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Abstract

In this paper, we report on modification of the structural, optical, vibrational,
and surface morphological propertics of 2 MceV N't-ion irradiated WO4 thin
films at different Nuences (up to 1 x 10'% jons cm™). Although we obscrve
irradiation induced grain growth, no structural phase transifion tukes place in
the WQ3 (ihms. These are accompanied by a systematic reduction in the optical
band gap of the films. These observations are corroborated by our independent
micro-Raman and optical absorption spectroscopy studies. We have made an
attempt to correlate these results with MeV ion—matter interaction.

(Some figures in this articlc are in colour only in the clectronic version)

I. Introduction

Tungsten trioxide (WO3) is a transition metal oxide and has a wide band gap. WO3 exhibits
interesting optical properties, which arc important in the view of the recent interest in filters,
solid-state micro-batteries, and mirrors |1, 2]. It also has important applications in flat pancl
display devices, gas sensors, and optical smart windows |3-5]). Electrochromic windows with
an active clectrochromic layer of thin WO3 show improvements in both cnergy cfficiency and
comlort within buildings and vehicles by reducing unwanted solar heating and glarc. WO,
has the ReQs-type erystal structure which is composed of a network of corner-shared WOgq
aclahedron units [4]. ‘hese octahedron units are capable of forming clusters having different
types ol structures: (i) closed, spatial dense-packed structure, (b) closed, planar dense-packed
structure, and (¢) open chain-like structure composed of (he ring-membered 3, 4, 5, and 6
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aclahedrons.  In addition, reflectance and hence emittance modulation is also possible in
crystalline lungsten oxide at thermal wavelengths, creating possibilities for the development of
smart inlvared devices with applications in arcas such as the (emperature control of satellites,
where radiative heat (ransler is the prime mechanism [4]. Several growth techniques such
as clectron-beam cvaporation [6], sputtering [7], and pulsed laser deposition 8] are typically
cmployed for deposition of WO4 films. Al present, the modification of structural and optical
propertics of WOy films under different conditions is a matter of intense research, These include
heating, dircet current injection, ultraviolet (UV) irradiation, exposure to atomic hydrogen
or molecular hydrogen gas in contact with a catalyst, and irradiation by a beam of ions or
clectrons [4).

lon irradiation is a useful tool for impurity doping and dcfect production in materials,
which help 1o alter their structural, optical, magnetic, and vibrational properties with a high
spatial selectivity [9-- 11 ). Irradiation induced changes brought into the surface morphology of
malcrials also play a significant rolc in the casc of device fabrication. As far as WO, films
are concerned, the majority of studics have focused on irradiation induced cnhancement in the
clectrical conductivity of WO; films |7, 8, 12]. On the other hand, Wagner et al studicd the
N'-ion induced cnhancement in the refractive index and vibrational propertics of WQOj3 thin
films | 13]. Therefore, a lot more needs to be donc to understand the effects of ion irradiation
on the optical encrgy band gap and surface modification of thin WO3 films. These studies
will be extremely useful in assessing the viability of using WO; thin film based devices in
radiation-harsh cnvironments for extra-terrestrial applications.

In this paper, we report on 2 MeV N'-ion induced changes in the structural, optical,
vibrational, and surface morphological propertics of electron-beam-evaporated WO; thin films.
Far this purpose, we have used complementary characterization techniques such as x-ray
dilfraction (XRD), optical absorption spectroscopy, micro-Raman spectroscopy, and atomic
force microscopy (AFM), and have made an attempt to correlate these data. 'We obscrve
irradiation induced grain growth, a reduction in the optical band gap, a reduction in the
Raman peak intensitics, and an increase in the surface roughness. The results are attributed
o irradiation induced defect production,

.1(

2. Experiment

WO, thin films were grown on clean Corning 7059 microscopic glass substrates by electron-
beam evaporation of pelletized WOy powder (99.99%) under a chamber pressure of | x
1O % mbar at room temperature (RT). The thickness of the deposited film was in the range
~0.6 o The as-deposited (pristine) WO3 films are optically transparent, indicating that they
are at or closce (o the desired stoichiometry. This inference is corroborated by our independent
X-ruy photoclechion spectroscopic analysis [6]. ‘The films were uniformly irradiated by 2 MceV
N' jons (with a beam size of 1 x | ¢m?) at room temperature (RT) with fluences of | x 10'3,
I x 10", and 1 x 10" jonsecm™2,  All the samples were irradiated under a secondary-
clectron suppressed geometry. In order to minimize the irradiation induced sample heating,
the fQuxes of the incident ions were kept low (< 10'? jons ecm™ 2 s™'). Monte Carlo SRIM-2003
simulation | 14] predicts the projected range of the N jons in the WO; films to be 1500 nm
and hencee the ions arc expeceted to penctrate deep into the substrate. The electronic and nuclear
cnergy losses, Se and 8y, in WO5 filims corresponding to the 2 MeV Nt-jons are 1.6 x 1072 and
1.2 x 10 7 keV nm ™!, respectively, as obtained from SRIM calculations. Since the electronic
cnerpy loss is two orders of magnitude larger than (he nuclear encrgy loss, the incident N* ions
lose energy predominantly via inclastic collisions with the target clectrons.
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Figure 1, (@) X-ruy ditTraation patterns of WOy films before and afier 2 MceV anitrogen ion
rraddiation at various Quences and (b) variation in the ¢rystallite size (D) and the dislocation density
(d) versus N -jon [Tuence tor WO, filims.

lrradiaion induced changes in the WO, films were studicd by XRD using Cu Ko radiation
(A = 0,154 nm) over a 20 scan range of 35°--55°, Changes in the optical propertics of the WO4
films before and after N -jon irradiation were studied by an ultraviolet—visible—ncar-infrared
(UV-vis-NIR) spectrophotometer in the range 300-1000 nm. Micro-Raman measurements
were performed at RT using a 10 jem spot size of an Art-ion laser (A = 514.5 nm) with a power
ol 200 mW. The spectra were collected in the range 2001000 cm™! using a backscattering
geometry and a [LNa-cooled CCD. Irradiation induced changes in the surface morphology of
the films were studied by AFM with a silicon nitride cantilcver operated in tapping mode.

3. Results and discussion

S Strinctnral studies

XRD patterns of the pristine and the irradiated WO+ films are shown in figure I(a). It is seen
Crom the XRD pattern of the pristine WO film that the intensity of the peaks is very low

>
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and they are broad as well, which suggests that the film consists of very small crystallites.
The crystalline nature ol the films is clearly evident from the XRD patterns of the irradiated
WO3 lilms, and the obscrved d-spacings match closcly to the monoclinic phase [15]. We
also do not observe any structural phase transition to take place in the films due to irradiation
up to the highest fluence of 1 x 10'% jons cm™2, It can be mentioned that Miyakawa et al
L8] reported a monoclinic-to-tetragonal phase transformation in WO; films by either proton or
helium implantation. They also reported that the critical fluence for phase transformation differs
for H' and He* ion implantations, namely 2 x 10'7 and 1 x 10'7 ions cm™2 respectively [8).
In the present case, comparison with the JCPDS data shows that only a small change takes
place in the latice parameters (@ = 0.730 nm, » = 0.770 nm, and ¢ = 0.772 nm) of the
WO, films irradiated up to the highest fluence [15]. Such a negligible change in the lattice
parameters implies only a slight distortion in the W-O framework upon N*-ion irradiation. On
the other hand, the increasing peak intensity and narrowing of the peaks could be indicative of
irradiation induced grain growth. This is clearly obscrved from figure 1(b) as an incrcasc in
the average crystallite size (1) and the decreasing dislocation density (8) of the predominant
peak [(222)] with incrcasing ion fluence. It can be mentioned herc that D is defined as
0944/ cos U (Scherrer formula) [16], where B is the full width at half maximum (in radians)
of the XRD peak and § is defined as 1/D? [17). In addition, according to the thcory of
kinematical scattering, x-ray diffraction peaks get broadened cither when cerystallites become
smaller than about a micrometer oril ladice defects are present in large cnough abundance | 18],
The observed broad peak of the pristine sample (figure 1(a)) confirmed the smaller crystallite
size, as reported in figure 1(b). Normally, during ion irradiation, two competing proccsses
occur simultancously: onc is the gencration of vacancies, agglomeration of vacancies and
then collapse into dislocation loops; the other is their annihilation at the possible sinks. With
increcasing ion fluence, though more vacancics are crcated, the annihilation rate of vacancies
also increases as the sink density increases with irradiation. Hence, a decrease in dislocation
density was observed with an increase in the ion fluence.

3.2. Optical abxorplion siudies

Figure 2 shows the optical absorption spectra of WO, films before and after nitrogen ion
irridiation. ‘The absorption spectra obtained from the irradiated films show the interference
pattern with a sharp increcase in absorption at the band edge, which indicates the good
crystdlinity of the films. It is clcarly scen that there is an increase in optical absorption
wilh increasing ion fluence, which is caused by free-carrier absorption corresponding to an
increase in the conductivity |19, 201, One can also observe from these spectra (figure 2) that
the absorption edges shift towards higher wavelengths, indicating a systematic reduction in the
oplical bund gap (£,) of the films wilh increcasing ion fluence (insct). It may be mentioned
that intrinsic absorption in a semiconductor occurs in the vicinity of its cnergy band gap. In
addition, the fundamental absorption cdge of semiconductors corresponds to the threshold for
charge transitions between the highest ncarly filled band and the lowest ncarly empty band.
The optical absorption cocfficient, o is rclated to the cnergy band gap and is given by the
cquation [211]:
ahv = B(hv — E,)",

where B is a constunt and [, is the optical encrgy band gap. The exponent n has the
values 0.5 and 2 for direct and indirect band gap, respectively. [t is clearly seen from the
above cquation that the fundamental energy band gap depends on the variation in the optical
absorption cocfllicient. Hence it is concluded that the red-shift in the optical absorption cdge
duce to the ion induced cffect causces the variation in cnergy band gap of the films.
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Figure 2. Optical absorption spectra ol the WO, {ilms belore and alter nitrogen irradiation at
ditferent fluences. “The inset shows the variation in the energy band gap of WO3 (ilms with ion
Nuence. '

Normally, WO, is an indircct band. gap system and hence the plot of (@hv)'/? versus
lto (Claue plot’) is expected 1o show lincar behaviour in the higher-encrgy region which
corresponds to a strong absorption ncar the absorption edge. Extrapolating the linear portion
Lo the zero absorption edge results in the optical energy band gap of the films. 1t is obvious
that high-cnergy ion irradiation produces point defects such as vacancies, antisite defects and
interstitials, causing lattice damage. Hence, the reduction in band gap with increasing ion
fluence may arise duc to the effect of band tailing, owing to the defects produced during
irradiation.  In fact, the high-cnergy ions excite the electrons from both the lone pair and
bonding states to the higher-cnergy sfates. Vacancics created in these states arc immediately
lilled by the outer clectrons wilth Auger processes that, in turn, induce more holes in the lone
pair and bonding orbital, lecading to a vacancy cascade process. The vacancics occupicd by
clectrons act as donor centres, which are responsible lor broad band absorption, These donor
centres are in the Torbidden gap and form a narrow donor band at about 0.3 ¢V below the
conduction band. Thus, N-ion induced defects give rise 1o localized states near (he band cdges
and, as a consequence, the energy gap (3.05 eV) of the pristine sample becomes modified.
This modification is presumably associated with the lowering of the conduction band cdge
and pushing up of the valence band edge symmetrically, which is attributed primarily to the
Moss -Burstein shift in semiconductors. This lcads to a decrease in the optical band gap of
the irradiated WO; films. as shown in inset of figure 2. The inset shows that the observed
band gap vilues are 2,68, 2.60, and 2.52 ¢V, respectively, corresponding to the fluences of
I x 10", 1 x 10", and 1 x 10'3 jons cm ™2, respectively.

3.3, Vibrational and surface morphological properties

The Raman spectra of the pristine and the irradiated WQO4 films are shown in figure 3. As
nicntioned carlier, WQ5 consists of a network ol corner-shared WQg¢ octahedra units, which
are capable of forming clusters. ‘These clusters are supposed to be connected to cach other
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Figure 3. Micro-Raman spectra of the WOy films before and after N *-jon irradiation at various
fluences.
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Figure 4. Variatipn in the Raman peak areas of the WO, lilms wilh N'F-jon fluencq.

by O-W--O arains with termjnal W=0 bonds at the boundaries [22, 23]. The obscrveg broad
peaks at 670 and 806 cm ' are assigned to the O=W-0O modes and the peak at 95¢ cm!
corresponds to the W=0 stretching mode of terminal oxygen, possibly on the surface of the
cluster. A similar appearance of the Raman peaks was reported by Danicl et al [23] for a
monaoclinic WO, film, which is consistent with our present XRD analysis. It can be mentioned
that Salje | 24] reported a chunge in the Raman spectra of crystalline WO5 to be caused due (o
A phase transition, although Shigesalo ef al |25] observed that the location of the Raman pcak
at 807 em s hardly affected duc w the structural phasc transition. Comparing the Raman
spectra ol the pristine sample with the irradialed samples, it is clear that the shift in the peak
positions is rather insignificant, which suggests that no structural phasc transition takes place
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Figure 5. Atamic foree microscope images before and after N*-ion irradiation at various fluences:
() AEM image (500 nm x 500 nm x 60 nm) corresponding to the pristine WO film; (b) AFM image
(500 nm x 500 nm x 100 nm) obtained from a WO; film irradiated ata fluence of 1 x 10" N* em—2,

in the WO, tilms upon ion irradiaticn. However, the relative intensity (peak height) of the
Raman lines decreases with inereasing ion fluence, which is similar to the results observed
for 6.8 MceV N'-ion irradiated WO, films [13]. This can be interpreted on the basis of the
clectronic screening of phonons in conjunction with intraband activity within the framework of
the proposced band structure in the metallic state [26]. In addition, the Raman peak widths also
increase (as shown in ficure 3), since the phonon lifetime reduces whenever an increase in the
defeet density takes place in a lattice. '

Kubo and Nishikitani reported that the ratio of integrated Raman scattering intensities of
the We=0 band to that of the O-W--0 band can be employed as a measure of the cluster size, and
concluded that the quantity of W=0 is inversely proportional to the cluster size [271. Therefore,
a decrease in intensity of the W=0 peak with increasing ion fluence may be indicative of
increasing grain size of the films, which is clearly seen from figure 1(b).

In order to have a better insight into the role of N-ion irradiation of the WOj3 films, we
now try to correlate our Raman data with the other measurements. As a first step, we plot
the variation in the area under the different Raman peaks of the WOs; films (figure 4). 1t is
observed that the area under all the Raman peaks decreases with increasing ion fluence. The
arca under a Raman line may reduce due to deterioration in the translational symmetry of the
WO, erystal caused by irradiation induced lattice disorder [28]. This is supported by our XRD
measurements, where we observe an irradiation induced distortion in the W-0O network. In
addition, a reduction in the peak arca of different Raman lines is correlated with a'decrease in
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the optical band gap [29], which is indeed true in our case as well. Further, the optical band
gap also shows a tendency to decrease when the W=0:0-W--O ratio reduces [27], which is
consistent with our results. yielding a decrease in the E, value with decreasing intensity of the
W=0 band.

In addition, the average root mean square (rms) surface roughness of the films increascs
with ion fluence. For instance, the average rms surface roughness of the pristinc sample is
3.7 nm, which increases up to 7.4 nm for the irradiated films at a fluence of 1 x 10'3 jons cm™2.
This is casily realized by looking at the AFM images shown in figurc 5. As pointed out
carlicr, the cffects of 2 MeV N jons would be governed by the clectronic excitation, which is
responsible for the changes in the irradiated films. Normally, it is expected that the electronic
excitation will not cause any movement of atoms because it is typically known to cause either
excitation or ionization, However, WO; films arc insulating in nature and, according to the
Coulomb cxplosion model, the positive charges generated by the incident jon along its path
may causce atomic motion duc to the Coulomb force [1 1, 30].

4. Summary and conclusions

In conclusion, we have studied the modilications in the structural, optical, vibrational, and the
surface morphological propertics of WO+ thin films irradiated with2 MeV N jons. We observe
irradiation induced grain growth in the films by XRD analysis, although no structural phase
transition takes place due 1o irradiation up to the highest fluence of 1 x 10'% jons cm 2. These
observations are corroborated by Raman studics. Optical studies show an increase in the optical
absorption and a systematic reduction in the band gap values of the films with increasing ion
luencee, which is associated with N-ion induced defects, leading to the production of localized
states near the band edges and in the energy gup of WO4. This trend is further correlated with
the Raman studies, where we observe a deercasing intensity of thc Raman peak of W=0 band
wilh increasing ion {luence,
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