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Transmission electron microscopy is used to investigate electron-induced crystallization of
thermally evaporated amorphous Al&-AlF3). It is shown that this material undergoes a very
complicated crystallization process with three crystalline substa@deslF ;, and ALO3) formed

as the dose increases. The sequence of the crystallization is highly sensitive to the presence of water,
which inhibits radiolytic dissociation dd-AlF5 into Al and fluorine, reduces the dose required for

the crystallization ob-AlF3, and causes the transformation of AlRto Al,O;. © 1996 American
Institute of Physicg.S0003-695096)01128-X

Direct electron beam writing on low-molecular weight, Figure 1 shows a dark field image, recorded from the
ionic oxides, and halide materials is currently the most proma-AlF; diffuse ring (inse) and with minimum dose, which
ising method for defining ultra-small nanostructuteSuch  exhibits speckle contrast characteristic of amorphous materi-
materials have potential applications as high-resolution eleals. A diffraction pattern from a briefly damagaeAlF ; film
tron beam resists, or for high density information storageis shown in Fig. 2(insed. It can be seen that tha-AlF;
Among which amorphous aluminum trifluoride<AlF3) is  undergoes a crystallization transition upon irradiation form-
almost the most attractive material being used as a positiviag Al and crystalline Allz(c-AlF3). After prolonged irra-
or negative self-developing resfst.Several research groups diation a strong 0.14 nm diffraction ring of AD; also
have demonstrated the potential of the subnanometer cuttirgfnerges. Dark field images of the irradiated crystalline prod-
and ruling by an intense beam of electrdB€RIBE “hole- ucts (Al and AlF;) are shown in Fig. 2 from which it can be
drilling” technique because well-defined nanometer-scaleseen that the Al microcrystallites are randomly oriented,
holes and lines can be cut through about 50 nra-#flF;in ~ While thec-AlF 3 has more variable grain sizes. Selected area
only about a few milliseconds’” However, because diffraction instead of imaging technique was performed to
a-AlF; is so sensitive to beam irradiation, its exposureinvestigate the process of the crystallization transition since
mechanism is still not fully understood and contradictorythe films were so sensitive to beam damage that it was dif-
results have even been preserftédn addition, that water ficult to record a few images without causing serious dam-
can play a role during the SCRIBE/hole drilling process hasi9€- )
been widely suspected, but its effects in modifying the drill- In order to assess the effect of water on the crystalliza-
ing mechanisms have rarely been quantitatively stufifed. tion of a-AlFs, we studied two types of thermally evaporated
We have noted that previous researchers always assume tfi’s- For the dry films, anhydrous AdFwas heated at
the exposure behavior af AlF is unaffected by the humid- 400 °_C for 10 h to remove water prior to eyaporauon. Fo_r the
ity of the films. Howevera-AlF; films are normally porous wet films, AlF;-3H,0 was evaporated without preheating.

and contain varying amounts of water, some of which is
chemically bonded to the AffFand some of which is ab-
sorbed on the surface and in the pot®8ve have first dem-
onstrated thah-AlF; films undergo a series of very compli-
cated crystallization transition processes, which are highly |
sensitive to the presence of water, if irradiated in conven-
tional transmission electron microscop@EMs).!! In this
letter, we use electron microscopy to present a means of
semiquantitatively analyzing the effect of the water on the
crystallization process of this material.

The crystallization process was investigated with a
JEOL 2000FX TEM operating at an accelerating voltage of
100 kV in conjunction with a Gatan parallel electron energy
loss spectrometgEELS). All films (50 nm) were deposited
with an Edwards 306 thermal evaporator onto carbon sup- —
p_ortlng fllms(_~5 nm 9” standard TEM grids. The deposi- FIG. 1. Dark field image taken using an aperture on the;Aliffuse ring
“0n/ rate, monitored with a quartz thickness monitor, was 0.4insey showing the amorphous structure of the as-prepared evaporated
nm/s. AlF;.

Evaporation of the dry films was carried out at a pressure of

50 nm
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Al {111}

50 nm

FIG. 2. Diffraction patterinse) showing the A{111} and AlR;{110 rings.

(a) and(b) show dark field images taken from the same region of an irradi-
ated AlF; film using objective apertures on the{AL1} and AlR;{110} rings,
respectively.

~5x10"% mbars whereas the wet films were evaporated at a
much higher pressure~(1x 10 # mbars) caused by the re-
lease of the hydrated water. The amount of water left in the
films was identified using transmission infrared spectros-
copy, which showed that the wet films had an enormous
absorption band at Am (O—H stretch while this absorption
band in the dry films was negligible. Infrared spectroscopy
also showed that the AjHilms absorbed water rapidly when
they were exposed to air. X-ray diffractometer showed that
all types of heated powder possessed the s@ateagonal
structure. All the films were freshly prepared and transferred
to the TEM within 15 min of preparation. The beam current
was measured with a Faraday cage at the side of the speci-
mens, which was routinely checked everit0 min, making
sure that any decay of beam current was compensated for.
The same area of the specimen was irradiated throughout
each experiment, with the irradiation being stopped at fre-
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FIG. 4. Normalized diffraction peak areas of thg 1}, c-AlF4{110}, and

quent mt_ervals_ for a series of diffraction patterns to be c_’b_'the Al,050.14 nm ring as a function of dose fta dry and(b) wet types of
tained. Diffraction patterns from each series were then digifiims. All patterns were taken under identical conditions, therefore, the peak
tized and radia”y averaged to produce electron intensity as @eas are comparable between the two figures. It is to be noted that the total

; ; ; ; mount of AlR; in the film cannot be directly judged from tleeAlF; {110}

function of scattering angle' Figure 3 shows typlcal resuItanf)leak area because this sharp peak is on top of a very broad diffuse peak of
a-AlF;. (c) shows the integrated counts of the O 535 eV and F 68KeV
edges(measured within a 50 eV windgvas a function of dose.
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diffraction intensities of three diffraction patterns from a se-
ries for the dry type of films irradiated at a current density of
6.9x10° Am~2, showing that the damage process is
gradual with the broad peaks @f-AlF; disappearing and
sharp peaks of crystalline substances appearing.

For each of the two types of films, diffraction patterns
were obtained(strictly under identical conditions to each
othep over a range of doses from 1@ 10° Cm 2 The
diffraction patterns were radially averaged as in Fig. 3 and
the areas under the most prominent peak for each crystalline
reaction product found. Figurega} and 4b) plot the dif-
fraction peak areas as a function of dose for the two types of

films, allowing the crystallization process to be monitored as
FIG. 3. Radial average of diffraction patterns from a series showing the2 function of dose. The crystallization behavior of Al for the

progress of crystallization transition from Al, to AjFthen ALO;.
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two types of films at low dose regime is similar. However, a
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much lower dose £2X10° Cm?) is needed for the gether with Al colloids as a result of beam irradiation. This
a-AlF; to crystallize in the wet films than in the dry films could have a significant effect on the hole-drilling behavior
(~1x10° Cm 2. In addition, if the dry films are exposed Of this material. It is known that the crystallinity of a mate-
to air for a few days then their behaviors become more likgial plays a crucial role in deciding the transport properties of
those of the wet films. For a dry AJFilm, measurements Species produced during h0|e'd“”|ﬁ@? For a-AlFs;, an
were made of the areas under the oxygen and fluorine EEL8bundance of data have already confirmed that it is a “pop-
K edges as a function of do§Eig. 4(c)]. It can be seen that pPing” type of drilling material, which exhibits an abrupt
up to a dose of X10° C m?, fluorine decreases rapidly, mass-loss behavior and tends to be associated with displace-
then more slowly and at a uniform rate above this dose. 1nent of dissociated produc¢al) from irradiated volume and
x10° C m~2 corresponds to the dose wharAlF; starts to  anion aggregation to form bubbles of fluorine gas. It requires
crystallize. Thus, up to X 10° C m 2, fluorine is being lost @ threshold dose 6#10° C m? for the bubbles to “pop.”
and the AlR remains amorphous. Atx410° Cm™2 the For the wet films, the dose required to begin to form Al is
a-AlF; begins to crystallize and is more stable to damage, s@pproximately the same as that for which crystallization of
the rate of loss of fluorine decreases. the remaininga-AlF5; occurs, and is about the same magni-
Al,0; crystallites are observed in the two types of fiimstude as the threshold dose for hole drilling. AsAIF; is
at high dose regime. Figuresa} and 4b) show that, over ~more resistant to radiolysis tharAlF3; and given the de-
the range of doses from>81Cf to 5x 10° C m 2, where the pendence of hole drilling on the structuferystalline or
Al,0; is visible, the rapid increase of the A, signal is ~amorphous of a material already discussed by many re-
consistent with the fast decrease of th\F; signal, but the ~ searchers, clearly the transition &fAIF; to c-AlF; will al-
intensity of Al declines only slightly. Energy loss spectrater the subsequent hole-drilling behavior of Alend thus
reveal that the oxygen 535 eN edge is present in all as- retard the drilling process.
prepared films and increases a little during irradiation at low ~ In summary, we have shown that the electron-beam
doses, even though no crystalline,@} is observed at these damage of drya-AlF; is a very complicated process,
doses. The oxygelpresumably water picked up from the whereby crystalline Al is formed first as fluorine is lost, fol-

microscope vacuum;-1x10° mbarg is incorporated into lowed by the crystallization o&-AlF; and the formation of
the fiims as the fluorine is lost. Above 1 Al,Os Itis important to note that the water content of the

x 10" Cm~2, Al,O; suddenly begins to form, correspond- films can greatly alter the doses required for each substrate to

ing to an abrupt increase in the oxygen signal at this dosérystallize.

and a sudden decay in tleAIF;. Above 5<10° Cm 2, . _
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