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Insights into microstructural evolution from nanocrystalline SnO, thin films prepared
by pulsed laser deposition
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Low-dimensional nanostructures of Sp@in films with the interesting features of the tetragonal rutile
structure have been prepared by pulsed laser deposition. The microstructural evolution of nanocrystalline SnO
thin films has been investigated using x-ray diffraction, transmission electron microscopy, high-resolution
transmission electron microscopy, and Raman spectroscopy. Experimental results indicate that the as-prepared
SnG, thin films appear to be of polycrystalline state, have a large amount of defects, such as oxygen vacancies,
vacancy clusters, and local lattice disorder at the interface and surface, and the appearance of a new Raman
peak. It suggests that this new Raman peak is closely related to a surface layer of nonstoichiomgtidtSnO
different symmetries than SpQor in other words, the new peak marks an additional characteristic of space
symmetry of the grain agglomeration of nanocrystalline gnle study of the microstructural evolution of
nanocrystalline Sngis significant for the understanding of the whole structure feature of nanomaterials and
for the fabrication of new nanomaterials with favorable properties.
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I. INTRODUCTION microstructure should inevitably change the physical and

Ighemical properties. Therefore, study of the microstructure
f grains can help us reveal the general structure of nanoma-
rials and explain the corresponding experimental results. It
G expected that the microstrucural evolution may represent
important building blocks for nanodevices and may offer ex-

Citing opportunities for both fundamental research and tech-

Low-dimensional systems, such as nanocrystallites, thi
films, two-dimensional heterostructures, clusters, and sun‘act
layers, demonstrate a variety of physical, chemical, and fun
tional properties different from those of bulk materiafs.
The influence of grain size on material properties is espe
cially remarkable for polycrystalline thin filmSTin dioxide, nological applications.

SnQ,, is ann-type semiconductor with a wide band gap  The Raman techniques can reveal local structural infor-
(Eg=3.6 eV, at 300 Kand well known for its applications in - mation on amorphous and poorly crystallized samples. Usu-
gas sensors? dye-based solar celfstransparent conducting ally, the disorder induces spectral changes, which are dis-
electrodes,and catalyst supporsin recent years, the nano- cussed in reference to the bulk crystal spectra and on their
crystalline SnQ has been reported to have some differentvibrational density of states. Tin oxide gives rise to well-
characteristics from the bulk crystals, and much attention hadefined Raman spectfaand the dynamics of rutilelike com-
been focused on the synthesis of Sn@anowires, pounds has been extensively studiéd® However, for
nanotubes$,nanorods?*and nanobeli-4and exploration nanocrystallites, the surface atoms represent a non-negligible
of their novel properties. A variety of methods, such asfraction of atoms and give rise to specific spectral changes.
sol-gel>1® chemical vapor depositiof;!¥ magnetron The corresponding frequencies of the optical modes have
sputtering!® sonochemicad® and thermal evaporatiod, been theoretically calculated and experimentally meastired.
have been employed to prepare Srifin films or nanopar- When the Sn@ grain size is small, the Raman spectrum is
ticles. The use of polycrystalline Sp@s transparent elec- modified, at least partially. Several authors have reported that
trodes and solid-state gas sensor is attracting much interefte existence of some Raman peaks, which have been found
with regard to the relationships between its electrical propto be closely related to grain siz&3? However, some of
erties and crystallite size? these reports cannot adequately explain the origin of the ab-
In the past few years, the interface and surface micronormal spectrum.
structure of nanomaterials have been extensively and inten- The purpose of this paper is to characterize the crystalline
sively investigated. Diversified types of interface-structurestructural changes and the microstructure evolution of nano-
models have also been proposed for nanostructurarystalline Sn@ thin films by x-ray diffraction(XRD), x-ray
materials$??>23such as the gaslike model and order and exphotoelectron spectréXPS), transmission electron micros-
tended order models. It is common that the peculiar propereopy (TEM), high-resolution transmission electron micros-
ties of nanomaterials are explained in terms of the interfaceopy (HRTEM), and Raman spectroscopy. We found that
and surface structures, while the effects from the microstructhere is an increase ia and a decrease in for the as-
ture of the grains are neglected. In fact, for different prepaprepared Sn@thin films prepared by pulsed laser deposi-
ration methods, the microstructure of nanomaterials can bgon. Interestingly, a new Raman peak was observed for the
nanocrystallite, nanoamorphous grain, or nanocluster agdirst. It suggests that this new Raman peak is closely related
glomerations with some crystalline features. Since the grainto a surface layer of nonstoichiometic Sn@ith different
are the basic components of hanomaterials, changes in thaymmetries than SnQ or in other words, the new peak
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marks an additional characteristic of space symmetry of thenonochromatized x-ray source of M radiation (hv
grain agglomeration of nanocrystalline SpO =1253.6 eV. The energy resolution was about 0.9 eV. All
the measurements were carried out at room temperature.

Il. EXPERIMENTS

. . IIl. RESULTS AND DISCUSSION
The target for pulsed laser depositi0BLD) was a sin-

tered Sn@ disk. The method employed to synthesize the Tin dioxide has a tetragonal rutile crystalline structure
pure SnQ@ powder is described by the direct oxidation reac-(known in its mineral form as cassiterjteith point group
tion at 1050 °C—viz., Sn+©-SnO,—carried out in a D} and space group4,/mnm The unit cell consists of two
horizontal quartz tube. SnGthin films were prepared by metal atoms and four oxygen atoms. Each metal atom is
pulsed laser deposition techniques. The circular target wasituated amidst six oxygen atoms which approximately form
consisted of high-purity cassiterite Sp(9.8%9. The size  the corners of a regular octahedron. Oxygen atoms are sur-
of the target was abouwt1l5 mmx4 mm, and it was cleaned rounded by three tin atoms which approximate the corners of
with methanol in an ultrasonic cleaner before installation toan equilateral triangle. The lattice parameters ae
minimize contamination. The laser used was a KrF excimee4.73824) A andc=3.18711) A.%/
laser (Lambda Physik, LEXtra 200, Germanyroducing Figures 1a), 1(b), and 1c) show x-ray diffraction pat-
pulse energies of about 350 mJ at a wavelength of 248 niierns of the commercial Sn(oulks, as-prepared, and an-
and a frequency of 10 Hz. The duration of every excimemealed at 300 °C for 30 min SpQhin films, respectively.
laser pulse was 34 ns. The laser energy was transmitted onfthe SnQ average grain sizes were calculated using the TEM
the target in a high-vacuum chamber through an ultravioleficrograph and the Scherrer formul=K\/B cos#, re-
(UV-) grade fused silica window using an UV-grade fusedspectively, whereD is the diameter of the nanoparticlds,
silica lens. During the experiment, the target was rotating at0.9, A (CuKa)=1.5406 A, andg is the full width half
a rate of 15 rpm to avoid drilling. The fluence was set atmaximum of the diffraction lines. Both results show that the
5 J/cnt per pulse, corresponding to a total of approximatelyaverage grain sizes of the as-prepared and the annealing
1.56X 10° laser pulses. The growth rate was estimated to b&n0, nanoparticles are about 8 and 12 nm, respectively. Fig-
about 3< 107* nm/s (or about 1um/h) and the as-prepared yre 2 shows a TEM bright-field image and the corresponding
thin-film thickness was about Am. The ablated substance selected-area electron diffractigBAED) pattern(insed of
was collected on a glass substrate, which was mounted ontge as-prepared Sphin film. The particle sizes observed in
substrate holder 2.5 cm away from the target. The highhe micrographs are larger than those estimated from XRD
vacuum in the deposition chamber was achieved by using gata, indicating significant agglomeration of the particles. As
cryopump(Edwards Coolstar 800The base pressure prior seen in the TEM bright-field image, there are many small
to laser ablation was about<110~® mbar, and the working particles of roughly spherical shape. The contrast of the par-
pressure during laser ablation was about Z0™® mbar. Al ticles in different regions of the TEM image indicates differ-
deposition processes were carried out at ambient temperant density, which may be related to the grain sizes. The
ture. olycrystalline diffraction rings of the SAED pattefimset in
Raman scattering measurements were obtained by backig. 2) also demonstrate the microstructural characteristics of
scattering geometry with a SPEX-1403 laser Raman speghe typical tetragonal SnOthin films (dy00=2.37 A, dy1
trometer. The excitation source was an argon-ion laser opee2.12 A, dg;,=1.50 A, andd,,,=1.32 A). The crystallites
ated at a wavelength of 514.5 nm in the backscatteringlose to Bragg orientations were recognizable by their dark
configuration and a low incident power to avoid thermal ef-contrast. The interplanar spacings agree well with those of
fects. XRD was performed with a Philips X’pert diffracto- the tetragonal rutile structure shown in Table I, and it con-
meter using CiKa radiation(1.5406 A in reflection geom-  firms the XRD data. For the as-prepared $iikn film [see
etry. Proportional counter with an operating voltage of 40 kVFig. 1(b)], it can be seen that the peaks were broadened. This
and a current of 40 mA was used. XRD patterns were reindicates that the SnOaverage grain size was smaller than
corded at a scanning rate of 0.05 def & the 29 ranges that of the bulk materials. For the annealing Srtfin film
from 15° to 65°. A Philips CM20 transmission electron mi- [see Fig. {c)], it can be seen that the peaks became sharp.
croscope operating at an acceleration voltage of 200 kV washis indicates that the SnpOaverage grain size increased
used to determine the grain size distribution of the thin filmswith heat treatment. It is known that, for the tetragonal struc-
HRTEM images of nanocrystalline Sp@ere obtained with  ture, the lattice parameters can be calculated by
a JEOL-2010 high-resolution transmission electron micro-

scope with a point-to-point resolution 1.94 A operating at e 1 (1)
200 kv, and with energy-dispersive x-ray spectroscopy i h2+k? |2’
(EDS). The lattice images and the agglomerate states of the a2 + 2

nanocrystalline SnQwere further carefully analyzed. The

x-ray photoelectron measurements were performed in a V@&hereh, k, and!| are all integers(hkl) is the lattice plane
ESCALAB MK-II electron spectrometer with a base pres-index, anda andc are lattice constants. For a real crystal, the
sure of 1X 1077 Pa. Clean sample surfaces were obtained byalculated values od andc are the same based on different
scraping themin situ with a diamond file in ultrahigh crystal planes. However, the presence of a large number of
vacuum. X-ray photoelectron spectra were taken by using &acant lattice sites and local lattice disorders may lead to
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FIG. 2. TEM bright-field image of the as-prepared nanocrystal-
line SnG thin film shows the fine grains of SpCthin films;
selected-area electron diffractiofBAED) pattern (inse) corre-
(110) sponding to the tetragonal rutile structure shows the microstructural
characteristics of the polycrystalline Sp@in film.

(101)

lead to an increase ia and a decreases m

Figures 3a), 3(b), and 3c) show the room-temperature
Raman spectra of the commercial Snulk materials, as-
prepared, and annealed at 300 °C for 30-min nanocrystalline
SnG, thin films, respectively. In general, Sp@ith the rutile
(©) structure belongs to the space grddjf, of which the nor-
mal lattice vibration at thd" point of the Brillouin zone is
given as follows on the basis of group thedtfy:

Intensity(arb.units)

(220)(002)

110
am I'=T3(1Ay) + T5(1As) + T5(1Byg) + T(1Byy) + T5(1E,)

+ FI(lAZu) + 21_‘4_1(Blu) + SFE(EU) (2)

In order to investigate the characteristics of Raman spectra,
Fig. 4 depicts the symmetries of the optic modes of the rutile
structure for zero wave vector. Among these vibrations, the
symmetry Ay, and B;, modes are optically inactive, while
symmetryA,, andE, modes are infrared active. The remain-

20 30 40 50 60
20 (deg.)

TABLE I. Relationship of the interplanar spacifdy,;) of index

FIG. 1. X-ray diffraction patterns of Sntthin films. (a) The  (hkl) in the direct lattice for different samples.

commercial Sn@bulks, (b) the as-prepared Sp@hin film, and(c)
annealing Sn@thin film.

Ref. 27 As-prepared thin flms Commercial bulks

] S N ) Samples dyy (A) dng (A) A (A)
obvious reduction in intensitig®r even the disappearance
of the XRD peaks of the some lattice plarfesg., the lattice 110 3.347 3.3608 3.3422
planes(200), (220), (002, (310, etc., in Fig. 1b)]. There- 101 2.6427 2.6536 2.6347
fore, these results imply destroyed periodicities in some crys- 200 2.369 2.3720 2.3660
tal planes and a significant distortion of the rutile lattice. We 111 2.3094
have calculated the lattice parameters with different samples 5, 21189
using Eq.(1). The resqlts haye been shoyvn m_TabIe Il. Fror_n 011 1.7641 1.7667 1.7603
Table II, we can easily notice the relationship of the grain
sizes with the changes of lattice parameters. Comparing Ref. 220 1.6750 1.6823 16738
27, the commercial SnObulks, and the as-prepared nano- 002~ 1.5934 1.5964 1.5901
crystalline Sn@ thin film, we found that there is an increase 310 1.4984 1.4932
in a and a decrease infor the as-prepared Sn@hin films 221 1.4829
prepared by the PLD method. This implies that the as- 112 1.4392
prepared thin films may exhibit a large number of oxygen 3pq 1.4155

vacancies, vacancy clusters, and local lattice disorder, which
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TABLE Il. Relationship of the lattice parameters for different
samplest A (a)

Samples  Ref. 27 As-pepared thin films Commercial bulks

aj10(A) 4.733 4.753 4.727
azg (A) 4.738 4.744 4.732
Aa(A)  -0.005 0.009 -0.005
Cro1.110(A)  3.186 3.198 3.173 5
Cio1-200(R)  3.184 3.201 3.172 E %
Ac(A)  0.002 -0.003 0.001 ’

%110 and aygg are calculated with XRD peakgl10) and (200), 1 b . L
respectively;Cyp1-110 @nd Cig1.000 are calculated with XRD peaks
(101, (110), and(200), respectively;Aa and Ac are the difference
of aj19 @09 @ndcgy.209 respectively.

(b)

ing optic modesAyy, Byg, Byg, andE, are Raman active in
first order with the polarizability tensofs:

Intensity (arb.units)

ao0o c 0 O
a(Mg) =0 a 0, a(By)=|{0 -c O,

00b 0O 0 O

0O foO 0o0d
aBy)=|f 0 O, a(Ex)={0 O d|[. (3)

00O ddo

It can be seen from Fig.(B) that the Raman intensity is
strongest for the modé,, at 636.3 cm?, followed by the
modeB,, at 780.9 cmi! and the modé, at 474.1 crt'; the
data ofA,4, Byg, andEy modes are in agreement with those
observed in a previous repGtt.Thus the Raman spectra
show the typical features of the rutile phase for the as- E
prepared Sn@thin film. However, the variation of the mode
B,y cannot be measured in the present experiments. It is that
the modeB, 4 appears quite often with smaller nanoparticles,

but is difficult to locate due to its very low intensity with 400 300 00 00 80 90
respect to the other modgs.g., 0.001 (A,y)] (Ref. 33 and . 1
the existence of the low-frequency bands. The remarkable Raman shift (cm™)

aspect of the Raman spectrum for the as-prepared 8n®

film [see Fig. &)] is the appearance of a new Raman peak at FIG. 3. Room-temperature Raman spectr&pSn0; bulk ma-
about 516.1 cm. This new Raman peak has not been 0b_terlals,_(b) the as-_pre_pared nanocrystalline Sn@in film, and(c)
served in the previous reports. In order to explore whether ofnealing Snothin film.

not this new Raman peak comes from the nanocrystallin%artide dimensiongprepared by PLD techniqugsr due to
SnG,, the as-prepared SpChin film has been annealed at ne conversion from amorphous to crystalline material. How-

300 °C for 30 min. Figure @) shows the Raman spectrum ever, since the SnOnanoparticles are crystalline for the
of the nanocrystalline Snghin film annealed at 300 °C for complete range of sizes analyzed in the present work, the
30 min. The remarkable aspect of the Raman spectrum igppearance of this new peak cannot be related to the amor-
that this new Raman peak disappears in annealing,®m@®  phous to crystal transition. Therefore, the contribution of this
film. This result agrees well with the theoretical predicationnew peak may be considered a consequence of reducing par-
that the vibrational modes have been investigated in théicle dimensions and hence the abnormal behavior of the
high-frequency region of 542—-486 chby Diéguezet al3*  surface and interface of nanocrystalline $SnO

Thus we attribute this phenomenon to the microstructural In fact, the Raman active is sensitively dependent on the
evolution which results to the surface disorder of nanoparsurface disorder—e.g., the oxygen defects and composition
ticles in nanocrystalline Snhin films. In theory, this vi- in the surface region. Figuresa and %b) show the O &
brational mode can be attributed to disorder activation of theore-level spectra of the as-prepared nanocrystalline,SnO
Raman forbidden mod&The appearance of this new peak thin film and annealed at 300 °C for 30 min, respectively.
indicates that it arises either as a consequence of reducirigspection reveals a dominant G Imaximum at about
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FIG. 5. O I core-level XPS spectra of nanocrystalline SnO

thin films. (a) As-prepared Sn@thin film and (b) annealing Sn®
thin film.
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FIG. 4. Symmetries of the optic modes of the tetragonal rutile

structure for zero wave vector. Labeling is in the notation of Mul-

liken, in parentheses, of Koster. Doubly degenerate modes are ind?NC:- When the grain size is small, the number of surface
cated by a (2)" preceding the Mulliken symbol. atoms increases greatly; for example, the surface atoms com-

prise 3% of the total number of atoms when the grain size is
530 eV binding energy. It was found that the peak position at00 nm and 30% when it is 10 n#fi.Surface atoms are dif-
about 530 eV was hardly shifted with heat treatment withinferent from the inner atoms with respect to the environment
the rangg0.9 eV) of the energy resolution. That is, the @ 1 of the crystal field and the binding energy and have a very
peak energy for the as-prepared sample was 529.9 eV shoW@&ge number of dangling bonds, their coordination is not
in Fig. 5a) and 530.1 eV for the annealing sample shown incompleted, and they very easily combine other atoms. There-
Fig. Xb). It was also found that the peak line shape seemeépre, a clear shoulder peak appeared in the as-prepared nano-
to be asymmetric and a satellite structure existed in ascrystalline SnQ thin film. The energy-dispersive x-ray spec-
prepared nanocrystalline Sa@hin films. It is noted that, for troscopy recorded on the as-prepared nanocrystalline, SnO
the as-prepared nanocrystalline Sntin films, the O 3  thin films is shown in Fig. 6. EDS analysis of the sample
core level exhibits its major peak at 529.9 eV with a clearreveals that the as-prepared thin film is composed of
shoulder at about 2—3 eV higher binding energy shown i38.3 at. % Sn and 61.7 at. % O, which:&n=1:1.611 is de-
Fig. 5a). The half-peak widths were about 2.9 and 2.0 evparture to that of bulk SnO(Sn:0=1:2. The Cu peaks
for the as-prepared and annealing samples, respectively. Thgome from the Cu grids. The above results indicate that the
indicated that the peak width decreased with heat treatmemxygen vacancies and nonstoichiometic SG< 2) relating
and the shoulder peak disappears after heat treatment. It i@ the as-prepared nanocrystalline Srilin films in the sur-
suggested that the appearance of the clear shoulder peakface layer cause a large number of oxygen defects in the
Fig. 5a) was due to the surface effects of nanocrystallinesurface region.
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when the grain size is several nanometers, the main factor
deciding its shape may be the requirement of a minimum
interfacial energy. For fluids, the energy for a spherical inter-
face is minimum; for crystals, the external crystal face is the
Cu crystal face having the lowest interfacial energy. Therefore,
during the formation of nanocrystalline SpGn order to
maintain the minimum energy of the system, spherical
nanocrystals need to be formed and the crystal face should be
the one which possesses the lowest interfacial energy for the
Cu assembled grains. According to the above description, we
may consider the SnOnanocrystals as quasispherical. This
7 is also supported by the HRTEM photograph of Srib-
tained in Ref. 8, which showed that the crystals are polygons,
Energy (keV) most of which tend to be spherical. Synchronously, in our
. experiment, we found that many defects, such as vacant lat-
FIG. 6. EDS recorded on the as-prepared $tfn film. tice site, vacancy cluster, or local disorder at the surface and
) ) o ) interface of nanocrystalline SnQOcause the lattice distortion
In order to investigate the origin of this new Raman peak ang the lowering of lattice space symmetry.
as an indirect reasoning, Fig. 7 shows a high-resolution it js known that, in a disordered crystal, it is correlated
transmission electron micrograph of the as-prepared,SnQyith preventing atoms from vibrating in phase and prevent-
SnQ, particles are well crystallized and the nanoparticles argymmetry! Changes in the local symmetry of the crystal
characterized by a quasispherical shape. The inset at the bofroquce changes in some of the components of the polariz-
tom left-hand corner further exhibits a HRTEM image of aapjlity tensor, even for the normally forbidden vibration
single Sn@ nanoparticle in the as-prepared Sn@in film. It modes—i.e., due to the loss in long-range order all phonons
presents that the Sp@anoparticle is clearly crystalline with gre optically possible and the Raman spectrum should re-
a quasispherical shape. However, we found that nanocrystaiemple the phonon density of states. In an intermediate case,
line SnG, grains are often overlapped and connected withy ghift of the classical modes accompanied by broadening
two or three neighbors through necks in the as-preparegnq the appearance of some Sriorbidden modes should
SnG, thin film shown in the inset at the upper right-hand pe gpserved. This is indeed what occurs with motigs By,
corner. It indicates that there are the strong distortion of thg: andA,,. However, the band 516.1 dnsannot fit any of
crystalline structure and the higher degree of agglomeratiofhe SnG Raman-forbidden modes. The appearance of this
in the as-prepared SnGhin film. In general, when the grain new mode as a consequence of coupling between modes can-
size is greater than the micrometer range, its shape will dgyot explain the high contribution of this band observed in the
pend on the dynamics of the crystal growth process, andpectrum of the smaller nanoparticles either. Furthermore, it
is well known that the nanometer-sized crystalline materials
have a crystalline component forming the crystallite nucleus
and an interfacial component consisting of all the atoms situ-
ated at the grain boundaries between particles or at their
surfaces. The latter usually has several atomic layers in
which atoms are slightly displaced from the exact position
that would be suggested by the crystalline structure of the
material. Thus it is possible that this new Raman peak arises
from this surface layer of nonstoichiometric Sn@ith dif-
ferent symmetries from Sn323> When the nanoparticle
size is small, the volume occupied by the interface and sur-
face material increases with respect to the volume occupied
by core material. It has been shown that, in the extreme case
of single SnQ crystal, surface reconstruction in tig10)
surface involves up to three monolayers of atoms and the
presence of oxygen vacanciésThis gives rise to a nonsto-
ichiometric SnQ at the surface and this could be responsible
for producing this new peak. It is notice that this new peak is
observed in Sn@and not in other nanocrystalline semicon-

FIG. 7. HRTEM image of the as-prepared nanocrystalline Sno ductors may be due to the high reactivity of the Ss0rface
thin films shows its crystallinity. The inset at the bottom left-hand With environmental gase$.To sum up, for a nanocrystalline

corner further exhibits a HRTEM image of a single Sntanopar-  SnQ, grain, a large number of vacant lattice positions and
ticle in the as-prepared SpGhin film. The inset at the upper right- local lattice disorders can lead to a change in bond length as

hand corner shows the agglomeration state of Smoparticles in ~ shown Table Il, a space symmetry reductionDiﬁ, and an
the as-prepared Sp@hin film. obvious lattice distortion. The high Raman activity of the

CPS(arb.units)
N 5] &

—

<
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new vibrational mode for very small crystals, resulting fromand the appearance of a new Raman peak are the microstruc-
disordered Sn@ probably, from the interaction of surface tural evolution of the grain component and the lowering of
material, can be explained by the findings of Hama andattice space symmetry. Although the investigation of the
Matsubard and Hayashi and Yamamotd,which suggest properties of this material is in progress, it is believed that
that the Raman enhancement of the shell contribution ishe nanocrystlline Snothin films may be used to enhance
caused by the larger vibrational amplitudes and much higheihe performance of gas sensor devices. By choosing suitable
electric field in the shell than in the core. In conclusion, synthetic parameters, such as the various PLD conditions,
therefore, the disorder and nanoparticle size strongly influsubstrate temperature, distance between the substrate and the
ence the vibrational properties of this material. When thetarget, oxygen partial pressure in the chamber, the heat treat-
nanparticle size is small, the appearance of this new Ramament temperature and duration, heating rate, etc., may be to
peak is due to a surface layer of nonstoichiometric Snith determine the optimum conditions for the production of this

different symmetries from SnO material. Our findings indicate that timetype wide-band-gas
semiconductor nanocrystalline thin films can be manipulated
IV. CONCLUSIONS by using pulsed laser deposition techniques, offering new

) o opportunities to control material fabrication.
In summary, for the nanocrystalline Sp@hin film pre-

pared by the PLD techniques, it was found that the nanocrys- ACKNOWLEDGMENT
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