Auger
electron spectroscopy indicated that UO3 was the final surface product. The organic
products generated from the photolysis were t-butylacacH, (CH3)3CC(CH3)3,
CH3COC(CH3)3, CHpC(CH3)COCH3 and (CH3),CHCOCH3. These products were
observed in mass spectrometry. Scheme 3-2 is the proposed mechanism that accounts for
all of the observations.

Absorption of a photon by the starting material results in a MLCT transition. This
leads to the production of species (1). The unstable species (1) fragments96 to form (2)
and (3). (2) undergoes a disproportionation process to give product (4) and (5). The
carbonyl radical (2) also undergoes fragmentation97 to form carbon monoxide and a t-
butyl radical. This t-butyl radical formed radical coupling product, 2,2,3,3-tetramethyl
butane. (3) becomes a neutral molecule (6) by hydrogen abstraction from a coordinated
water molecule. UO3 and t-butylacac radical are also produced in this step. Molecule
(6) is an unstable enol form. It rearranges to the stable ketone form (7) as the product.
The radical generated from the fragmentation of (3), t-butylacac radical, reacts with (2) to

produce t-butylacacH and (5).

70



O  OUOAOHy)(t-butylacac)
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Scheme 3-2 Mechanism of photoreactions of UO2(OHj)(t-butylacac))
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3.3.2 Photochemistry of uranyl carboxylate complexes as thin films on silicon
surfaces

The quantum yields (254 nm) for uranyl carboxylate complexes were high. Both
UO2(O0CCH0C2Hs), and UOo(OOCCH,CgHs)p reacted with the quantum yields
greater than 1. This may indicate a chain process exists according to the second law®® of
photochemistry. Most likely the chain process is a radical chain process since our
experiments showed products consistent with radical reactivity. A reaction product or an
intermediate must react with the starting material to result in a chain reaction. The results
of radical initiation experiments demonstrated that the uranyl carboxylate complexes can
react with a radical. This supports the radical chain process hypothesis. The radical
produced in the first photochemical step of the photolysis further reacts with the starting
material resulting in a high quantum yield or a quantum yield greater than 1. The
photolysis products also supported the radical chain process hypothesis. This was
demonstrated by seeing the products of radical reactions in MS.

Two types of photoreaction processes can be written for the uranyl carboxylate
complexes. Process type 1 is for the complexes, UO,(OOCCH0C7Hjs)7,
UO2(00CCyH40C,Hs)9 and UO7(OOCCsH{1)2. Intermediates were observed in the
FTIR during the photoreaction of these complexes. Process type 2 is for the reactions of
UO,(O0OCCH3)7, UOo(OOC(i)-C3H7)2, and UOo(OOCCH,CgHs)2. No intermediates
were observed during the photoreaction of these complexes.

Here, UOp(OOCCsHj()2 is used as an example to describe type 1
photoreactions. In the first step, the starting material UO2(OOCCsHj1)2
decarboxylated” upon absorbing a photon to give CO, UO5 and radical -CsHp1. This
was indicated by the observation of the reduction of the intensity of va5(COO), vs(COO)
and v35(0=U=0) absorption bands upon photolysis. It was also evidenced by the radical

coupling and disproportionation products of -CsHj in MS. The observation of CO7 in
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MS demonstrated this decarboxylation step. The radical -C5H| | could then react with the
starting material forming a stable intermediate, UOO(CsH{{)(OOCCsH1). This
intermediate was consistent with the FTIR spectra obtained for the photolysis experiment.
By showing 50% reduction of the intensities of vas(COO) and vg(COO) bands, the radical
initiation experiment was also consistent with the formation of a stable intermediate. The
final step was that the thermally stable intermediate, UOO(C5H1)(OOCCsH| 1),
absorbed a photon to generate COy, UO5 and -C5H{. This is also demonstrated by
the disappearance of va5(COO), vs(COO) and vas(U-O) absorption bands on
photolysis.

The decomposition of UOy(OOCCH3);, UO2(0O0C(i)-C3H7), and
UO2(OOCCH,CgHs)7 belongs to the type 2 photoreactions. As an éxample,
UO,(0OOC(i)-C3H7)7 decarboxylated by the activation of a photon. This resulted in the
production of CO5, UO, and radical, -i-C3H7. The radical -i-C3H7 underwent radical
coupling and disproportionation producing C¢H,4, C;Hs and C;Hs. The radical i-C3H7
also reacted with the starting material UO(OOC(i)-C3H7)7 to form a thermally unstable
intermediate, UOO(i-C3H7)(OOC(i)-C3H7). This unstable intermediate decomposed to
give COy, UO and radical coupling and disproportionation products. All these organic
products had been evidenced by MS. The non-stable intermediate hypothesis is consistent
with the FTIR spectra obtained from photolysis and radical initiation experiments.

We propose the following mechanism for the photo-decomposition of uranyl
carboxylate complexes to uranium trioxide shown in Scheme 3-3. This mechanism can

explain two types of reactions for uranyl carboxylate complexes.
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Scheme 3-3 Proposed mechanism of uranyl carboxylate photoreactions

The starting material UO2(OOCR), (1) upon absorption of a photon undergoes a
LMCT to produce an unstable U(V) species UO2(OOCR) (2) and a radical -OOCR. The
unstable U(V) species (2) is then decomposes to form UO,, CO7 and alkyl radical R-.
Radical -OOCR decarboxylates forming CO and the alkyl radical R-. The alkyl radical R-
can further react with the starting material (1) to form an intermediate (R)UO,(OOCR)
(3). The stability of this intermediate (3) depends on the alkyl radical R- . The
intermediate  (3) is stable in the <cases of UO2(0O0OCCH,0CyHs),,
U0, (00CCyH40C7Hs)2 and UO»(OOCCsH(1)2. A second photon is required for

these complexes to keep the reaction going (pathway I). In the cases of
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UO2(O0CCH3)3, UO2(00C(i)-C3H7)2, and UO2(OOCCH,CgHs)7, the intermediate is
unstable due to the presence of the radicals - CH3, -i-C3H7 and -CHpCgHs. In these
cases, the reaction carries on by taking pathway (II). The UO7 formed during the

photoreactions is oxidized by oxygen in the atmosphere to give UO3.

3.4 _Conclusion

The photochemistry of two uranyl 1,3-diketonate complexes and seven uranyl
carboxylate complexes has been studied in the solid state by means of FTIR, MS and
Auger electron spectroscopy.

Uranyl diketonates undergo a single photon process in the photolysis to generate
UO3 and free ligands. An isomer of acacH was also produced upon photolysis of a
UO,(OHjp)(acac)y film. In addition to the free ligand t-butylacacH, other organic
photofragments were also generated in the photolysis of thin films of UO,(OHp)(t-
butylacac).

A radical chain process in the photolysis of uranyl carboxylate complexes
(UO,(OOCRY),) is demonstrated in the solid state for the first time. This has provided a
practically efficient photochemical process for the deposition of uranium oxide film. As a
precursor, UO2(OHy)(t-butylacac)y is more efficient than UOp(OHjp)(acac)y for the
deposition of wuranium oxides. In the group of -carboxylate complexes,

UO,(OOCCH,0C7Hj5), is the most efficient precursor complex.
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3.5 Experimental Section

Photolysis experiments have been described in Chapter 2.

3.5.1 Quantum yield measurements and calculations
1. Quantum yield experiment

Quantum yield experiments of uranyl complexes were conducted both in the air
and under vacuum. The procedures for those carried out under vacuum are very similar to
that of the photolysis experiments described in Chapter 2, except monochromatic light was
used instead of the broad band UV light. The wavelengths of 334 nm and 254 nm were
chosen as the irradiating sources.

A typical quantum yield experiment performed in the air is described below. A Si
chip with a UO»(OOCCH,0C,Hs), film was placed on a brass sample holder. An Oriel
254 nm monochromatic pencil-type low pressure Hg lamp equipped with a 6047 AC
power supply was then placed 1.5 cm from the film. The FTIR spectrum of the starting
film was first obtained. The film was then irradiated for 1 minute and the FTIR spectrum
obtained again. The same procedure was followed and FTIR spectra were recorded for
each subsequent irradiation period of 3, 7, 15, 31, 60, 120, 240,520 and 1480 minutes.
The absorbances of the band at va5(COO) region of the FTIR spectra were recorded for
the plot of At (t=0-1480 minutes, when t=0, the absorbance is Ao.) versus photolysis time.
By fitting the plot with a single exponential decay function, a A’o is obtained. The
difference of Ao and A’0 is Acs. At this point, Aco is considered to be the absorbance of
the intermediate at vag(COO). In[(Ao-Ace)/(At-Ac)] versus photolysis time is then

plotted in order to get the slope for the quantum yield calculation.

2. Quantum yield calculation
The quantum yield of a photoreaction is defined as: the number of molecules

undergoing process divided by the number of photons absorbed.

76



For the photoreaction:

hv
A—B

we have,

®= -da/d(hv) 3-19

where, a is the number of molecules of the reactant A.

With a constant intensity irradiation source, the light absorbed by the reaction mixture, I,

is given by Equation 3-20:

L =1(1-10") 3-20
where, I is the incident light intensity;

At is the absorbance of the reaction mixture at time t.

The light absorbed by the starting material, A, d(hv)/dt is then given by Equation 3-21:

d(hv)/dt = I(1-10*)(As/(Aa+As))
=I(1-10*)(AA/AD) 3-21
where, A, is the absorbance of the reactant A at time t;
Ag is the absorbance of the product B at time t.

(At = (AatAs)).
Since the starting material is a thin film with low overall absorbance, the approximation of
1-10" =2.303At can be made. As a result of this assumption, Equation 3-21 simplifies as

3-22:
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d(hv)/dt = 2.3031A,
= 2.3031a€A 3-22

where, €, is the extinction coefficient of A.

Solving 3-22 and 3-19 for d(hv) and setting them equal gives Equation 3-23:

da/a= -(2.303IDEA)dt 3-23

Integration of 3-23 leads to Equation 3-24.

In(ay/a,) = -(2.303IDPEA)t 3-24
where, a, is the number of molecules of the starting material
at photolysis time t = 0;
a, is the number of molecules of the starting material

at photolysis time t.

Representing the number of molecules of the starting material, a, in terms of absorbances

leads to Equation 3-25.

In[(A0-Aco)/(At-Aco)] = -(2.303IDEA)t
= -0t 3-25
where, Ao is the IR absorbance at photolysis time t = 0;
Aee is the IR absorbance at photolysis time t = oo;
¢ = 2.303IDE,, which is the slope of In[(Ao-Aco)/(At-Aco)]

versus photolysis time.
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Thus, the decomposition quantum yield of a starting material upon irradiation is given in

Equation 3-26.

DO = -0/2.3031E, 3-26

The intensity of the light source Io (W/cm?®) was measured with an International

Light IL 1350 Radiometer and converted to I (Einsteins per second) by the Equation 3-27.

I=IoA/(Nhc) 3-27
- where, Io is the intensity of the irradiation light, W/cm®;
N is Avogadro’s number, 6.022 x 10%* molecule/mole;
h is Planck’s constant, 6.626 x 10 J-sec.;
¢ is the traveling speed of light, 3.0 x 10" cmv/sec.;

A is the wavelength of the irradiation light, cm.

3.5.2 Mass spectrometric analyses of volatile products:

The system shown in Figure 3-9 was designed for collecting volatile products from
a photolysis experiment. The bottom part of the system is a sample tube made of quartz in
order to let the irradiating light pass through it.

A Si chip (1.0 x 2.5 cm) coated with a film of UO2(OOCCsH{1), was placed in
the tube. The top and the bottom parts of the system were joined with a greased vacuum
o-ring. The valve was closed after the system was evacuated to a vacuum of
approximately 10~ torr. The sample was then irradiated by 254 nm UV light for 10 hrs.
The volatile products generated from the photolysis of UO2(OOCCsH| 1), remained in
the system ready for the MS analysis.
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O-ring

Si chip with uranyl
complex film

Figure 3-9 A designed system for MS sample collection

The MS sample preparation for all of the other uranyl complexes was done in the
same way. The irradiation time varied for different complexes depending on the efficiency
of the photoreactions.

The mass spectra were recorded with a HP 5958 GC/MS spectrometer. An
electron-impact ion source was used and the ion source temperature was 200°C. The
resolution was 1000 amu.”. Electron energy for ionization was 70 ev. About 200 MS
spectra were recorded for rebuilding a total ion current (TIC) spectrum. The scanning

mass range was 20-300 amu.

3.5.3 Radical initiation experiments

A radical initiation experiment for UOo(OOCCsH{{); was conducted as
described below. An acetone solution of UO2(OOCCsH1)2 and a radical initiator, azo-
isobutyro nitrile (AIBN) (about 1:1) was prepared. A film composed of
UO,(00CCsH{1)2 and AIBN on a silicon chip was obtained by spin-coating the above
solution. An FTIR spectrum of this film was obtained. The film was then transferred into

a dark place for 30 minutes and the FTIR spectrum was obtained again. This step was
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repeated to get the FTIR spectra for reaction times of 1 hrs., 3 hrs. and 24 hrs. A plot of
overlaid FTIR spectrua was then obtained and is shown in Figure 3-8.
Similar radical initiation experiments were conducted for all of the other uranyl

complexes. The results were summarized in Table 3-2.

81



Chapter 4 Optical and Electron Beam Lithography of Uranium

Oxide Patterns on Silicon Substrates

4.1 Introduction

Lithography is the process of printing from a smooth surface (e.g. a metal plate)
treated so that ink adheres only to the design to be printed.loo Initially, it was a term used
primarily in the printing industry.  Lithographic techniques were introduced into
microelectronics fabrication in the 1950’s.

Lithographic techniques had been used over 100 years ago, in the graphic arts
industry, as a process for making printing plates. ' The monolithic integrated circuit
designed by Jack Kilby and Robert Noyce in 1960"" was a remarkable invention in the
microelectronics industry.  Since then, the microelectronics industry has made rapid
progress. The resolution of lithography is getting better, hence smaller devices (high
density circuits) can be made, therefore greatly increasing the number of devices on a
single chip. Table 4-1 shows the progress in lithography for the production of dynamic

. . 102, 103
random access memory (DRAM) in the past two decades.

Table 4-1 Progress in lithography and a rough
relationship between minimum feature size and capacity of DRAM

Year Minimum feature | Capacity of DRAM
size® (Lm) device (bit)

1975 6 4-K

1980 4 16-K

1982 2.5 64-K

1985 1.5 256-K

1990 0.6 4-M

1992 0.5 16-M

1995 0.35 64-M

a) Minimum feature size on a metal oxide semiconductor DRAM device.
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There are four basic kinds of lithographic techniques, photo, X-ray, e-beam and
ion-beam lithography. Photolithography was the first technique developed and is the most
widely used.  One current photolithography process includes coating, irradiating,

developing, etching and stripping steps. The process is illustrated in Figure 4-1.

metal film
Si substrate

l

| costing

J

irradiating
NI e

e — Y Y 1 T

l developing

l etching

E

l stripping
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Figure 4-1. Major steps in a photolithography process



In this process, a film of metal is deposited on a substrate. A layer of photoresist
is then deposited to cover the film. The film is then covered with a mask and irradiated.
The exposed (or unexposed, depending on the character of the photoresist) portion of the
photoresist is rinsed off with a solvent. The metal or metal oxide film is now only partially
covered with photoresist. The parts of the film without protection by the photoresist are
removed in the etching step. The remaining photoresist is stripped off to generate the final
metal or metal oxide patterns.

A photoresist-free lithographic method for patterning materials has been developed
in our laboratoryss’ 104 simplifying the overall lithographic procedure. In our technique,
an amorphous precursor film is first deposited by spin-coating from an organic solvent.
The film is then irradiated through a mask. The radiation converts the exposed material to
an insoluble product. The unexposed portion of the film is rinsed off with a suitable

solvent resulting in the patterns of the desired material. The technique is outlined in

Figure 4-2.
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Figure 4-2 The lithographic technique used in our laboratory

The resolution of photolithography is limited by the wavelength of radiation due to
diffraction.los In practice, one can only produce features of dimensions about 1.3 timesm
the exposure wavelength by photolithography. Shorter wavelength radiation could be
used to improve resolution.

Electron-beams have much shorter wavelengths than the deep UV. Therefore, it
has a higher resolution capability. The major advantages of electron-beam lithography are
1) the ability to register accurately over small areas of a wafer; 2) low defect levels; and 3)
direct generation of patterns from circuit design data without masks. . Electron-beam
lithography has been used to generate patterns for X-ray lithography masks.m

X-ray lithography, which has an exposure configuration similar to
photolithography, offers a shorter wavelength than UV or Vis light. The wavelengths of
X-rays range from 0.4 nm to 15 nm. The diffraction limit for X-rays is below that for
deep UV light. Compared to photolithography, X-ray lithography has the advantage of
lower defect levels" due to the X-ray’s relative insensitivity to organic contamination. X-
rays have been used to fabricate features as small as 0.02 pm. 0

A potential application for uranium and uranium oxide is to be used as X-ray
lithography mask materials. In order to accomplish this application, we need, first of all,
to show the possibility of patterning uranium oxide. Our approach was to expose the
uranyl complex thin films through a mask with UV light to photochemically produce
uranium oxide, followed by rinsing off the unexposed areas.

The reason for the development of X-ray lithography was to reduce the high
diffraction resulting from UV light in order to improve the resolution. For the purpose of
making an X-ray lithography mask, we not only need to be able to pattern uranium oxide,

we also need to obtain high resolution patterns. The approach we took was to use a

focused electron-beam for the exposure of the uranyl complex precursor films.
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In this chapter, the investigation of photopatterning uranium oxide lines through
uranyl complex thin film precursors is presented. High resolution uranium oxide patterns

by electron-beam direct writing of uranyl complex thin films are also discussed.

4.2 Results
4.2.1 Photolithography with uranyl 1,3-diketonate complexes

The photolysis of a UO,(OH,)(acac), thin film on a Si(111) surface through a
contact lithography mask resulted in the deposition of uranium trioxide patterns. This was
done under a 1 torr vacuum. The irradiation source was a 75 W high pressure Xe lamp
with a light intensity of 12.30 mW/cm?®. The solvent used to rinse off the unexposed parts
of the film was hexane. The resolution was found to be sensitive to the photolysis time.
The best patterns with 3 um resolution were obtained after 4 days while no patterns were
observed after two days. Overexposure resulted by irradiating the sample for 5 days.

Photolithography was also conducted with UO,(OHj)(t-butylacac);.  The
irradiation source was a 254 nm output low pressure Hg lamp with a light intensity of 6.9
x 10° Einstein/second.  The spin coated thin film of UO,(OH,)(t-butylacac), was
irradiated through a lithography mask in air. After irradiation, the film was washed with
acetone to remove the unexposed portion of the film. This resulted in 0.8 pm uranium
oxide lines remaining on the Si surface. The image of one of the patterns obtained with an
optical microscope is shown in Figure 4-3. A 0.8 pum pattern is the smallest pattern on the
mask. It is possible that with finer detailed masks; smaller patterns could be lithographed.
Unfortunately, the resolution is not going to be better than 0.33 um due to the optical

. e ... 106
diffraction limitation.
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Figure 4-3 An uranium oxide pattern with 0.8 pm resolution on silicon surface resulting

from the contact printing of a UO,(OH,)(t-butylacac), film
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4.2.2 Photolithography with uranyl carboxylate complexes

The photolithography using uranyl carboxylate complexes was done under low
vacuum (1 torr). A thin film of UO,(OOCCsH;;), was irradiated through a standard
lithography mask for 40 hours. Acetone was used to rinse off the unexposed portion of
the film. This resulted in sub-1 pm uranium oxide lines remaining on the Si surface. A
representative SEM image of one of the hundreds of patterns is shown in Figure 4-4.

Similar lithographic experiments were conducted for the other uranyl complexes
and similar results have been obtained. The five complexes, which formed smooth
precursor films led to very well resolved patterns of UO3 on the substrate. The five
complexes were UO,(OOCCH,0C,Hs),, UO5(O0OCC,H40C,Hs),, UO,(O0OCCsH ),
and UO»(OOCCH;,C¢Hs),. The complexes, UO,(OOC(i)-C3H7)2 and UO,(OOCCHj3),,
formed discontinuous precursor films. These films resulted in discontinuous UOj3
patterns.

The photolithography of thin films of UO,(OOCC¢H40C,Hs), also formed
patterns with good resolution but the patterns were removed by acetone in the procedure
of rinsing the film. As mentioned in chapter 3, the photoreaction of this complex led to
the formation of a compound containing an organic group. Therefore, the patterns of this

molecular compound dissolved in acetone.
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Figure 4-4 SEM image of an uranium oxide pattern from the
photolithography of UO,(OOCCH,,),
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Figure 4-4
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4.2.3 Comparison of the photolysis time needed for different uranyl complexes to

form stable patterns by means of PDSF

A photolithographic experiment was done for all of the uranyl complexes (except
UO,(O0OCCgH,40OC,Hs),) in order to determine the relative dose required for the
formation of patterns. The irradiation source used for this experiment was a 254 nm
output low pressure Hg lamp with a light intensity of 6.9 x 10 Einsteins/second. The
experiment was done in the following way. Eight films of eight uranyl complexes were
prepared by spin-coating. Half of each of these thin films was covered with aluminum
foil. The other half of the films were irradiated in the air for 0.5 hr. The films were
rinsed with acetone after irradiation. The same procedure was repeated with the
photolysis times of 1 hour, 3 and 24 hours. Table 4-2 lists the results.

Table 4-2 A comparison of stability of photolithographic patterns®

deposition observed
photolysis time (hour) 0.5 1 3 24
complexes
UO,(0O0CCH,0C,H53), yes yes yes yes
UO0,(00CC,H40C,Hs), yes yes yes yes
UO,(00CCH3), partially partially yes yes
stayed stayed
UO,(00C(i)-C3Hy), yes yes yes yes
UO,(00CCsHq1), yes yes yes yes
UO,(0O0CCH,C¢Hs), yes yes yes yes
UO,(OH,)(acac), no no partially yes
stayed
UO,(OH,)(t-butylacac), no no yes yes

~a. Whether the patterns stayed on the substrate after films rinsed with solvents.
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The result showed that most uranyl complexes were efficient precursors, able to
generate uranium oxide patterns, which stayed on the silicon surface. The complexes with
lower quantum yields (UO,(OOCCHj3),;, UO,(OH;)(acac);, UO,(OH,)(t-butylacac),)
required longer photolysis times to generate stable patterns. = Not enough exposure
resulted in incomplete photoreactions. Therefore the resultant patterns were rinsed off

due to the presence of starting materials.

4.2.4 Electron beam lithography with uranyl complexes

The photolithographic results presented above indicated that the film quality is an
important factor for the generation of high resolution patterns. Four complexes were
chosen for the study of electron beam direct writing. They were UO,(OOCCH,0C;Hs),,
UO,(00CC,H40C,Hs),, UOy(OOCCsH| ), and UO,(OH,)(t-butylacac),. All of these
complexes formed smooth amorphous films.

20 kv electron beam was used to write lines on the above selected uranyl complex
films. The writing time by electron beams was examined to see what was a suitable time
for producing resolvable images. Exposure times of 0.5, 1, 2, 3, 4, 8 and 40 minutes were
all tried. A time of 0.5 minute was not sufficient to produce an image a with good
contrast. An exposure time longer than 4 minutes resulted in over exposed patterns.
Considering the results of the four uranyl complexes studied here, the optimal exposure
time did not depend on the complex. This insensitivity is probably due to the efficient
electron induced reactions. An exposure time of 1 to 4 minutes could be used for all of
these complexes in direct writing.

Patterns with a feature size of 0.2 pm have been produced. Figure 4-5 is the SEM
image of the patterns produced from a film of UO,(OOCCsH);. The sizes of the lines

are 0.2 um.
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Figure 4-5 0.2 pm Electron-beam lithographic lines
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Figure 4-5
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The electron-beam lithography experiments were conducted using an ETEC
Autoscan SEM, which was not designed for e-beam lithography. We can not use this
machine to write a long and thin line. The way to reduce the feature size by using this
SEM is to increase the magnification. This is achieved by using a highly focused electron
beam. Unfortunately, by increasing the magnification, the line is not only finer in width
but it is also shorter in length. This results in a very small feature size that is very hard to
relocate when the resolution is high. Therefore, we could not examine if the high
resolution pattern stayed on the substrate after the film was rinsed. However, we were
able to obtain a relatively low resolution (1 pwm) electron-beam writing pattern, which
stayed on the Si substrate after rinsing by a solvent. The 1 pum resolution electron-beam

writing patterns were examined by an optical microscope.

4.3 Discussion

The quality of precursor films is an important factor in the lithography of uranyl
complexes. An amorphous precursor film gives good resolution patterns efficiently. In
contrast, a cloudy or discontinuous film results in discontinuous patterns with poor
resolution. The complexes, UO,(OOCCsH; ), and UO,(OH,)(t-butylacac),, are the two
complexes which produced the best photolithographic results based on the comparison of
resolution and reproducibility. Both UO,(OOCCsH;{); and UO,(OH,)(t-butylacac),
form smooth, uniform, reproducible and thick films. These two complexes also offer
reasonable efficiency for the photochemical deposition.

Photolithographic deposition of UO; lines on a silicon substrate has been
demonstrated. The feature size obtained is limited by the photolithographic mask used.
Higher resolution can be obtained although the resolution will reach a certain point due to
the diffraction limit. The photolithography was done by a contact printing method. The
gap between the mask and the film affects the printing resolution. ® It was evident that

poorer resolution was obtained by not contacting the mask to the film tightly. This is due
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to Fresnel diffraction. The Fresnel diffraction is reduced by lowering the mask to film gap.
Another factor affecting the resolution may be due to the environment. The lithographic
experiments were not conducted in clean room conditions. Dust existed in the
environment which could be responsible for making gaps between the mask and films.
Therefore, the resolution of lithographic patterns is affected.

Considering the results obtained from both photolithography and e-beam
lithography, the resolution was not limited by the chemistry we studied. Presumably the
same chemistry ocurred in both lithographic processes. ~With better lithographic
technique, the chemistry studied can be used to provide patterns with better resolution.
Higher resolution patterns were obtained by the substitution of the UV light with electron
beams.

The composition of the patterns from electron-beam lithography has not yet been
confirmed because the patterns we generated were not big enough for Auger electron
spectroscopic analysis. Due to the insolubility of the electron-beam generated patterns in
an organic solvent, the composition of the patterns is probably purely inorganic. In the
studied cases, the composition should be UO,.

In electron-beam lithography, the electrons activate the reaction in the surface
films. We have not obtained enough evidence to prove the mechanism of the reaction. A
proposed mechanism for electron induced reaction of thin films of uranyl complexes is
shown in Equation 4-1 and 4-2. The ionization of the starting material could be the first
step for electron induced reactions. Further fragmentation of ionized starting material

should occur.
UO,Lp +e —— UO,Ly" + 2¢ 4-1

UO,Ly* — UO, + organic fragments 4-2

L = diketonate ligands and carboxylate ligands.
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UO, is believed to be the final electron-beam lithographic product. The electron-
beam lithography was conducted in a high vacuum SEM sample chamber (107 torr).
Under these conditions, there was no oxygen for the oxidation of UO, to UO:.

Therefore, UO, is proposed as the final electron-beam lithography product.

4.4 Conclusion

An ambient temperature, efficient, photochemical method has been demonstrated
for lithographic deposition of uranium oxide patterns from uranyl complex thin film
precursors. Seven uranyl carboxylate complexes have been examined to compare the
uranium oxide patterns formed from them. Sub-1 pm wide uranium oxide lines were
generated from all seven carboxylate complexes. The resolution is the same as the mask
used in the photolithographic experiments. The photolysis time needed to get stable
uranium oxide patterns varies for different precursors. Except UO,(OOCCgH4OC,Hjs),,
six of the uranyl carboxylate complexes formed UO; patterns, which stayed on the
substrates with good adhesion. The photoreaction of UO,(OOCCgH4OC,Hs), did not
result in uranium oxide.

Two 1,3-diketonate uranyl complexes were also studied for patterning uranium
oxide lines by photochemical means.  Photolithography using UO,(OH,)(t-butylacac),
was more successful than using UO,(OHj)(acac);. We can obtain stable sub-1 pm
patterns from UO,(OH,)(t-butylacac), easily.

Electron-beams were also used to write patterns on the uranyl complex thin films
on Si substrates. The best resolution pattern achieved was 0.2 pm, and the precursor was

UOz(OOCCSH 1 1)2.

4.5 Experimental Section
4.5.1 Photolithography

- The photolithography mask was donated by IBM corporation.
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The UV light used in these experiments was from a 75 W high pressure Xe lamp in
an Oriel housing equipped with condenser lenses and filtered through a 10 cm water filter
made of quartz.

A film of UO,(OOCCsH; ), was prepared on a 1.5x1.5 cm Si chip by the spin
coating technique described in Chapter 2. The film was then transferred in to a vacuum
chamber (1 torr) and clipped with a photolithography mask in contact. Irradiation of the
film through the mask under low vacuum ocurred for 40 hours. After irradiation the mask
was removed and the film was then rinsed with acetone. The unexposed portion of the
film was rinsed off to leave uranium oxide patterns on the silicon chip. The patterns which
remained on the silicon surface were examined by a Leitz optical microscope.

All of the lithography experiments were conducted using the same procedure
except the experiment using UO,(OH,)(t-butylacac),. For this complex, a 254 nm output
Hg arc lamp was used and the atmosphere was air.

The lithographic experiments for the comparison of photolysis time were
conducted using the similar procedure as above. The irradiation source used for these
experiments was a 254 nm output Hg arc lamp. Eight of the uranyl complex films were

half covered with aluminum foil instead of covering with IBM masks (Figure 4-6).

uranyl
complex
films
uranyl
complex
films
aluminium foil

Figure 4-6
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4.5.2 Electron beam lithography

An ETEC Corp. autoscan Ul SEM was used to provide the electron beam for
lithography and also to image the lithographic patterns.

Electron beam lithography of UO,(OOCCsH; ), was conducted in the following
way. A film of UO,(OOCCsH; ), was prepared on a 1.0x1.0 cm Si chip by spin-coating.
The Si substrate used in the experiments had a resistivity in the range of 0-0.021Q2 cm.
The sample was then mounted on a SEM sample holder and transferred to the SEM
vacuum chamber. The film was exposed with a focused 20 kv electron beam for 1 or 2
minutes. The sample was shifted and exposed again. This was repeated for several times.
The patterns generated from exposure were then imaged by SEM.

Same procedure was used for the electron beam lithography of

UOz(OOCCH20C2H5)2, UOz(OOCC2H4OC2H5)2, and U02(0H2)(t-butylacac)2.
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