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Abstract

The formation of CuTiO, nanocomposites has been observed in an experiment in which laser plasma plumes of Cu and Ti
collide and stagnate in an oxygen atmosphere. The inherent advantage of this technique lies in its simplicity and flexibility
where laser, target composition and geometry along with ambient atmosphere are all controllable parameters through which
the stoichiometry of the deposited nanocomposites may be selected. The experiment has been performed at three oxygen
ambient pressures 107%, 1072, 10° mbar and we observe its effect on stoichiometry, and morphology of the deposited nano-
composites. Here, we show how the stoichiometry of deposited nanocomposites can be readily controlled by changing just one
parameter, namely the ambient oxygen pressure. The different peaks of photoluminescence spectra 4 = 390 nm (E = 3.18 V)
corresponding to the anatase phase of TiO,, along with the peaks at /=483 nm (E=2.56 ¢V) and 582 nm (E=2.13 eV) of
deposited nanocomposites, shows the doping/blending effect on the band gaps which may potentially be of value in solar cell
technology. The technique can, in principle, be extended to include nanocomposites of other materials making it potentially

more widely applicable.

1 Introduction

Pulsed laser deposition (PLD) of materials in a background
gas is an extensively used technique for thin film growth,
nanoparticle production and nano-structuring of surfaces [1,
2]. The structural morphology of the nanocrystals formed is
shown to be highly dependent on the plasma plume expan-
sion dynamics and plasma species collision with the ambient
gas. It has been reported that not only collisions with the
ambient gas but also collisions with another plume help to
form nanocrystalline materials [3]. Further, colliding plasma
plumes in ambient gases not only provide more controlled
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formation of nanoparticles/nanocrystalline materials but can
indirectly help to enhance the limit of detection (LOD) in
elemental analysis [4, 5].

The main motivation for the present work is that the
method of colliding plasma plumes originating from two
different target materials, as discussed by Umezu et al. [3, 6],
could be used in crystalline nanocomposites (here CuTiO,)
formation and deposition with a slight modification in the
target geometry. We note here for completeness that the
crossed beam pulsed laser deposition method has been used
by Tselev et al. [7-10] to mitigate the debris and particu-
lates from the collisional zone in the context of film growth.
Similar work has been reported in [11] where ArF (193 nm)
and frequency tripled Nd:YAG (355 nm) lasers irradiating
TiO, and Au targets, respectively, in oxygen at a pressure of
30 Pa were used to deposit Au-TiO, nanocomposites. Also,
work on colliding species by Voevodin et al. [12] involves
the combination of magnetron sputtering and pulsed laser
deposition as a hybrid technique in which the plasma fluxes
intersect on the substrate surface. Other methods such as the
photocatalytic reduction technique [13] are based on specific
chemicals for preparing nanocomposites which are different
for different nanocomposite materials. On the other hand,
our heterogeneous colliding plasma deposition (HCPD)
method, which involves the collision of plasmas to drive
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plasma chemistry at the collision plane, leaves the plasma
stagnation layer with the possibility to react with ambient
gases.

In contrast to Gyorgy et al. [11] we employ only elemen-
tal (metal) targets in an ambient gas. This is a simple sys-
tem, capable of producing a rich array of nano-objects, with
a great deal of potential due to its ease of set up and the
fact that there is no sample preparation needed. Nanocrys-
talline-titanium dioxide (TiO,) is rapidly becoming a wide
spread used material due to its wide range of applications
in e.g., light to electrical energy conversion and storage and
also photo-catalysis [14—16]. However, its wide band gap
(3.0-3.2 eV) restricts its applicability to the UV absorption
range. This is a severe limitation, especially in photovol-
taic applications and visible light photo-catalysis. Several
efforts to extend strong phototabsorption by TiO, into the
visible spectral range have been reported in the recent past
such as compositional variation to make suboxides [18],
surface modification [19] and doping [10-21]. Among all
these methods, material doping of the host TiO, appears to
be the most promising approach for band-gap tailoring in
the visible range. Several methods have been reported for
the doping of Cu, Co, V and Fe to enhance the absorption
of visible light [20-23]. However, the major challenge is to
provide a low cost, more effective method, which is well
controlled and sufficiently versatile so that it can produce
the desired photoabsorption properties for TiO,.

We present here a relatively simple and potentially very
versatile method for the deposition of nanocomposites using
HCPD. Compared to conventional pulsed laser deposition,
HCPD provides greater flexibility in the sense that not only
are two (or more if desired) simple metal plasma plumes
involved but the individual plume parameters (e.g., tempera-
ture, density, ionization and excitation balance) can be inde-
pendently controlled by choice of laser parameters. Further-
more, the physics and chemistry at the collision plane can be
tailored by choice of target geometry as well as ambient gas
type and pressure to achieve a specific desired stoichiometric
composition of the nanocomposites formed. Importantly, no
pre-preparation of the target materials and ambient gas is
required, rather only pure solid samples of, in the case of
the experiments reported here, titanium, copper and oxygen
gas are required. The present work is organized into four sec-
tions. Section 2 gives the details of the experimental setup;
details of the results and discussion are given in Sect. 3 and
conclusions are presented in Sect. 4.

2 Experimental
We used a nanosecond Nd:YAG laser (Quanta Ray INDI)

with a pulse width t, = 8 ns (full width at half maximum,
FWHM) at a pulse repetition rate of 10 Hz, operated at its
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fundamental wavelength (A = 1064 nm) to create heteroge-
neous colliding plasmas in oxygen ambient. The target com-
prised concentric rings of Cu and Ti onto which two laser
beams, obtained by splitting a single beam using a wedge
prism, were focused, one onto the Cu surface and the other
onto the Ti surface. The intensity of each laser beam on the
target surface was kept at 9 GW/cm?. The distance between
the two focal spots was 2.0 mm and angle of incidence of
the laser beam was 45° with respect to the target surface.
For deposition of nanocomposites we placed the substrate
holder 4.0 cm away from the target surface and the deposi-
tion time was 3 h.

To observe plume dynamics within the colliding plasma
system, we used a gated intensified charged coupled device
(Andor Model No. DH-720) which was synchronised to
the optical laser pulse with a jitter of +1 ns. A plane mir-
ror combined with a zoom lens system was used to image
the plasma onto the ICCD. A field emission scanning elec-
tron microscope (FESEM) (JXA 8230, JEOL) was used to
observe the morphology of the deposited structures. It could
also perform energy-dispersive X-ray spectroscopy (EDX)
to measure the stoichiometry of the deposited structures.
The structural properties of the deposited nanocomposites
were investigated by X-ray diffraction (Panalytical X-ray Pro
MRD) using the Cu Ka line (0.1541 nm). The optical prop-
erties were investigated using photoluminescence (PL) with
an excitation wavelength A, = 355 nm (Fluorolog (R)-3
Jobin Yvon Horiba). A schematic diagram of the colliding
plasma deposition setup is shown in Fig. 1.

3 Results and discussions

The images of expanding copper and titanium plasma
plumes shown in Fig. 2 were recorded at 107, 1072 and 10°
mbar oxygen ambient. The time delays shown on the figure
are with respect to the ablating laser pulse. The copper and
titanium plasma plumes expand linearly before colliding
with each other at 10™* and 10> mbar-ambient pressures
whereas at 10° mbar, the expansion of the each plasma
plume follows the drag force model [24]. Further, since cop-
per is heavier than titanium, the copper species move at a

lower average velocity than the titanium species. The mass
ratio is given by <':f = 1.3>, where m, and my; are the
copper and titanium-atomic masses, respectively.

Hence, at 10~ mbar oxygen ambient, a high proportion
of the titanium-atomic species escape from the target surface
and transit past the collision plane before a sufficient number
of Cu atomic species reach the plane, thereby allowing stag-
nation to begin. As the ambient pressure is increased to 107>
mbar, the seed plasma plumes become more confined and

the difference in velocity between the two plumes is reduced.
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Fig. 1 Schematic of the experi-
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Fig.2 ICCD images of expand-

ing copper and titanium plasmas 102 mbar
showing stagnation at oxygen- ,
ambient pressures of 10’4, 1072, 10 ns

and 10° mbar . ,
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This has two consequences. First, a higher proportion of
the ablated Ti species are now available to collide with Cu
species and participate in stagnation layer formation at the
collision plane. Second, the stagnation layer starts to form
later in the higher pressure case as the plumes are moving
more slowly due to the increased confinement.

At 10° mbar-ambient pressure, it can be seen from Fig. 2
that the front edges of the Cu and Ti seed plumes exhibit
quite a degree curvature early on in their evolution. As time
progresses, they appear to start to turn back (i.e., propagate
in negative x-direction) on each other to form a bright layer
of emitting material that propagates backwards (negative

140

x-direction) along the collision plane towards the target sur-
face (see images at delays of 40 and 50 ns). As time pro-
gresses, further the plume fronts begin to flatten as the fast-
moving species normal to the target surface slow down and
the species moving along off axis directions catch up (see
images at time delays of 80 and 100 ns). From time—space
resolved spectroscopy [24] we can state that the bright emis-
sion at the collision plane is not due to confined oxygen
species trapped by the expanding seed plumes, but rather
originates from ablated material.

Figure 3 shows the field emission scanning elec-
tron microscope (FESEM) images and corresponding

120¢

Frequency "
N A N XX S
)

b pm

S

N (b)

104 mbar

lpm  IITK 3/8/2016
EM WD 10.4mm 10:23:36

[~
>

N
NN N
40 60 80 100

Diameter (nm)

(=)
>
T

Frequency
=
>

[}
>
T

1 um

(d)

10-2 mbar

Smﬂ. —

— 1pm  IITK
15.0kV SEI SEM

3/8/2016
WD 10.2mm 11:04:55

20 40 60 80 100
Diameter (nm)

Frequency
. k.
D

N

1 pm

()

100 mbar

Ny £

— lpm  IITK
x10,000 15.0kV SEI SEM

3/2/2016
WD 11.7mm 17:33:42

20 40 60 80 100
Diameter (nm)

Fig.3 FESEM images and their corresponding particle distributions of the deposited material a, b at 10~ mbar, ¢, d at 10~ mbar, and e, f at 10°

mbar
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particle size distributions of the deposited nanocompos-
ites (Cu-TiO,) on silicon substrates which were placed
at a distance of 4 cm from the target surface in ambient
oxygen pressures of 107*, 1072, and 10° mbar, respectively.
Figure 3a, b show the FESEM images and corresponding
particle size distributions with a large number of particles
formed that possess a diameter in the range of 20-30 nm at
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Fig.4 Particle distributions of the deposited material at larger scale a
at 10~ mbar and b at 1072 mbar
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10~* mbar. At 1072 mbar, (cf. Fig. 3c, d) the particle sizes
and their distribution are found to be similar to 10™* mbar,
albeit they have a lower abundance due to the plume confine-
ment near to the target surface (hence comparatively fewer
nanoparticles reach the substrate). On the other hand, at 10°
mbar (cf. Fig. 3e, f) the plasma plume dynamics changes
and flattening of the stagnation layer front is initiated which
reduces the nanoparticle flux moving directly towards the
substrate. It is also noticeable that the nanoparticle sizes
become smaller because at higher pressure enhanced colli-
sional events between the plasma species reduce the agglom-
eration rate.

Figure 4a, b show an abundance of micro-particles with
an average particle size ~ 1.8 um at 10™* mbar and ~ 650 nm
at 1072 mbar which are not shown in Fig. 3 due to scaling.
In Fig. 3a, ¢ we observe the presence of rare donut-shaped
structures and its magnified view is shown in Fig. 5. We
cannot be definitive as to the mechanism but one possibility
is that they arise from TiO, nanotubes or other elongated
nanostructures that deteriorate in the presence of Cu and
collapse to form donuts [25].

The FESEM used (JXA 8230, JEOL) could also per-
form energy-dispersive X-ray spectroscopy (EDX) as stated
above. Using this technique, the stoichiometric concen-
tration of copper, titanium and oxygen is found to be Cu
70.6 wt%, Ti 19.9 wt% and O 9.5 wt% at 10~* mbar. On the
other hand at 1072 mbar it becomes Cu 35 wt%, Ti 33 wt%
and O 32 wt% and at 10° mbar it is Cu 11.2 wt%, Ti 6.2 wt%
and O 11.2 wt% and the remainder represents the contribu-
tion of the silicon substrate. Although the overall abundance
of nanoparticles reaching the substrate is reduced at 1072
mbar, the relative concentration of Ti and O is increased
with respect to copper (which is concomitantly reduced)
and this corroborates the ambient pressure effect on atomic
mobilities and resultant concentrations at the collisional
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Fig.5 Magnified view of rare donut-shaped structures a at 10~* mbar and b at 1072 mbar
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Table 1 Stoichiometric concentration of Cu, Ti, and O in deposited
structures at different pressures

Ambient pressure Cu wt% Ti wt% O wt%
(mbar)
107# 70.6 19.9 9.5
1072 35 33 32
10° 11.2 6.2 112
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Fig.6 X-ray diffraction peaks of the deposited nanocomposites
(CuTiO,) a at 10~* mbar, b at 102 mbar and ¢ at 10° mbar

plane as discussed earlier. Table 1 shows the stoichiometric
concentration of Cu, Ti, and O in deposited structures at
different pressures as discussed above.

Figure 6a—c show the corresponding X-ray diffraction
(XRD) peaks of the deposited material shown in Fig. 3a,
¢, and e, respectively. The XRD pattern of the deposited
nanocomposites at 107> mbar in Fig. 6b shows the Cu peak
at 43.38° (111) along with the TiO, anatase phase peak at
53.35° (105) (sitting on top of a broader feature). On the
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other hand, at 10~* mbar, only sharp Cu peaks at 43.38°
(111) and a TiO, anatase phase peak at 53.84° (105) are
observed [2, 26, 27]. The shift in the peak position to a
higher diffraction angle at 10~* mbar is due to an enhanced
dopant (copper) concentration [26]. However, at 10° mbar-
ambient pressure Cu peaks at 43.38° (111), TiO, anatase
phase peaks at 53.20° (105), 54.9° (211) and rutile phase
peaks at 27.4° (110) and 36.1° (101) are observed [27]. The
XRD peaks confirm that at 10~ mbar, where the copper
concentration (dopant) is higher than titanium, the CuTiO,
nanocomposite is crystalline in nature and exists within
the anatase phase of TiO,. On the other hand, at 107> mbar
where the copper concentration has dropped to approxi-
mately the same value as the titanium concentration, the
broad peak indicates that the crystallinity of the deposited
nanocomposites has been considerably reduced. However,
the narrow peak sitting atop the broad peak indicates that the
TiO, anatase phase survives. The abundance of rutile and
anatase phase peaks at 10° mbar may be due to the enriched
oxygen-ambient atmosphere during deposition.

To obtain further confirmation, we used the XRD Cu
peak at 43.38° (111) along with the TiO, anatase phase
peaks at 53.84°, 53.35° and 53.20° (105) and the rutile phase
peak at 27.4° (110) obtained variously at ambient pressures

of 107 and 1072, and 10° mbar to calculate the crystallite
0.94 4

B cos 6
D is the average crystallite size, 4 is Cu Ka wavelength
(0.1541 nm), g is the FWHM of the considered XRD peak
and 0, is the Bragg diffraction angle [25, 28]. The calculated
crystallite size, D =27.4 nm, using the peak at 53.84° at 10~
mbar pressure is comparable to the reported value [25] of
D =28.2 nm. The difference between the two values may be
due to slightly different concentrations of copper.

At 1072 mbar pressure, the crystallite size is increased to
D =46.4 nm. The calculated crystal size at 10° mbar anatase
phase is D=26.6 nm and for rutile phase it is D=53.4 nm,
comparable to the reported value [29] of D=52 nm. The
) where 4 is Cu Ko wave-

size using the Debye—Scherrer formula <D = ) where

crystal spacing [28] (d = ﬁ
length (0.1541 nm) and @ is the Bragg diffraction angle
remains unchanged at d=0.170 nm and calculated lattice
constants are a=b=0.378 nm and ¢=0.951 nm [25] for the
anatase phase at all the pressures on the other hand, the cal-
culated crystal spacing for rutile phase is found to be
d=0.325 nm and lattice constants are @ =b=0.459 nm and
¢=0.296 nm [30]. This surprising result may be due to the
similarity in ionic radius of Cu?* (0.073 nm) and Ti*"
(0.064 nm) ions which enables Cu* to replace Ti*" leaving
no change in crystal spacing of the anatase phase TiO, [26].
However, the enhanced oxygen vacancy concentration could
lead to the formation of CuO monomers which condense on
the existing CuTiO, particles in such a way as to enhance
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the crystallite size in directions other than the crystal spac-
ing leading to the rutile phase. This in turn results in a
decrease in the particle crystallinity and an increase in the
amount of amorphous material, preventing grain growth [26,
31]. Hence, we conclude that excess oxygen in the deposi-
tion chamber reduces the crystallinity of the
nanocomposites.

Figure 7 shows the photoluminescence (PL) spectra
of the deposited nanocomposites. The PL spectra were
recorded using an excitation wavelength A,, = 355 nm. The
observed PL spectra for all samples show the same PL peaks
at A=390 nm (E=3.18 eV) corresponding to the anatase
phase of TiO, and peaks at A =483 nm (E=2.56 ¢V) and
582 nm (E=2.13 eV) which occur due to surface states of
Ti** —~OH [32] and copper, respectively, because it intro-
duces new energy levels of Cu?*/Cu™ into the TiO, band
gap [32-34]. The new energy levels introduced by Cu?*/
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Fig. 7 Photoluminescence spectra of the deposited nanocomposites

Cu™ ions in TiO,, yield new PL peak at A=582 nm, along
with pure TiO, peaks, because of electron transfer from the
conduction band of TiO, to the new level introduced by cop-
per ions [32].

The increased concentration of oxygen at 1072 mbar
pressure, leading to faster formation of CuO compared to
CuTiO,, leads in turn to a slight reduction in the intensity
of the PL peaks. This happens because copper, with an elec-
tronegativity of 1.90, is more electronegative than titanium
(relative electronegativity 1.54) [35] and thus, in the pres-
ence of excess oxygen, CuO monomer formation reduces
crystallinity and hence the PL intensity. The absence of a
PL peaks at 10° mbar corresponding to the rutile phase TiO,
A =413.28 nm (E = 3.0 eV) may be due to its lower abun-
dance. However, the enhanced PL peak intensity (cf. Fig. 7¢)
is due to the abundance of smaller nanoparticles (10-20 nm)
which leads to a strong surface plasmon resonance result-
ing in strong emission [2]. The presence of nanoparticles
with PL peaks at 2.56 and 2.13 eV other than 3.18 for pure
TiO, shows that nanocomposites deposited with this method
could be better suited for applications in solar cell technol-
ogy because these particles can absorb photons in the UV to
visible range and a concomitant increase in solar cell conver-
sion efficiency [36].

4 Conclusions

The potential of the heterogeneous colliding plasma method
for the deposition of composite nanoparticles (CuTiO,) is
demonstrated. We have shown that the stoichiometry of
the deposited material can be controlled by controlling the
ambient pressure. Study of crystal lattice parameters shows
that anatase phase deposition of CuTiO, can be controlled
by ambient gas pressure because at higher ambient pres-
sure, (10° mbar) the rutile phase signature begins to appear.
A photoluminescence study of the deposited structure and
effect of plasmon resonance on PL intensity shows that judi-
cious pressure-controlled deposition of composite nanopar-
ticles could be useful for applied or possibly even industrial
purposes. This method of deposition also provides several
other parameters to control the stoichiometry and the mor-
phology of the composite nanoparticles such as the laser
pulse energy, wavelength, and pulse duration, distance
between the two seed plasmas, focal spot size, etc.
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