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Specificity of micro- and nanoproducts of titanium laser

ablation in pure water

T.I. Borodina, G.E. Val’yano, M.M. Malikov

Abstract. Laser ablation of titanium in distilled water at high and
low power densities of copper vapour laser beam in the focal spot on
a target surface is experimentally studied. Ablation regimes with
different pulsed energy inputs and target irradiation times are
investigated. The morphology and elemental and phase composi-
tions of micro- and nanoaggregates obtained in different irradiation
regimes are studied using electron microscopy, X-ray diffraction
analysis, and Raman spectroscopy. The ablation products are
found to be practically totally in the X-ray amorphous state.

Keywords: titanium, laser ablation in water, nanostructures, oxides,
amorphous products.

1. Introduction

Laser ablation of metal targets placed in a liquid is a relatively
simple and convenient way to form (in small amounts) vari-
ous nanoparticles of target metals, their oxides, and other
compounds, both in crystalline and amorphous states [1,2].
When a target surface is exposed to a high-power laser pulse,
a plasma/vapour plume is ejected into the surrounding liquid,
and a bubble arises, within which the temperature and pres-
sure reach large values. Upon subsequent cooling and destruc-
tion of bubbles, a colloidal solution of individual nanoparti-
cles and their agglomerates is formed. In addition, the newly
formed particles drift in the liquid to enter again the focused-
beam region and be subjected again to the multiple effect of
laser pulses, which may change their properties and sizes.
Diverse mechanisms of the formation and evolution of nano-
and microstructures were discussed, e. g., in [3—6]. All these
processes and the final ablation product depend in many
respects on the laser beam parameters on the target surface,
such as the wavelength A, densities of power Pj,, and energy
Ej,s, pulse duration 7, pulse repetition rate f, and target irra-
diation time ;.. Note that the final product is also affected by
the liquid composition and aging time of the obtained colloid
of nanoparticles. Therefore, it is important to perform corre-
sponding experiments using different lasers under different
conditions and compare the results obtained.

In this work we used a copper vapour laser (CVL) to per-
form titanium ablation in distilled water. Experiments
were carried out in two target irradiation regimes with signifi-
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cantly different laser beam parameters in order to study their
influence on the titanium ablation in water. Similar experi-
ments under conditions close to those used by us were per-
formed in [4, 7, 8]; hence, one can compare the results and
draw certain conclusions about the role of particular factors
affecting the composition and morphology of dried colloidal
precipitates. Note that the analysis of the properties of nano-
particles of various titanium oxides is of great interest from
the point of view of different practical applications [9—11],
for example, their use as substrates in the technique of sur-
face-enhanced Raman scattering (SERS) in diagnostics of
gas-dynamic fluxes and plumes [12, 13].

2. Description of the experiment, ablation
conditions, and techniques of nanostructure
analysis

The experiments on laser ablation of VT1-0 (99 %) titan-
ium in distilled water were performed using the system
described in [14]. The radiation source was a repetitively
pulsed CVL (4 =0.51 and 0.578 um, 7, ~ 20 ns, /= 10 kHz).
In the first regime the average laser power was W~ 10—13 W,
the pulse energy was £, ~ 1.0-1.3 mJ, and the peak power
was ~50-65 kW. Application of an achromatic lens with a
focal length of 190 mm provided a spot ~50 um in diameter
on the target surface. The energy density and laser beam
power in the spot were, respectively, 50-65 J cm™ and
(2.5-3.2) x 10° W cm™2. In the second regime the average and
peak laser powers were reduced by an order of magnitude
(~1 W and ~5 kW, respectively) using a plane-parallel glass
plate (BS-3), which reflected about 10% radiation at an angle
of ~45° towards the focusing lens. The diameter of the beam
reflected by the plate (20 mm) and the power density distribu-
tion in its cross section remained the same, because the plane-
parallel plate did not introduce any significant distortions. In
this regime the laser energy and power densities in the focus
were, respectively, ~5J cm= and ~2.5 x 103 W cm™2.

A titanium target ~5 mm thick and 16 mm in diameter
was placed on the bottom of a cell filled with distilled water
(4.5 mL), which rotated with a speed of ~2 rpm, so that the
irradiation spot moved over the target surface. The target
irradiation time 7;,, was ~30—50 min in these experiments.

The colloidal solution obtained as a result of ablation was
deposited on special substrates and dried at 50°C-70°C.
Preliminary centrifugation of the colloid (with a speed of
10* rpm for 30 min) and subsequent drying of the precipitate
were performed in some experiments.

The morphology of microstructures and elemental com-
position of the dried preparations were investigated using a
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scanning electron microscope (SEM) Nova NanoSem 650,
equipped with an EDS system for recording and analysing
characteristic X-ray (CXR) spectra. The preparations were
deposited on copper substrates. Note that the EDS data yield
an estimate of the elemental content averaged over the vol-
ume of CXR generation region (~1.5 um in diameter). In
addition, an annular backscattered electron detector was
used, which makes it possible to increase the contrast in SEM
images of microstructural elements.

The phase compositions of the products were investigated
using X-ray diffraction (XRD) and Raman spectrometry.
XRD spectra were recorded on DRON-2 and SmartLab
(Rigaku) diffractometers according to the standard tech-
nique. In both cases CuK,, radiation was used. The Raman
spectra of the precipitates were analysed with a Raman auto-
matic spectrograph U1000 (JOBIN-YVON). The wavelength
of the initial laser beam (used to excite Raman scattering) was
514.53 nm, and the beam diameter amounted to ~20—30 um.
Note that preparations on glass and silicon plates were used
for XRD analysis and Raman spectroscopy, respectively.

3. Experimental results

The appearance of the colloids, obtained in the first regime
(35-min exposure to high-power laser radiation) is presented
in Fig. 1. By the end of the irradiation the colloid had a blu-
ish-gray colour and was slightly turbid. After a long time
(15-20 h) a precipitate in the form of macroscopic aggrega-

Figure 1. (Colour online) Appearance of the colloids obtained by tita-
nium ablation in water in the first irradiation regime (W ~ 12 W, ;. ~
35 min, Ej,, ~ 60 J cm™, and P, ~ 3 X 10° W cm™): (a) colloid with
settled precipitate and (b) centrifuged colloid with precipitate.

tes, fairly large (~1-3 mm) in the cross section and very thin
(resembling ‘flakes’) appeared on the cell bottom (Fig. 1a).
Above the flakes the colloid was transparent. Being agitated,
the colloid became turbid, and the flakes disappeared; how-
ever, 30—60 min later a precipitate arose again on the bot-
tom, also in the form of flakes but of smaller size. After the
agitation the turbid colloid was poured into a special test tube
and then subjected to centrifugation. As a result, we obtained
a grey blue precipitate on the bottom of the test tube (Fig. 1b),
which visually differed very much from that shown in Fig. la.

To analyse the ablation products in the first case, we used
the upper transparent layer of the colloid presented in Fig. 1a;
in the second case, the object of study was a colloid care-
fully mixed in the cell; and, in the third case, we investi-
gated the centrifuged precipitate on the bottom of the test
tube (Fig. 1b).

The colloid obtained in the second regime of laser irradia-
tion of a titanium target in water had a pinkish hue and was
transparent, both by the end of irradiation and for the next
several hours. After 10—15 h, a precipitate similar to that
shown in Fig. 1a, but in smaller amounts, arose.

3.1. Structural morphology of colloidal precipitates

The micro- and nanostructural morphology of the precipi-
tates of colloids obtained by titanium ablation in distilled
water is demonstrated by SEM images.

The structure of the precipitates for the first irradiation
regime is shown in Figs 2 and 3.The precipitate obtained

Figure 2. (Colour online) Morphology of dried precipitate from the
transparent layer of colloid (Fig. 1a), obtained in the first irradiation
regime: (a) secondary-electron and (b) backscattered-electron SEM
images. The red lines and red dot indicate, respectively, the region bou-
ndaries and the point of EDS analysis.
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Figure 3. (Colour online) Morphology of dried precipitate from the carefully mixed colloid ( Fig. 1a), obtained in the first irradiation regime: (a,b)
backscattered-electron SEM images with different magnifications. The red lines and red dot indicate the region boundaries and the point of EDS

analysis.

by selection and drying the transparent upper colloid layer
(Fig. 1a) is presented in Fig. 2. It can be seen that the precipi-
tate consists mainly of layers of agglomerates ~1-2 pm in
size. These agglomerates are formed by (10—20)-nm nanopar-
ticles. Bright spherical particles ~100—800 nm in size can be
seen on the layer surface and in the bulk (Fig. 2b); many of
them are covered by a fine-grained deposit.

Figure 3 shows SEM images of the precipitate obtained by
drying the colloid shown in Fig. la, after its careful mixing.
The pattern is essentially different. Large dense aggregates
5-10 um in size were observed (Fig. 3a), with inclusions of
bright spherical particles having sizes from several ten to sev-
eral hundred nanometres, which can be seen well in the
images. Since the outlines of the boundaries of large contact-
ing aggregates practically coincide, we can suggest that these
aggregates were formed as a result of cracking of unified solid
mass (matrix of nanoparticles) during drying.

bottom residue was dried on substrates. The SEM images
for this case are practically the same as the images presented
in Fig. 3.

The morphology of the ablation products obtained in
the second irradiation regime (W ~ 1.0 W, 7;,, ~ 50 min,
Epo~5)cem™, P~ 2.5x 108 W em2) is presented in Fig.
4. The colloid was dried directly after the target irradiation
(prior to precipitation). The SEM study showed that the
dried material formed in this regime is also based on a frac-
tured matrix of nanoparticles (~10—20 nm in the cross sec-
tion), saturated with nanospheres mainly ~50-600 nm in
diameter.

In addition, newly formed aggregates can be observed in
the matrix: fragments of hollow spheres (Fig. 4a) with walls
several tens of nanometres thick and non-monotypic nanofi-
bres with a thickness of ~30-100 nm and a length up to
~1 um (Fig. 4b).

Figure 4. (Colour online) Morphology of the dried colloidal precipitate obtained in the second irradiation regime (backscattered-electron SEM
image): (a) micro- and nanospheres and their fragments in the matrix of nanoparticles (the red dot indicates the point of EDS analysis) and (b) a
fragment with nanofibres. Fragments and nanofibres are indicated by arrows and ellipses, respectively.

In regards to bright spherical nanoparticles, they have
approximately the same characteristics as the similar particles
in Fig. 2.

To study the morphology of the precipitate obtained by
centrifugation of colloid (see Fig. 1b), the transparent part of
the latter was poured out from the test tube, and the near-

3.2. Results of the EDS analysis of elemental composition

An EDS analysis was performed in the regions bordered by
red lines in Figs 2a, 3a, and 4a. For the regions with trans-
verse sizes significantly exceeding the diameter of the CXR
generation region (~1.5 um), the EDS data were averaged
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over the region areas. Figure 5a shows as an example the ele-
mental composition averaged over a region (Fig. 3a) of rela-
tively large area (~20 pum?) for the first irradiation regime.
The elemental composition, averaged over an area of ~90 um?
(which is beyond the frames of Fig. 4a), for the second irra-
diation regime is presented in Fig. 5b. In both cases the main
elements are titanium and oxygen; the O:Ti content ratio
(in at%) in these regions is smaller than two and approxi-
mately the same. There is also a pronounced amount of Ca,
Zn, Cu, Si, and C impurities (Fig. 5, inset). Small regions with
cross sections smaller than the diameter of CXR generation
region and the positioning points of immobile electron beam
are shown in Figs 2a, 2b, 3b, and Fig. 4a. Note that a point
analysis of the surface of observed microspheres is low-effi-
cient in this case because the diameter of CXR generation
region exceeds significantly their linear sizes; in addition, the
spheres are coated to some extent by a layer of nanodispersed
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Figure 5. (Colour online) EDS data and elemental composition of the pro-
ducts of titanium ablation in water for the first irradiation regime (a) in
the region with an area of ~20 um?, indicated by red lines in Fig. 3a,
and (b) in the region with an area of ~90 um?, emerging beyond the
fragment shown in Fig. 4a. The elemental contents in wt.% and at.%
are given in the insets.

particles of the adjacent material. However, localisation of
electron beam on spheres during the EDS analysis revealed a
decrease in the content of impurities (Ca, Zn, Cu, Si, C) in
comparison with that on small areas (Fig. 2a) in the material
of the fractured matrix, which may indicate the absence of
influence of these impurities on the formation of spheres.

3.3. Results of the phase composition analysis

The X-ray diffraction spectrum of the precipitate obtained by
drying the transparent upper layer of the colloid obtained in
the first ablation regime (see Fig. 1a) does not contain any
strong diffraction lines (Fig. 6a). One can see very weak max-
ima, which can be assigned to titanium oxides TigO;; and
TiO; and to titanium. Titanium dioxide is presented by two
modifications: anatase and rutile. The size of coherent-scat-
tering regions (CSRs) of the TigO,; phase is 40 nm; the CSRs
of the other phases are no less than 100 nm in size. The
extended halo in the range of Bragg angles 260 = 16°-36° is
due to the glass plate used as a substrate. The total content of
the crystalline components having the aforementioned aver-
age CSR sizes in the precipitate is 1-2 vol%. These phases
may also enter the precipitate composition in the X-ray amor-
phous state. On the whole, amorphous and, possibly, X-ray
amorphous materials dominate in the product under con-
sideration.

The X-ray diffraction spectrum of the precipitate obtained
by drying the carefully mixed colloid (Fig. 1a) contains nei-
ther diffraction maxima nor diffuse halos (an exception is the
substrate halo). This diffraction spectrum suggests that the
precipitate under consideration is in amorphous and X-ray
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Figure 6. X-ray diffraction patterns of (a) the precipitate from dried
upper transparent layer of the colloid obtained in the first ablation re-
gime (Fig. 1a) (DRON-2 diffractometer) and (b) the precipitate ob-
tained in the second ablation regime (SmartLab diffractometer); the
weak halo in the range of angles 20 = 43°-49° is likely due to TiO.




Specificity of micro- and nanoproducts of titanium laser ablation in pure water

591

amorphous states. It is likely that the contribution of the
upper transparent layer (exhibiting the presence of well-cryst-
allised phases) to the total precipitate mass is small, as a result
of which the content of crystalline phases in the mixed colloid
is below the XRD sensitivity limit.

The diffraction spectrum of the precipitate obtained by
centrifugation of mixed colloid (Fig. 1b) contains a weak
maximum corresponding to the interplanar spacing d =
0.205 nm. This maximum may belong to titanium oxide TiO
with a hexagonal structure [15]. Along with the diffraction
maximum, there is a weak diffuse halo in the range of Bragg
angles 20 = 43°-49°. One might expect this halo to be due to
X-ray amorphous titanium oxide TiO. Note that the low
intensity of the halo and the TiO line indicates dominance of
the amorphous material in the test sample.

A halo similar to that described above is also observed in
the X-ray diffraction spectrum (Fig. 6b) of the precipitate
obtained in the second ablation regime (at low laser powers).
It is likely that this halo belongs to titanium oxide TiO in the
X-ray amorphous state. The weak diffraction maximum cor-
responding to the interplanar spacing d = 0.225 nm may be
due to either metallic titanium or its oxide TigO. The strong
halo in the range of Bragg angles 26 = 16°-36° is due to the
glass plate. The spectrum of the same test, recorded on a
DRON-2 diffractometer with an X-ray beam of lower inten-
sity, lacks a strong halo. On the whole, the X-ray diffraction
spectrum shows the dominance of amorphous phase in the
material under study.

The results of the qualitative analysis (using Raman spec-
troscopy) of a possible presence of crystallised nanoparticles
in the ablation products under study are shown in Fig. 7. The
known (see, e.g., [8,16—18]) Raman spectra of pure anatase
(peaks at frequencies of 143, 395, 516, and 635 cm™!) and
rutile (peaks at 144, 248, 443, and 614 cm™!) with crystallites
~1 um in size are shown for comparison in the upper part of
Fig. 7. The Raman spectra of the precipitates of colloids
obtained in two irradiation regimes are presented in the lower
part. The spectrum of the dried precipitate shown in Fig. 3,
obtained in the first irradiation regime [Fig. 7, curve (/7)],
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Figure 7. (Colour online) Raman spectra of the products of titanium
ablation in water: the precipitate (see Fig. 3) obtained in the first (/)
and second (2) target irradiation regimes. The Raman spectra of pure
rutile and anatase are shown in the top.

exhibits a strong anatase line (near the peak at 143 cm™') and
a broadened rutile line (in the vicinity of 443 and 614 cm™).
Highly diffuse weak lines of rutile and a very weak anatase
line are observed for the precipitate obtained in the second
irradiation regime at a lower laser power [curve (2)]. No
other Raman lines (in particular, the line of TiO crystallites,
whose possible presence in small amounts was evidenced by
XRD data) were observed for the samples produced in both
irradiation regimes. Note that, according to [19], Raman
spectra are insensitive to TiO.

In the vicinity of the peak at a frequency of 143 cm™ in
curve (/), the FWHM of the first strong Raman line of ana-
tase was ~35 cm™!. Judging from the data in the literature
[16], this linewidth may correspond to anatase crystallite sizes
of 3—4 nm. This fact is in favour of the proximity of anatase
(and, possibly, other titanium oxides) to the X-ray amor-
phous state.

4. Discussion of the results

Summing up the XRD and Raman spectroscopy data, we can
conclude that the volume fraction of crystallised titanium
oxides in all dried precipitates formed in both irradiation
regimes is very small. At the same time, crystallites of differ-
ent oxides (including TiO) can be identified in the precipitates
obtained in the first regime. The TiO compound produced in
the second irradiation regime exists apparently only in the
X-ray amorphous state.

Let us compare our results with the data of some other
studies. For example, nanoparticles of nonstoichiometric
oxide TiOj o4 ~35 nm in size were obtained in [7] as a result of
titanium ablation in water under irradiation by a CVL, whose
parameters are close to the second-regime parameters (Ej,, ~
4Jem™2, P~ 2% 108 W ecm™, and f= 15 kHz). Strong clear
peaks could be observed in the corresponding diffraction pat-
terns. The volume fraction of crystallites and target irradia-
tion time were not indicated in that study. Guilléna et al. [4],
who used Nd:YAG laser pulses with close parameters (A =
0.532 pm, 7, ~ 10 ns, E, = 28-27.6 J cm?, P, =~
2.8x 108-2.76x10° W cm2) but much lower pulse repetition
rate and shorter irradiation time (/' = 10 Hz, 7;, = 5 min),
obtained a dried product of titanium ablation in water, which
consisted mainly of spherical crystallites 12—15 nm in diameter
and their agglomerates. The ablation products contained
crystallised rutile and anatase nanoparticles of the same com-
position as in our study and, additionally, TigO;s. With 7,
increased to 30 min in [20] (at A = 0.532 um, 7, = 5 ns, Ej,s ~
1Jem2, P ~ 2% 108 W cm2), more than 85% nanoparti-
cles had a size less than 5 nm, whereas at large Ej,s (~10 J cm™2)
and Py, (~2 % 10° W cm™2) values the nanoparticle sizes did
not change significantly, but (100-200)-nm agglomerates,
consisting of these nanoparticles, arose.

It was shown in [8] (for A = 1.062 um, /' = 10 Hz, 7}, =
5 min) that, at small Py, values (of no more than 1 X
108 W cm™2), titanium ablation in water leads to the forma-
tion of mainly TiO, Ti,0;, and TiO, crystallites. The amor-
phous phase fraction was small. At very large P, values
(~1x 10" W cm™2) amorphous phase dominated in the abla-
tion products, and TiO, crystallites were mainly present. It
was suggested that the phase amorphisation may occur via
dynamic condensation and a very fast process of particle
cooling in water, as well as due to the shock-wave loading
upon formation of a bubble (retained by the liquid) on the
target surface. It is possible that these processes occurred also
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to some extent under our experimental conditions (with a
CVL). The Py, value exceeded some critical power necessary
for implementing the ablation regime of target irradiation. In
addition, the high pulse repetition rate (10 kHz) and long irra-
diation time (30—50 min) could facilitate the production of
very small (~2 nm in size) nanoparticles, i.e., the occurrence
of a significant fraction of X-ray amorphous phase. Indeed,
the production of particles should become more efficient with
an increase in the radiation energy absorbed by the target and
the particles falling in the beam waist region during irradia-
tion. This energy is proportional to the total laser energy, E; =
E, fTiy, introduced into the liquid for the irradiation time. In
[4], where the degree of crystallinity of the ablation products
was high, the E; value was as small as ~700 J. Dominance of
the amorphous fraction over crystalline in the ablation prod-
ucts at Er ~ 1.8 x 10° J was observed in [8]. In our study, we
had E; ~ 2.7 X 10* in the first irradiation regime and E; ~
5.4 % 10 J in the second regime; both these values exceed sig-
nificantly the corresponding energy values in the aforemen-
tioned studies. This is a possible explanation of the fact that
the ablation products obtained by us were mainly in the
amorphous (or X-ray amorphous) state.

In our previous works [21, 22] we investigated the ablation
of some transition metals (Cu, Zn, Zr, W, Mo, V) in liquids
using a CVL in the first irradiation regime. It was found that
the morphologies of the products of ablation in water for all
considered metals, as well as for titanium, are similar both in
the set of structural forms and in the type of agglomeration of
these forms. Most of the material was also in the amorphous
state; the rest were crystalline phases of metal oxides.

5. Conclusions

The results of studying the titanium ablation in distilled water
using a repetitively pulsed CVL in a wide range of power and
energy densities at a pulse repetition rate of 10 kHz and irra-
diation time of 30—50 min are presented. Insignificant differ-
ences were revealed in the morphologies of nanostructures of
dried precipitates formed in ablation regimes with high and
low irradiation powers. It is shown that the volume fraction
of crystalline phases if all synthesised titanium oxides is small:
no more than ~1%-2%. Most of the ablation products
obtained in all irradiation regimes are in the X-ray amor-
phous and amorphous states. These nanoproducts from dif-
ferent titanium oxides may be of great practical interest for
various applications.
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