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Electron energy loss spectroscopy studies of the amorphous to crystalline
transition in FeF 4
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Electron beam-induced crystallization studies in amorphous EiRs using electron energy loss
spectroscopy(EELS) are discussed in this letter. Time-resolved EELS studies show that the
coordination polyhedra in amorphous kef-FeF;) are randomly arranged FgbBctahedra. They
arrange themselves to give long range order during crystallization tg &edr Felk under the
electron beam. Changes in théand occupancy by one electron as well as the sensitivity of the
ratio of the FeLL; andL , edges to the electronic configuration of the iron ion are clearly seen during
the crystallization process. @999 American Institute of Physids$0021-89789)03817-1

I. INTRODUCTION F&" and Fé" ions in the tetrahedral sites and octahedral
_ _ _ ~ sites, respectively, was determined in a mixed spifhkl.the
Metal fluorides are attracting a lot of interest in high- present work, the local environment @ FeF; film, the

resolution electron beam nanolithography because of thelfyomhous to crystalline transition and theband occu-
self-developing properties?* Direct electron beam writing pancy are studied using EELS.

on these resists is currently the most promising method for

defining gltrasmall nanostruc_tur.es. Hence, it is important 19, expERIMENT

study their damage characteristics under the electron beam to o _

understand their behavior as inorganic resists. It has been Commercial iron(lll) fluoride powder 97% pure
shown thata-AlF; (Refs. 5,6 anda-FeR; (Refs. 7,8 dam-  Was preheated to 300 °Crf® h to dehydrate before ther-
age under the electron beam and are sensitive to moisture fRally evaporating it onto carbon covered copper grids. A 40
the film. Earlier work ona-FeFR; is confined to Meshauer nm thick film was deposited at the rate of 0.2 nm/s.slsto
spectroscopy,extended x-ray absorption fine-structure specauer spectros+copy studies of FeairFef; films showed it
troscopy(EXAFS) and x-ray absorption near edge structureto have an FE valence statd.After the evaporation, the
(XANES)™ to study the Fe ions in an amorphous environ-SPecimen was immediately transferred to a vacuum bottle
ment. and placed in the microscope within 10 min of its prepara-

Electron energy loss spectroscofffELS) provides tion. The amorphous to crystalline transition studies were
valuable information on chemical composition as well as in-carried out in a Philips CM30 transmission electron micro-
valuable data on the chemical environment of the excited¢cope operated at 100 kV equipped with a L ditament and
atoms. Thel 3, edges of @ transition metals observed in 2 Gatan 666 parallel electron energy loss spectrometer. The
EELS are marked by “white lines,” resulting from the ex- €nergy resolution was better than 1 eV at an energy disper-
citation of electrons from thep®, and 2, spin-orbit split sion of 0.12 eV per channel. The spectra were acquired in
levels to the unoccupieddBstates. However, these, ,edges ~ image mode with an acquisition time of 12.8 s.
can split due to the loss of degeneracy induced by the A uniformly illuminated area was obtained by overfo-
crystal-field potential around the central cation. In crystalscusing the condenser lens C2 and the beam current was ad-
with cubic symmetry, this potential splits tleorbitals into  justed every~10 min using a picoammeter attached to the
two states belonging te, and t,, representations. Transi- Viewing screen and any decay in beam current was compen-
tions to these states are therefore observed ih jhedges if ~ Sated for. The beam current was measured using the drift
these states are empty. It is well established that the normalube of the spectrometer. Diffraction patterns were recorded
ized intensities of transition metaledges can be correlated bY irradiating adjacent areas of specimen for different times.
with d-band occupancy. It is also shown that amorphous to
crystalline transition can be monitored by studying thee 3 Ill. RESULTS AND DISCUSSION

state occupancy in transition metatsin a site specific va- The three diffraction patterns in Figg@l-1(c) show the
lence determination study using EELS, the occupation ofyystallization process with the increasing electron dose. It is
observed that the deposited film is amorphous and with the
ANanostructure Technology Research Group, Device Physics ReseardAcreasing electron dose it begins to crystallize. It is seen that
Laboratory, NTT Basic Research Laboratories, 3-1, Morinosato Wakaat low doses 1% 1°Cm- 2) FeF, appears while the extra
'S“;?%a/;tj‘#gni'ggi: Kanagawa Pref., 243-0198, Japan; electronic malliefiactions at higher doses correspond to FeFigure 1d)
bAlso at M.ate-rialépTechnoIogy Laboratory, CANMET, 568 Booth Street, ShOWs the diffraction patterns acquired after a dose of 1.1

Ottawa, Ontario KIA 041, Canada. X 10° Cm~? (top) and 3.3<10° Cm~? (bottom to identify
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FIG. 1. Selected area diffraction patterns taken with increasing electron T
dose during the amorphous to crystalline transitioraifrer; (a) as pre- L 08 113 024 116
pared,(b) 1.1X10° C m™2, (c) 3.3x 10° C m™2, and(d) shows the position o12 211
of the rings of Fel and Fek (see Fig. 2 for detai)s FeF,
2 4 6 8
(b) d " nm™

hkl

the positions of the FezFand Fek rings The electron dif- FIG. 2. (a) Radially averaged diffraction patterns of the dry thermal film as

f ) ified by digitizi d radiall a function of electron dose, increasing uptoX31° Cm 2. The arrows
raction patterns were quantifie y digitizing and radia ypointing upwards identify the FgReflections. The pattern from the highest

averaging to obtain the intensity as a function of the inverseose is shown enlarged i) with the Fel and Fek reflections identified.

of thed spacindgFig. 2(a)]. The quantification of the radially

averaged diffraction patterns is discussed in a previous ) . . .

paper’ The crystalline reflections appearing for doses below N crystalline Fegand Fek, the Fé and Fé lons sit

~1.0x10% Cm 2 correspond to FeF while the extra re- I the center of Fefoctahedra, the difference being the oc-

flections that appear at higher doses are fromsFefRd are tahedra in Fefare linkedonly at the corners and in FeFat

arrowed in Fig. 2b). the corners as well as edges. So, it is very easy to amorphise
Tables | and Il show x-ray powder diffraction data for FeF; by just rotating each octahedron at the vertices by a

FeF, and Fek, respectively. All the FefJrand Fek peaks

which were identified in Figs. (i) and 2b) are shown as TABLE I. X-ray powder diffraction data for crystalline FeFThe bold and

bold and underlined in the Tables | and Il, respectively. Aunderlined reflections are the ones which are identified in Rig). 1

few other peaks of FeFand Fek could not be identified

accurately in the radially averaged diffraction patterns be- d spacing A Intensity hkl
cause they were closely spaced and hence could not be re- 3.32 100 110
solved. X-ray powder diffraction data from various oxides 2.70 30 101
and hydroxides of iron were also compared to make sure of 2344 20 ;Tlé
their absence in these diffraction patterns. 2101 6 510

The appearance of FeFirst and Fek (a fluorine-rich 1.773 40 211
compoundl later in the electron beam-induced crystallization 1.660 4 220
process in the amorphous film is interesting. The appearance 002
of FeF, before Fek is probably due the nature of the crystal 1.488 8 310
structure in these compounds. E6E a simple rutile struc- 1.482 8 212112
ture (tetragonala=4.7 A, c=3.31 A) with a small unit cell, 1.417 10 301
whereas Fefhas a complex ReQtype structurehexago- 1.356 4 202
nal,a=5.2 A, c=13.32 A with a large unit cell. Due to the 1.213 4 321
small unit cell of Fek, short range diffusion and atomic 1173 4 222
rearrangement are required for its nucleation whereas much i'égg ; i;g
longer range diffusion is required for FeFHence, it is ’ 331

quicker to form Fek under the beam than FgF
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TABLE Il. X-ray powder diffraction data for crystalline FeFThe bold and
underlined reflections are the ones which are identified in Rig). 1

d spacing A Intensity hkl
3.731 100 012
2.678 15 104
2.602 7 10
2.244 14 113
2.133 2 202
1.866 21 024
1.688 21 116
1.688 21 211
1.648 10 122
1.561 3 018
1.515 6 214
1.501 5 300
1.434 1 125
1.338 5 208
1.299 2 220
1.286 1 119
1.277 3 1010
1.269 1 217
1.243 2 306
1.243 2 131
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FIG. 4. Simple ligand field study of the He; , edges observed in Fig. 3.

the two peaks of Fé& 3, white lines of Fek and Fek sug-
gesting that amorphous FgEontains Fef octahedra, like
crystalline Fek, with the octahedra being randomly ar-
ranged in the amorphous material. Krishnan used a simple
ligand field approach to study the EELS spectra of'Fand
F&" in an octahedral coordination in oxides, assuming low
spin state of the ion¥ In the case of F& in an octahedral

small amount with respect to the other. The thermally deposeoordination, in addition to the empty levels, there is an

ited Fek film is microcrystalline at room temperature.

unpaired electron in thi level. This was used to interpret

Figures 3a) and 3b) show electron energy loss spectra the splitting of Fel 5, edges in the case of #ein an octa-
for crystalline and amorphous Fgfnd crystalline and a hedral environmentFig. 4). For FE™ ions in an octahedral

thermally evaporated microcrystalline film of FeRespec-

coordination, the six available electrons completely occupy

tively. The crystal field splitting of 1.9 eV is seen in each of the doubly degenerate, level. Hence, no peak splitting is
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FIG. 3. EELS spectra of crystalline and thermally evaporagdreF; and

(b) FeR,, respectively.
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observed in this cas@ig. 4). In the case of Fefand Fek,
where Fé" and Fé* are in octahedral coordination, the
splitting of the Fel s, edges is clearly observe(Fig. 3).
Assuming the low spin state of F& in FeF;, the observed
splitting of theL; edge can be explained, whereas the rela-
tive heights of the splitting peaks of the, edge cannot be
explained. But for the Fé ion in FeR, neither the high
spin nor the low spin state of iron ions explains the observed
spectra satisfactorilyFig. 4). In this case, the low spin state
of the iron ion should not show any crystal field splitting,
whereas a high spin state should show almost equal splitting
of the Fel 3, edges. This is not observed in the actual EELS
spectrum[Fig. 3(b)]. Hence, in the present case, splitting
cannot be explained by using a simple ligand field approach.
A more detailed analysis would need to take into consider-
ation the nature of the arrangement of octahedra ir; Bel
FeR. In the former case, the octahedra are linkety at the
corners and in the latter, at the corners as well as edges. The
closeness of Fé ions in Fek can result in some interaction
between iron ions. This will result in changes in the band
structure of the material which could be calculated. This then
could be used to model the spectra more accurately. Also,
the energy resolution of EELS spectra was poor in Krish-
nan’s work?® This is another possible reason why he did not
see any crystal field splitting in the coreloss spectrum of
F&" ions in an octahedral coordination.

The EXAFS and XANES studies have shown that §eF
octahedra in Fefare weakly distorted® The calculated
shapes of Fé 3, peaks resulting from octahedrally coordi-
nated F&" and Fé" agree very well with our datd. The
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FIG. 5. Time-resolved EELS study of the amorphous to crystalline transi-FIG. 6. Time-resolved F/Fe ratio with increasing electron dose calculated
tion in FeF;. from Fig. 5.

fact that there is a pre-peak at the-K edge in Fegdue to  which exhibits an abrupt mass loss behavior. This tends to be
the mixing of the F—p with Fe—3d electrons indicates that associated with the displacement of dissociated ions from the
there are significant covalent effects in this material. Thisirradiated volume and anion aggregation to form bubbles of
peak is not present in Felnd this is consistent with the fact fluorine ga$® The electron beam damagea®fAlF, using

that the Fe—@ band is more empty in FgRhan in Fek, a broad electron probe, is a very complicated process,
thus allowing the transitions to more empty 3tates to be whereby crystalline Al is formed first as the fluorine is lost,
visible. followed by the crystallization of tha-AlF;. At higher

Time-resolved electron energy loss spectroscopy of theloses, the oxygen or presumably the moisture in the vacuum
amorphous to crystalline transition show that with increasingor in the specimen reacts with AJfo form textured crystal-
electron dose the lower energy white line intensityipand  line Al,O5;. The water content as well as the deposition con-
L, peaks increases whereas that of the higher energy whiwitions greatly alter the doses required for each substance to
line decreaseéFig. 5. During this process, the crystal field crystallize® Amorphous Fek shows similar behavior with
splitting remains constant at 1.9 eV suggesting that the Feespect to water content and deposition conditions for the
ion remains octahedrally coordinated to fluorine during crys-different dose requirement for crystallization under the elec-
tallization. The change in the intensity of the crystal fieldtron beam. The presence of moisture in the film results in an
split peaks on thé.; andL, edges and the decrease of theincreased dose requirement for crystallizatiohis seen that
F—-K pre-edge is indicative of the change in the oxidationcrystallization of thermally evaporated-FeF; requires a
state as well as the composition of the film under the electrohigher electron dose than electron beam-deposited films.
beam and is corroborated by the SADPs shown in Fig. 1. At In order to observe the changes drband occupancy
higher doses, the He; ; as well as fluorin&k edges resemble  during the amorphous to crystalline transition, the continuum
thermally evaporated FgHFig. 3(b)]. From the diffraction  part of the atomic cross section distribution due to fluorine
patterns from dry thermal film, it is clear that both Fethd  was removed firstcalculated with Egerton’s SIGMAL pro-
FeR, appear during crystallizatiofFig. 1). Quantitative grams available in the EI/P 3.0 softw&feand then a similar
analysis of the time-resolved EELS spectra shows that thprocedure was carried out on the Eg, edges. The normal-
F/Fe ratio drops from 3 to about 2(fig. 6) pointing to a ization to the continuum was carried out in the energy inter-
mixture of Fek and Fek in the crystallized area. On the val just after theL, white line so as to minimize the influ-
other hand, the EELS spectra at higher doses suggests teace of multiple scattering which is of increased significance
presence of a large amount of FeH he presence of a large at higher energies relative to the threshdiip. 7). Intensi-
amount of Fek can effectively swamp the spectrum from ties were measured by integrating the counts under the peaks
FeF; which may be present in smaller amounts. A similarafter the continuum subtraction, the minimum in the troughs
change in the intensity of crystal field split peaks was seen ibetween the peaks being used to define the window widths.
the hole drilling studies of crystalline Fgby a focused The normalized integrated intensity was then plotted against
electron probe in a VG STERMIrradiation damage resulted the electron dose as shown in Fig. 8. It is clear that with
in the deposition of iron on the walls of the hole which increasing electron dose, thitband occupancy increases
presumably changed the concentration as well as the oxidauggesting that on an average, the ionization states bf Fe
tion state of iron ions in the vicinity of the hole. changes to P& . This demonstrates that EELS is a powerful

Crystalline Fek has the same crystal structure as that oftechnique to observe changes in ttkdand occupancy by
AlF; but the damage behavior of the amorphous state chmounts as small as one electron.
these fluorides under the electron beam is slightly different. It has been shown that the ratio of the two spin-orbit
Hole drilling studies ofa-FeFk; and AlR; using an intense components from the %, and 24, transitions do not fol-
nanoprobe in a VG STEM show “popping type” drilling, low the statistical 2:1 ratio expected from the ratios of the
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Fe" to F€". Itis seen that even a change of one electron is
the d band is clearly manifested when the*Fdons trans-
form into F&€™ ions during the amorphous to crystalline tran-
sition under the electron beam.
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It is shown using EELS that randomly arranged octahe-
dral coordination is retained in amorphous Eefd during
crystallization under the beam these Fefetahedra arrange

S . . ~ themselves to form FeFand Fek. The change in the

FIG. 7. Quantification of the Fk;, edge using the continuum subtraction. band b lect I th itivit

The background spectrum was used to subtract the continuum cross sectigﬁ an OFCUDanCy y one electron as well as the sensiuvity

calculated using the SIGMAL program to remove the contribution from theOf the ratio of FeL; andL, edges to the charge state of the

(a fluorine K edge andb) Fel s, edges. iron ion is clearly demonstrated using EELS. A simple ex-
planation of the EELS spectra of Feland Fek using a
ligand field approach does not appear to be valid here.

initial state}”*®The ratio between thie; andL, lines can be

quite sensitive to the ele_c_tromc conflgL_Jratlon _an_d hence_ th%CKNOWLEDGMENTS
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