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Structural change induced in TiO, by swift heavy ions and its application
to three-dimensional lithography
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A rutile TiO, single crystal was irradiated by heavy ions with a high energy of the order of several tens of
MeV. A good etching selectivity, where only the irradiated surface is well etched by hydrofluoric acid is
induced by the irradiation. Through x-ray diffraction and high-resolution electron microscopy, it became clear
that the irradiated region lost crystallization. It is considered that this amorphous region and the surrounding
region are dissolved in hydrofluoric acid. Through the calculation of the ion energy, it was found that the
etching always stopped at the depth where the electronic stopping power of the ion decayed to a critical value
of 6.2 keV/nm, regardless of the ion species in the case of I, Br, Cu, and Ti ions. However, in the case of Ca
ions with energies higher than about 72 MeV or Cl ions with energies higher than about 77 MeV, the irradiated
top surface was not etched with hydrofluoric acid, but the inside surface sewrardeep from the irradiated
surface was etched. A calculation shows that the critical factor which determines whether the irradiated surface
can be etched or not is the lateral energy density on the surface deposited by ions. The etched surface observed
by atomic force microscopy is very smooth with a roughness of the order of nm. Therefore, a combination of
ion irradiation and etching can be used as a novel fabrication method of nanostructures in rutile.
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[. INTRODUCTION band gaps are too small to make photonic crystals for visible
light. Compared to these materials, the refractive index of
Titanium dioxide (TiGQ), which has three crystalline rutile—2.4 perpendicular to the axis or 2.7 paralléf—is
polymorphs—rutile, anatase, and brookite—is attractingclose to silica. Furthermore, its band gap is as wide as 3.0 eV
much attention due to its versatile application possibilities(Ref. 10 and its optical transmission loss is 10 times lower
such as rutle semiconductor-electrolyte interfaces forthan that of silicon at wavelengths near B .2* For these
photocatalysts® and solar cellé:® Rutile TiO, single crys-  reasons, rutile TiQ has a high potentiality for a photonic
tal, hereafter abbreviated as rutile, with a large birefringencerystal.
and an excellent chemical resistance has wide potentialities In order to use rutile for integrated optics, photonic de-
in the fields of integrated optics and photonic devices. Titavices, and photonic crystals, a proper micro-fabrication or
nium dioxide with a low optical loss at wavelengths in the nanofabrication process must be developed. Reactive ion
vicinity of 1.5 um can be used as a dopant for a planaretching cannot be used, since the fabricated side wall is not
optical waveguide for optical communicatii® Amorphous ~ smooth enough to be used for photGA®® such as an ar-
TiO, with optical band gap at 3 eV is also available as arayed waveguide grating. Furthermore, a proper etching gas
coating material for a window of Hg and Xe arc lamiffls. ~ for rutile is not known. Although the sol-gel metfdd®was
A new paradigm emerged in the past decade, in which thesed to fabricate an artificial opal structure of Ji€&J
band-structure concept of solid-state physics is applied tshrinkage and cracking of the gel are unavoidable.
radio! microwave'? and optical wave&® This has led to the Since 2000, the authors have shown examples of nanofab-
invention of photonic crystal structures in two or threerication using swift heavy ion¥ When a swift heavy ion
dimensions which can be applied for outstanding optical passes through most insulators, its energy is reduced while
devices for controlling electromagnetic waves such as &reating a heavily damaged zone along its path. The dam-
superprisnt>®sharp-bend optical waveguidéand highQ  aged zone can be made visible by chemical etching: thus the
cavity!® Among numerous possible materials for photonicion path and visible track are called the “latent track” and
devices, semiconductors such as silicon, GaAs, and InP havetched track,” respectively. In many solid materials such as
been most examined because of the abundant knowledge amorphous Si® generation of etched tracks has been
microfabricationt®?° However, their refractive index reported® The sidewall of the etched track is very flat with
values—e.g., 3.5 for silicon—are higher than 1.45 fora roughness of only a few nfi-2" Most of the earlier stud-
silica?>?? resulting in a high connection loss between theies on that are concerned with identification of both particle
photonic crystal and silica-based optical waveguide. Theispecies and their energy by observation of the etched track
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diameter, made possible by the chemical etch rate along i s
particle track dependents on projectile més€ther studies
have focused on the very early stages of track formation anc
how excited electrons transfer energy to the network. The
thermal spike modét is one of the most widely accepted
theories for describing how ion energy is transferred rapidly
and locally, introducing extremely high temperatures along g
the ion path. However, the model gives little information on
the structure of the latent track and on the atomic mechanisn
underlying the enhanced etch rate of the latent track. In the
present study, we attempt to improve our understanding of
these latter issues by approaching the problem from differen
angles, correlating the changes of x-ray diffractidRD),
atomic force microscopyAFM), scanning electron micros- (@)
copy (SEM), and high-resolution transmission electron mi-
croscopy(HREM). We chose TiQ rutile single crystal to
examine the defects generated in the particle tracks in orde

to develop three-dimensional fabrication with nm flatness,
yet the structure of the latent track and the mechanism un
derlying the generation of latent tracks in these materials
have not been investigated. The threshold ion energy neces
sary for fabrication is also discussed.

II. EXPERIMENTAL PROCEDURES

The samples used in the present experiment are rutile
TiO, single crystals (purity 99.99%, density 4.25 g/cth
synthesized by the Verneuil flame-fusion method. For most 2 3000 moare”
experiments, crystals witf100) faces were used, while those (b)
with (111) and (001) faces were also used to examine the
effect of crystal orientation. Unless otherwise stated, the re- FiG. 1. (a) SEM observation of the stencil mask made of gold
sults obtained for thé¢100) crystal will be described. The with square-shaped holeth) An AFM image of the rutile surface
samples were cut into plates 5@ thick and polished. The irradiated by 120-MeV Br ions to a dose of &0 cm™2 through
root-mean-square roughness of the polished surface esti-gold mask with square-shaped holes.
mated by AFM is less than 0.8 nm.

lon irradiation using a 12-M\_/ tandem accelerator at theg 5. 113 o2 through a 13xm-thick gold stencil mask
Tandem Accelerator Center, Unlversny of TSUkwa_TAC) with a two-dimensional array pattern of square-shaped holes
was performed at room temperature in a vacuum with a reg¢ 3oy 32um?. It is observed that the irradiated parts

. _3 . . .
sidual pressure below>410 * Pa. The ions were irradiated g e|ied due to expansion of the volume. The height of the
to the sample either directly or through a free-standing aluge jnduced by the swelling increases with an increase in the

minum or gold foil in order to diffuse them and to lower their irradiated dose until it reaches a saturation vaflushown in
energy. The structural change induced by ion irradiation WaSable | Part of the surface of another rutile sample was

examined by XRD with a Rigaku FR-MDG spectrometer. covered by a clearly cut silicon single-crystal wafer and ir-

The sample surface was observed by SEM, Hitachi_itiaq b : 32
. ; . . y 110-MeV Cu ions to a dose of 8.00' cm™2.
S-2500CX and HREM, Hitachi H-9000NAR in addition to Figure 2a) shows a SEM image of the surface after being

AFM. Chemical etching was performed with a hydrofluoric
acid (HF) solution of 20% at room temperature.

TABLE |. Saturation values of the height of swollen surfate
induced by ion irradiation and the etched depth

Il. RESULTS

First, the etching rate of the rutilg00) crystal that had lon species Energiev] H Lum] Ds Lum]
not been irradiated by ions was measured. Half of the rutile | 78.8 05 4.6
surface was covered with polytetrafluoroethylene tape and Br 120 0.9 8.1
was etched with the HF solution for 7 days. No step was 50 0.4 4.0
found by a profilometer with a resolution of several nm be- Cu 110 0.9 8.1
tween the covered and noncovered regions, which means that 84.5 0.7 6.3
rutile is not etched by HF. 15 0.1 0.9

Figure 1 shows an AFM image of the rutile surface irra-  Tj 100 1.0 96

diated by Br ions with an energy of 120 MeV to a dose of
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FIG. 3. (a) Relation between the etching time and the etched
depthD, observed for the samples irradiated by 84.5-MeV Cu ions
to doses of 7.8 10" cm™? (triangles, 1.0 10'3 cm™? (square}
and 5.0< 10" cm™2 (circles. The kinked line represents the result
of least-squares fit to the data for the sample irradiated to 5.0
X 10* cm 2. (b) Effect of the surface orientation on the etching
property for the samples irradiated to a dose 06&10' cm™ 2.

negative values corresponds to the volume expansion caused
by irradiation. TheD value increases linearly to a saturation
value D, of about 5.4um for the case of 1.810" cm?
2,000 avdsy and 6.4um for 5.0< 103 cm™2. The dependence dd on
& Sy the etching time was also examined for t141) and (002)
crystals irradiated by Cu ions to a dose of 800" cm ™2,
and the result is shown in Fig(l3. A similar increase irD
is seen, althoug . may depend on the surface orientation.
Note that the reason of the small differenceDnvalue for
the (100) crystal between Figs.(8 and 3b) is that the ex-
periment was repeated to confirm the reproducibility.
soaked in the HF solution for 40 min. A clear 8uln step As shown in Fig. 8), D, depends on the irradiation dose.
with a very smooth sidewall can be seen between the irradiFigure 4 shows the change Iy, as a function of the irradia-
ated and nonirradiated regions. The bottom surface of th#on dose of 84.5-MeV Cu ions. It can be seen that etching
irradiated region also looks very smooth. This smoothness ibecomes possible at doses higher thax18'2 cm 2 and
more clearly manifested by its AFM image shown in Fig. that D, becomes saturated &t when the dose exceeds a
2(b), where the maximum observable roughness is 2.5 nm.critical value of about X 10" cm~2. The values oD ob-

The rutile (100 crystals were irradiated by Cu ions with served for various ions with different energies are summa-
an energy of 84.5 MeV to a dose of either X.00'%, 1.0  rized in the rightmost column in Table |. The value®df is
X 10, or 5.0< 10 cm 2, and then etched with the HF always around 10 times higher thih which strongly indi-
solution. Figure 8) shows the etched depih as a function cates that the structural change through which the etching
of the etching time. The kinked solid line represents the rebecomes possible is closely related to the volume expansion.
sult of a least-squares fit to the data for the sample irradiated Figure 5 shows XRD spectra of tli#00) rutile irradiated
to a dose of 5.8 10'3 cm™2. That the values ob start with by the 84.5-MeV Cu ions. Spectrufi) is for the nonirradi-

FIG. 2. (a) A SEM image of the rutile surface irradiated with
110-MeV Cu ions to a dose of 8010 cm 2 and etched by 20%
hydrofluoric acid. The upper left area was covered with a silicon
wafer during the irradiation(b) An AFM image of the etched sur-
face.
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FIG. 4. Change irD, as a function of irradiated dose of 84.5-
MeV Cu ions.

ated sample. Two peaks at 39.2° and 84.3°, to be assigned to
the (200 and (400 planes, are seen. Curvés), (iii), (iv),
and(v) are the spectra obtained in the samples after having
been irradiated to respective doses of<IM*, 3.0x 10,
7.0x10%, and 5.0< 10" cm™ 2, while curve(vi) is the one
after the sample used to obtain curii¢) was etched in the

HF solution for 30 min. The two XRD peaks become smaller
by the ion irradiation. Besides them, new peaks appear at
38.3° and 82.5° in spectrufiii). They become smaller and
move to smaller angles as the irradiation dose increases, and
finally disappear in spectrurtv).

In order to observe separate individual latent tracks, the
rutile was irradiated by 84.5-MeV Cu ions to a low dose of
1.0x 10" cm 2 and was observed by HREM. Two white
spots located near the upper-left and lower-right corners in
Fig. 6(@ are latent tracks. Another HREM image with a

Intensity

of

20 [deg]
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FIG. 6. HERM images of the rutile irradiated by 84.5-MeV Cu

ions to a dose of 1010 cm~2. A bright image and a lattice are
shown in(a) and(b), respectively.

larger magnification shown in Fig.(®) indicates that the

latent tracks is of a circular shape with a radius of 0.9
+0.2 nm and is surrounded by a dark region with a radius of
about 1.8 nm.

Figure 7 shows the electronic stopping povi&rcalcu-

lated by thesrim 98 codé® as a function of depth from the
sample surface. The solid circle on each curve is plotted so
C ] that its value on the axis corresponds to the value Df
@) NN summarized in Table I. The dotted curves in Fig. 7 imply the
] regions where etching was observed, while solid curves im-
ply the nonetched regions. It is easily seen thais smaller
than the depth a.=0, where ions are to stop. An important
fact is that all theD values or the solid circles lie nearly on
the solid horizontal line representing the positions where the
electronic stopping power becomes 6.2 keV/nm irrespective
the ion species and acceleration energy. It is considered
that a threshold electronic stopping power of 6.2 keV/nm is

FIG. 5. XRD spectra of the nonirradiated rutiig, after iradia- ~ Necessary for the ions to make the rutile structure suitable for
tion of 84.5-MeV Cu ions to doses of QL0 (ii), 3.0x 10 (i), ~ etching.

7.0X10% (iv), and 5.0< 10'3 cm™2 (v). Curve(vi) is the spectrum

The validity of the threshold electronic stopping power is

of the sampl(iii ) after having been etched in HF for 30 min. The further examined for different ions. As a first step, Ca ions
peaks at 39.2° and 84.3° are due to tB60) and (400 planes,  Wwith various energies were irradiated on the rutile crystals to
respectively. a dose of 8.610" cm 2. Then, they were examined by
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FIG. 7. Calculated electronic stopping pov&ras a function of
the depth from the surface. Theaxis values of the solid circles
indicate the depths where the etching stopped.

XRD and were etched in the HF solution. Figure 8 shows the FIG. 9. A cross-sectional SEM image of the sample etched fol-
obtained XRD spectra for the nonirradiated crys@land lowing the irradiation of the 72.3-MeV Ca ions to a dose of 8.0
for the irradiated crystals at energies of 15.3 M@y, 31.9  x10®cm 2.

MeV (c), 50.8 Mev (d), 72.3 MeV (®), and 82.0 MeV(p). position of the irradiated top surface and the direction of ions

Both the intensity of the 39.2° peak and that of the 84.3° indicated b The t ¢ ¢ etched
peak decrease until 50.8 MeV and then return to their origi—are. Indicated by arrows. The top surtaceé was not etcned,
nal values. As a surprising result, it was found that theWhIIe an inside gap or a vacant hollow was created by etch-

sample surface irradiated by either the 15.3-MeV, 31.9-MeV/"9 about 4um below the surface. Similar inside gaps were

; ; ; ; always observed if the energy of Ca ions was higher than
or 50.8-MeV ions was etched, while the one irradiated by th -
72.3-MeV or 82.0-MeV ions was not. y (3712.3 MeV, and the position of the gap became deeper as the

Furthermore, another surprising result was obtainedS"N€"9Y increased. For example, when the energy was 82.0

Namely, after the crystals were irradiated by the Ca ions wit eV, the gap was seen at depths between 5.4 gndu?h? .
various energies to a dose of &0 cm~2, they were cut rom the top surface. Figure 10 shows the electronic stopping

perpendicularly to the surface and immersed in the HF solupowerse as a function of the depth. The dotted port_ion of
tion. Figure 9 shows a typical cross-sectional SEM imageeach curve shows the depths where the hollow etching was
made. Similar hollow etching was also observed in rutile

taken for the sample iradiated by the 72.3-MeV ions. The|rradiated by Cl ions with energies of 77.0 MeV and higher

to a dose of 1.8 10" cm™2.

Fr T 1 1T 'F T T 7T 717171
IF @ ) Nonimadiated ) 15.3MeV Ca IV. DISCUSSION
0.5 4 | As shown in Fig. 5, the XRD peaks at 39.2° and 84.3°
L ,\ j due to the rutile crystal structure decrease and move to
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FIG. 8. XRD spectra obtained before and after irradiation of Ca  FIG. 10. Calculated values &, of Ca ions injected with vari-
ions to a dose of 8010 cm 2. (a) Before irradiation.(b)—(f) ous energies as a function of the depth from the sample surface. The
After irradiation of ions with energies of 15.3 Mel), 31.9 MeV  dotted portion of each curve represents the depths where the hollow
(c), 50.8 MeV(d), 72.3 MeV (e), and 82.0 Me\(f). etching was made.
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FIG. 11. Change in the ratib of the area affected by the irra- 6 ! [00MeV Cl ™y
diation of 84.5-MeV Cu ions to the entire sample surface. The solid -1 0.2 04 1 2
curve is the result obtained by assuming that the area affected is Radius [nm]
limited to the amorphous region, while the dotted one is under the . o . .
assumption that the area includes the surrounding region. FIG. 12. Radial distribution of energy deposited on the rutile

surface as a function of the distance from the ion incident point.
smaller angles by the ion irradiation. According to the BraggSoIid curves with roman letters mean that the surface was etched,
law, peaks at smaller angles are due to a structure with largéyhile dotted ones with italics represent that the inside was etched.
lattice constants. Therefore, it is clear that the irradiated layer
of the sample became amorphous and increased its VOIu”i‘ﬁadiation dose of 7.8 10*2 cm

as evidenced by shown in Table I. Since rutile has the j,4 \yas really observed in Fig. 4. From these calculations, it
largest density among Tipolymorphs, it is reasonable that s highly probable that the surrounding region as well as the
the volume expands as the structure becomes amorphous. 4%,orphous region can be etched by the HF solution. The fact
shown by a comparison of spectfiag—(v) in Fig. 5, the in- 4t the XRD peaks ascribed to the surrounding region also
tensities of the (;zrystzilzpea}ks scarcely change when the do%‘?sappear by etching as clearly shown by a comparison be-
exceeds 3.8 1,01 cm <. Since the penetra}gﬁn depth of X qyeen the curveii) and(v) in Fig. 5 is in a good agreement
rays for XRD is much deeper than that of iofishe crystal  ith the above assumption. The fact that the etching rate for
peaks in curvesiii)—(v) are considered to come from the {he qose of 7.8 102 cm2 is widely scattered and is slower
undar_naged rutile beyond the ion penetrat|or.1._.depth. Thergpan that for higher doses as shown in Figg)3s also ex-
fore, it was assumed that the samples showfiiin-(v) be-  hjained by the dotted curve in Fig. 11, which indicates that
came completely amorphous after having undergone a partly, etching becomes possible at doses of the order of
amorphous state. The surrounding dark region in the HREM 12 2.

lattice image in Fig. 6 corresponds to the region where the Next, the mechanism of the inside hollow etching shown

lattice constant becomes larger. . _inFig. 9 is discussed. Figure 10 indicates that the hollow
In order io examine whether the etched region 1s “m't.edetching is not simply understandable By. It has been re-
to the amorphous region or covers the surrounding region,q o4 that a slower electron deposits a higher energy density
the following calculations were performed. In general, the;; e target surface than a faster elecfdh.has been also
ratio F of the area affected by the ion irradiation to the th"ereported that a faster ion makes a smaller latent track than a
sample surface is known to be expressed by the equation g qyer jon with the sams,.>” These reports indicate that the
F=1—exp—Ad), (1) velqcity of electrqns or ions is another factor besi&do
decide the deposited energy and the radius of latent tracks. A
whereA is the area affected by the passage of a single iogemiempirical equation based on the Rutherford formula, in
and ¢ is the total ion dos& If only the amorphous region is  which the ion velocity is taken into account, has been devel-
regarded as the affected aréajs estimated from Fig. 6 to oped to calculate the radial distribution of energy deposited
be 7x 0.9 nn? for the 84.5-MeV Cu ion. The solid curve in on the sample surface around the path of fhBigure 12
Fig. 11 shows the change i as a function of¢ for the  shows calculation results of the radial distribution of energy
84.5-MeV Cu ions. IfF represents the ratio of the area which deposited on a rutile surface around the path of ions as a
can be etched, this result indicates that a dose higher th&anction of the distancdor radiug from the ion incident
about 3x 10 cm™2 is needed for the amorphous area topoint, obtained by assuming the same ion species and ener-
cover the whole sample surface. This dose is more than orgies as those used in the present experiment. Solid curves
order of magnitude higher than the dose at which the etchingvith roman letters represent the conditions where the rutile
started. If a similar calculation is made for the area includingsurface was etched, while dotted curves with italics represent
the surrounding region with a radius of 1.8 nm, the dashedhose where the inside was etched. All the solid curves lie
curve in Fig. 11 is obtained. It is indicated that the region toabove the dotted ones irrespective of the ion species and
be etched covers about 50% of the sample surface at thenergy, which indicates that the energy deposited on the sur-

~2, where the surface etch-
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V. CONCLUSIONS

The structural change induced in rutile LiGingle crys-
tals by irradiation of swift heavy ions has been investigated.
Through XRD and HREM analyses, it is considered that the
latent tracks induced by the passage of ions become amor-
phous and that the lattice constants in the surrounding area
become larger. If the rutile crystal is irradiated by swift
heavy ions to a dose higher than the critical value at which
the latent tracks and their surrounding areas presumably
cover a large portion of the rutile surface, the surface be-
comes possible to be etched by hydrofluoric acid. When Ti,
Cu, Br, or | ions are irradiated, the etching continues to the
depth from the surface where the electronic stopping power
decays to a threshold value of 6.2 keV/nm, regardless of the
ion species. Excepting the above, the surface cannot be
etched even if the stopping power exceeds the threshold
when the ion is Cl or Ca. However, in this case, a hollow

FIG. 13. An SEM image of the etched surface with 20% hydrof-vacancy layer is etched inside the sample. By calculating the
luoric acid of the same Sample shown in Flg 1. The sidewall patterrpadia| distribution of energy deposited on the surface by the
is a replica of that of the holes through which the ions were i"adi'incident ions, it becomes evident that there is a clear demar-
ated. cation in the radial energy distribution which determines

whether the surface can be etched or not. The bottom and

face by incident ions is a more critical factor to determinesijde surfaces of the etched cavities were found to be very
whether the irradiated rutile can be etched or not. smooth in the order of nm. Therefore, combination of irra-

Last, applications of the phenomena obtained in thejiation by swift heavy ions with various energies and follow-

present research are discussed. The sample to which the 12Qq etching is believed to be a good processing method to
MeV Br ions were irradiated through the tWO'd|menS|0na|fabricate three-dimensional nanostructures.

pattern of holes, of which AFM image is shown in Fig. 1,
was etched in the HF solution for 40 min and subjected to
SEM observation. Figure 13 shows the result. While the bot-
tom surfaces of the etched cavities seem very flat, the side-
walls look as if they were rough. However, this sidewall  This work was supported by the Budget for Nuclear Re-
structure is a replica of the shape of the holes. Therefore, thisearch approved by the Atomic Energy Commission and also
means that the present combination of ion irradiation andy a Grant-in-Aid for Scientific Research Grant No.
etching has a very precise resolution, capable of being ag12450132, both from the Ministry of Education, Culture,
plied as a nanofabrication method. By combining the irradia-Sports, Science, and Technology of Japan. The authors ex-
tion of ions with various energies suitable for multilayer in- press their thanks to T. Sekiguchi in Kagami Memorial Labo-
side hollow etching, three-dimensional nanofabrication isratory for Materials Science and Technology, Waseda Uni-
also possible. versity for his help.
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