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ABSTRACT

Tailoring the blue photoluminescence (PL) in Al-doped ZnO (AZO)/TiO2 heterostructures is
demonstrated by controlled induction of shallow defect centres by 50 keV Ar*-ions. This is
established by a combination of temperature dependent PL and electron paramagnetic resonance
spectroscopy. The dominant blue-violet PL in as-grown sample comprises of a near band-edge
emission, along with a peak associated with radiative recombination of the electrons in shallow
donor levels (Zn interstitials) and the holes from the valence band. However, the evolution of an
additional yellow-green PL band at a fluence of 1x10'° ions/cm? is governed by the deep donor
levels, particularly ionized oxygen vacancies. The irradiation at 1x10%® ions/cm? further leads the
formation of Zn vacancies (shallow acceptors) owing to the development of O-rich surface. The
structural modifications of these samples have been investigated by FE-SEM, TEM, and

Rutherford back-scattering. While small micro-cracks are found at a fluence of 2x10%® ions/cm?,

the formation of graded-layers is obtained at the highest fluence of 5x10% ions/cm? owing to



ballistic intermixing and diffusion of the constituents. Detailed investigation suggests that a
significant amount of Ti atoms is diffused in AZO by complete deterioration of the AZO/TiO;

matrix at the highest fluence.
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INTRODUCTION
Successful fabrication of low dimensional transition metal oxide devices involves in-depth
knowledge of defects, especially oxygen vacancies (Vo). Among various metal oxides, both Al-
doped ZnO (AZO) and titanium oxide (TiO2) are attractive candidates for exploring V, for wide
range of technological applications, such as light emitting diodes,*® solar cells,*® memory
storage,”® etc. In particular, the growth of an AZO film on TiO2 leads to the formation of a type-
Il heterostructure owing to their close matching of bandgaps with an extraordinary charge
separation capability by lowering recombination rate.>° This bilayer structure is now considered
to be promising even in the field of water splitting’® and photocatalysis,'* though the charge
transport is significantly influenced by the point defects, especially at their interface. The
chemical stability and the tolerance to nonstoichiometric phases of the individual material also
make them flexible for tailoring interstitials/vacancies in a desired way without compromising
the material properties. Previously we reported the role of V, in nanostructured TiO; for
controlling the functionality of the resistive switching devices,'? and for tuning the wettability
and optical bandgap.*>4

In case of nonstoichiometric ZnO (i.e. Zn-rich or O-rich ZnO), previous theoretical
investigation revealed that the formation energy of defects, calculated as a function of respective
Fermi level, usually dictates them to be charged.'>® However, it is difficult to precisely
determine the formation energy of defects as the position of Fermi level in ZnO strongly depends
on the doping type and its concentration.® For instance, in n-type ZnO, V, and Zn interstitial
(Zn;) are deep and shallow donors and are having high formation energies, whereas Zn vacancies
(Vzn) are deep acceptors with low formation energies and in turn act as compensating centres.®

Oba et al.*® on the other hand, revealed that both V, and Zn; have very low formation energies



and thus serve as source of hole compensation centres in p-type ZnO, provided Fermi level is
low.

In this context, photoluminescence (PL) spectroscopy is known to be a very sensitive and
powerful technique to track the existence of defects in metal oxides like AZO and TiO2, and to
understand the nature of sub-band gap states generated either by perturbing the crystal
structure,!’ doping with foreign elements,'®° or by directly introducing V, and/or interstitials in
the matrix.2?2 For example, Lin et al. reported an intense blue and green, and faint yellow-
orange luminescence band in ZnO nanostructures, and attributed this in the light of deep level
defects,?® particularly Zni, ionized Vo (V;5/V,t*) and oxygen interstitials (Oi). In a similar
fashion, anatase dominated TiO> nanostructures also provide a smooth PL signal, positioned at
about 416 nm, where the involved mechanism is discussed in terms of the charge-transfer
process from the conduction band to the localized self-trapped exciton states, in the presence of
Vo.2! Although previous studies have tried to understand the nature of defects and their
corresponding impact on PL characteristics, detailed investigation of V, and/or impurity driven
localized electronic states in both TiO2 and AZO, in conjunction with in-depth understanding of
the PL properties of the AZO/TiO> heterostructure are still scarce. Using a bilayer structure adds
more complexity, particularly at the interface due to the possible diffusion and intermixing of the
constituent elements in each layer as a result of annealing or radiation exposure. In this respect,
low-energy ion bombardment is an ubiquitous surface science technique due to its capability to
control the evolution of V, in a predetermined depth, and also their spatial distributions by
proper selection of ion species, energy and fluence. Samples can be systematically examined by

low temperature PL spectroscopy immediately after bombardment.



In this article, we report the impact of 50 keVV Ar* ions in forming V, in the AZO layer
grown on top of a thin amorphous TiO> layer and their possible role behind the visible range PL
emission at room temperature (RT). Further, temperature dependent PL analysis has been
carried out in the range of 15 to 300 K to shed light on the involvement of ion beam induced
defects, especially Zn;j and Vo. We also show the tolerance limit before reaching the extreme
condition by developing micro-cracks via formation of voids and local evolution of a graded
layer by heavy mixing of the constituent elements of AZO and TiO2 films at a fluence of 5x10'®
ions/cm?. Such ion fluence dependent Vo and Vzn in AZO/TiO2 heterostructures have been found
to be singly charged according to low temperature Electron Paramagnetic Resonance (EPR)

study.
EXPERIMENTAL

About 10 nm thick amorphous TiO> layer was grown at RT on ultrasonically cleaned Si
substrate (area 1x1 cm?) by radio frequency (RF) magnetron sputtering (Excel Instruments)
using a 100 W power supply. Highly pure (99.999%) oxygen and Ar gases were injected into the
vacuum chamber (base pressure ~10~" Torr) with a flow rate of 12 sccm and 30 sccm,
respectively, to maintain the working pressure of 8 mTorr during deposition from a 2 inch
diameter and 6 mm thick TiO, target (MTI corp., purity 99.99%). The substrate-to-target
distance was kept at 13 cm with a substrate rotational speed of 9 rpm to have a uniform film
thickness. Subsequently, about 95 nm thick AZO film was grown on TiO; at RT from a 2 inch
diameter and 6 mm thick AZO target (MT]I corp., purity 99.99%) by RF magnetron sputtering
using 50 W power supply. Highly pure Ar gas (99.999%) was introduced into the vacuum
chamber with a flow rate of 30 sccm, while the working pressure was maintained at ~5 mTorr

during entire AZO deposition process. The substrate-to-target distance was kept at 8 cm and the
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substrate rotational speed was 12 rpm. We should note here that TiO2 and AZO have different
sputtering yields, therefore growth parameters are optimized accordingly. Moreover, no post
annealing or heat treatment was carried out on the AZO/TiO, samples. Following this AZO/TiO;
heterostructures were bombarded eventually with 50 keV Ar*-ions under normal incidence at RT
(schematically shown in Fig. 1), keeping a constant beam current of ~1 uA and fluences in the
range of (0.1-5)x10% ions/cm?.

The surface morphologies of the AZO/TiO./Si heterostructures have been studied before
and after Ar*-ion irradiation using field-emission scanning electron microscopy, FE-SEM
(TESCAN MIRA-II). The chemical compositions and film thicknesses were extracted by
analyzing the RBS (random) spectra, where the data were recorded by using 2 MeV He" ions
produced by 1.7 MV Pelletron accelerator at the Inter-University Accelerator Centre (IUAC),
New Delhi. The visible range PL measurements were performed in the temperature range of 15—
300 K by mounting the sample in a closed-cycle helium cryostat, while the samples were excited
by a 30 mW He-Cd laser (325 nm wavelength). Moreover, ion beam irradiation induced
structural evolution along with intermixing of bilayer films were examined by cross-sectional
TEM (XTEM) using a Tecnai FEI (Cs corrected). Here, all TEM specimens were prepared by
Focused lon Beam (FIB Helios dual beam) after depositing a Pt layer on the sample surface in
order to protect the top surface. In addition, EPR experiments were carried out at the Dresden
High Magnetic Field Laboratory (Hochfeld-Magnetlabor Dresden, HLD) of Helmholtz-Zentrum
Dresden-Rossendorf (HZDR) with the help of an X-band “Bruker Elexsys E500” EPR
spectrometer operating in the range of 9.35 to 9.40 GHz and equipped with “Oxford
Instruments” helium-4 flow-type cryostat with a lowest accessible temperature of ~2 K. The data

were recorded for a microwave power of 1 mW and 5 Oe field modulation amplitude.



RESULTS AND DISCUSSION

Prior to Ar-ion exposure, the penetration depth of ions and vacancy distribution were estimated
by Stopping and Range of lons in Matter (SRIM 2013) calculations.?® A typical depth dependent
vacancy distributions profile in AZO film is shown in Fig. 2, revealing the formation of both Zn
and O vacancies within 80 nm and dominance in the range of 20—30 nm from the surface.
Typical plan-view FE-SEM image of as-grown AZO/TiO> heterostructure is displayed in Fig.
3(a), showing that the AZO surface is made of small grains with an average diameter of ~15 nm.
Further, 50 keV Ar*-ion bombardment leads to the gradual increase in roughness. Micro-cracks
which are visible after irradiation with a fluence of 1x10® jons/cm? [Fig. 3(b)] are found to be
transformed to a wrinkle-like pattern at a fluence of 2x10%® ions/cm? [Fig. 3(c)]. Further increase
in ion fluence up to 5x10% jons/cm? leads to complete deterioration of the AZO/TiO:
heterostructure owing to preferential sputtering of surface atoms followed by the formation of
large voids (70-80 nm in diameter) in Si substrate, as evidenced from Fig. 3(d).

For microstructural investigation of AZO/TiO> structure with increasing ion fluence,
detailed XTEM have been carried out of some selected samples. As can be seen in fig. 4 (a), low
magnification XTEM of as-grown AZO/TiO./Si sample revealed the smooth and conformal
growth of AZO film which is located in between the Si substrate and Pt layer though it’s hardly
shows any signature of TiO film owing to very low thickness. We should note here that a thin Pt
layer was grown prior to TEM sample preparation for protecting the top surface of AZO. The
average thickness of AZO film, measured by imageJ software using spectra is found to be around

~102 nm. However, high resolution TEM (HRTEM) image of dashed circular region [Fig. 4 (b)]



not only confirms the crystalline nature of the AZO film but also clearly evident the existence of
thin amorphous TiO> film with average thickness of 10 nm. Closed inspection, further confirmed
the formation of very thin (4.5 + 0.5 nm) native oxide SiOx layer at the TiO/Si interface which
originated due to the diffusion of oxygen radicals during the growth of TiO> film.

Moreover, the XTEM image of the AZO/TiO: heterostructure after bombarding with a
fluence of 1x10%® ions/cm? is displayed in Fig 4(c), indicating a significant reduction in AZO
film thickness (~92 nm) due to sputtering of AZO layer. Close inspection further revealed a
surprising enhancement in the underneath TiO> thickness from ~10 to 14 nm [see Fig. 4(d)]. We
believe that this could be due to ion beam induced swelling of the TiO2 film because of out-
diffusion of oxygen atoms from the native oxide layer for reducing the difference in chemical
potential at their interfaces.

Further increase in ion fluence up to 5x10% ions/cm? leads to complete degradation of the
AZO/TiO2 matrix in conjunction with evolution of voids [see Fig. 4(e)]. This is clearly visible in
HRTEM spectra as shown by Fig. 4(f), acquired at dashed circle in Fig. 4(e), indicating the
formation of bigger voids within the range of 40-50 nm along with small ones. This is consistent
with our SEM results. In particular, the evolution of such bigger voids can be results the
coalescence of smaller ones bombarded at a fluence of 5x10'® ions/cm?. In addition, ion
irradiation causes the intermixing of AZO and TiO> layers by formation of Ti, Zn and O rich
graded layers and reduction in overall film thickness of 65 + 5 nm though its not uniform
throughout the surface. [see Figs. 4 (f)]. Close inspection of the spectra further revealed the
evolution of amorphous layer near the surface of Si substrate, enriched with O up to a depth of

~52 + 2 nm from the surface.



In order to study the modification of average thickness, atomic density, and chemical
composition of the bilayer structure, RBS spectra were recorded before and after ion beam
exposure, as exhibited in Fig. 5. The chemical composition of the films and (areal) atomic
densities of the constituent elements were extracted by fitting the RBS spectra using Rump
software?* (shown in Fig. 6), where the values are summarized in Tables | and Il, respectively.
As discerned from Fig. 5, the Si edge was clearly shifted towards higher channel number with
increasing ion fluence and it became severe at 5x10% jons/cm? (shown by dashed arrow). Close
inspection suggests a gradual reduction of the Zn and Ti peak intensities in conjunction with a
shift in Ti edge towards higher channel numbers, especially above a critical fluence of 1x10
ions/cm?. The shift of Ti peak towards Zn is equally related to the increasing growth of SiOx
layer on Si substrate. This could be a signature of the systematic reduction of average film
thickness of AZO from its initial value of ~101 nm to ~90 nm (using average density of 7.3 x
10?2 atoms/cm®) due to sputtering loss of Zn and O atoms from the surface, in parallel to
interfacial mixing of the TiO> film with increasing ion fluence up to 2x10% ions/cm? consistent
with our XRTEM results. This is though not applicable for 5x10% jons/cm? fluence as the
AZOITIiOz heterostructure was found to be entirely degraded [see Fig. 4(f) for clarity]. However,
this effect is not that prominent up to a fluence of 1x10® jons/cm? owing to the relatively high
bonding/cohesive energy of O in TiO; (-9.79 eV) than that of ZnO (-7.52 eV),%? and also for
having almost 10 times large ZnO film thickness with respect to TiO. Indeed, the observed
broadening of the Ti peak at 5x10% ions/cm? can be explained in the light of the diffusion of
segregated Ti into the remaining AZO. In order to understand the phenomenon, it is now
important to check the oxygen edge with increasing ion fluence, though it is clear in Fig. 6. As

discerned from Fig. 6(a), the O signals from the AZO and TiO: films are overlapped in the RBS



random spectrum and thus provide a broad O peak, though the contribution is more from the
AZO film because of higher thickness. We cannot however neglect the contribution of oxygen
present in the natural oxide layer on Si substrate. Interestingly, the oxygen peak width is found to
decrease gradually with increasing fluence, especially above 1x10% ions/cm? [see Figs.
6(b)—(d)], and this can be attributed to the decreasing thicknesses of the oxide layers by ion beam
sputtering loss of atoms from the AZO surface region. Since the oxide signal in the lower
channel region is mainly lost due to the increasing fluence (Fig. 5), it is clear that the oxygen
from TiO2 film is equally sputtered with AZO when the energetic Ar* ions can reach there above
a fluence of 1x10'® jons/cm?. Although ion implantation leads to modification in film
stoichiometry, the variation in areal density of elements before and after ion exposure is however
modest (see Table Il). Beside this, the signature of Ar implanted atoms has also been witnessed
with increasing ion fluence (see Table 11), leading to the evolution of Ar peak at 2x10%® ions/cm?
[Fig. 6(c)] and further intensified at 5x10® jons/cm?, as revealed from Fig. 6(d). Comparing the
atomic density of Ar in the samples irradiated with fluences of 2x10% and 5x10% ions/cm?, one
can see that almost a factor of 4 numbers of Ar atoms were lost in the former case. However, the
intensity of the sharp Si edge remains unaffected.

The RBS results are found to be consistent with the corresponding cross-sectional TEM
(XTEM) results showing a decrease of the initial AZO film thickness by ~10 nm at a fluence of
1x10%® jons/cm? in the presence of Ar. Figure 6(b) also suggests that the Ar atoms are mostly
confined within the heterostructure at this fluence. Given the existence of Ar within the Si
substrate [see Figs. 6(c) and (d)] indicates a significant reduction of the combined film thickness
at a fluence of 2x10'® ions/cm?, followed by a complete degradation of the AZO/TiIO:;

heterostructure at 5x10'® jons/cm? good agreement with our XRTEM results.
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Since the fitting program RUPM involves two important parameters like the interface
position and its standard deviation (o), the knowledge of variance of the second component, say
surface roughness (os) and the interfacial concentration gradient (o), is very important for proper
understanding, details can be found in References.?”?8 In the present bilayer structure, as we
have seen the evolution wrinkle-like features at surface [see Fig. 3(c)], the effect of os cannot be
neglected in the present fitting process for 2x10% ions/cm?. This is equally applied for 5x10%®
ions/cm? due to the formation of clusters on the Si substrate with void—like structures [see Fig.
3(d) for clarity]. Considering the XTEM results, it is clear that the RUMP fitting in Fig. 5(d) has
been affected not only by the surface roughness, but also by the mixed film/Si interface,
especially the formation of a thick and uneven interfacial SiOx layer beside the development of
voids and rough Si surface. We believe that the increase in interfacial SiOy layer with uneven Si
surface has strong impact on the Si edge beyond the critical fluence of 1x10% ions/cm?, as
evident from Fig. 5. Since the fitting the ballistic mixing effect in RBS spectra are very much
dictated by the atomic density, stopping power employed for Si and residual channeling in Si
substrate etc. Here we have enlisted the areal atomic densities of the constituent atoms have been
determined for four different samples (see Table I1).

As can be seen from Table I, as-grown AZO film exhibits relatively higher Zn
concentration than that of O, showing the stoichiometry imbalance in the as-grown sample. This
stoichiometry imbalance could be due to lack of O incorporation during the growth of AZO
films, leading to the formation of O deficient AZO films. On the other hand, the increase in ion
fluence apparently gives rise to a decrease in overall Zn concentration, consistent with our
Energy Dispersive X-ray Spectroscopy (EDS) results (not shown). This stoichiometric

restoration may appear from the preferential sputtering of Zn atoms from the surface (owing to
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the lower surface binding energy of Zn, compared to that of O) and diffusion, and readjustment
of O atoms. Further increase of fluence up to 5x10%® ions/cm? causes the complete deterioration
of the AZO/TiO; interface via intermixing of constituent elements, which in turn leads to the
formation of a single graded layer structures (see Table I1).

Typical temperature dependent PL (~15-300 K) spectra of the as-grown AZO/TiO;
heterostructure are displayed in Fig. 7(a). Since the penetration depth of He-Cd laser (325 nm
wavelength) in ZnO is limited to 50-80 nm,?® the majority of optical absorbance and consequent
photoexcitation occur within the AZO layer of heterostructure. Since our XRTEM results clearly
demonstrated that the underneath TiO> layer was amorphous in nature, the observed PL mainly
originates from the AZO film. It appears that the spectrum consists of at least five components
(indicated by 1 to 5), and the peak intensity increases systematically with decreasing T down to
15 K, where all associated peaks are well resolved and distinguishable. Close inspection further
reveals a broad visible range hump in the as-grown sample at RT, and it is attributed to the
dominance of defect-related luminescent centers (LCs), especially Vo and interstitials in
AZ0,*** though no signature of band-edge emission was recorded. By lowering the temperature,
the gradual increase in PL intensity was observed, which is mainly attributed to reduction of the
non-radiative de-excitation channels, frizzing-out phonons and concentration reduction of free
carriers in the conduction band (CB).*2 In particular, the peak 1, detected at the emission
wavelength of ~378 nm (3.28 eV) was found to be blue shifted continuously with lowering T,
whereas peak 2, detected at ~397 nm (3.12 eV), was slightly blue shifted only at lowest T (15 K).
In fact, peak-1 is attributed to near band-edge (NBE) emission whereas Peak-2 is likely to be
associated with the transition from neutral donor-bound exciton, free exciton and/or donor to

acceptor pair.®3-3" Although no discernible change in position of peak 3 and 4 was found with
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decreasing T, the position of peak 5 however shifted towards higher wavelength region (see
dashed line of peak 5) with decreasing T. These peaks are mainly associated with defect related
LCs arises within the bandgap; details can be found in Refs. >33 Here, the 3-5 PL peaks are
found to be at ~420 (2.95 eV), 434 (2.85 eV) and 460 nm (2.69 eV), in the blue-violet region, but
their origin and mechanism are still controversial.>*® For instance, Zeng et al. have shown that
violet emission in ZnO can be attributed to the electron transition from shallow donor states,
located at ~0.22 eV below the CB, to the valence band (VB) and related to the neutral Zn;
interstitial (Zni"), whereas transitions from ionized Zn; interstitials(Zni* and/or Zni**) of slightly
lower energies than Zn;" (~0.54 to ~0.65 eV below the CB) are responsible for the blue
emission.*® In fact, the probability of formation of Zn; interstitials is significantly higher in as-
grown AZO film owing to have relatively high Zn concentration, in consistent with the RBS (see
Table 1). It is worth to note that Zn;" is formed in ZnO due to the formation of a Frenkel pair
through atomic collisions (Zng, <> Zni" + Vz,") which are further ionized (Zni" <> Zn;* + ¢ and

++

Znit < Zni** + ¢) and finally lead to the formation of extended Zn; interstitial states.*! In
contrast, Peng et al. have shown that the band bending found in ZnO grains can result electron
depletion in the regions where electron transition from the CB to defect levels located inside the
depletion regions (~0.7 eV above the VB) governs the blue emission.®*® A schematic
representation of all these proposed defect related PL emissions in AZO is shown in Fig. 7(e).

On the other hand, the PL spectrum of the sample implanted with a fluence of 1x10%° ions/cm?
(see Figure 7(b)) is clearly different from the one obtained in as-grown sample, especially at the
longer wavelength region. In particular, the broad hump which appears in the range of 450-600

nm, in the green-yellow-orange band, (indicated by an arrow on peak-3) becomes even more

prominent at low T (15 K). It is attributed to the radiative recombination of charge carriers from
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the CB to deep acceptors like oxygen interstitials or associated to ionized V, in AZO
matrix.?%3%3L In particular, green luminescence is attributed to the transition of electrons from
neutral or singly ionized V, (located 0.8-1.0 eV below the CB minima) to the VB edge whereas
the transitions from CB to oxygen interstitials and doubly ionized V, are responsible for yellow
and orange emissions.2>%® Lin et.al. has shown that yellow luminescence in ZnO is associated to
the band-acceptor transition and further red shifted with decreasing temperature.?® Interestingly,
unlike what is observed in the as-grown sample, the NBE of AZO as shown by dashed line of
peak-1 in Fig. 7(a) has completely disappeared. The quenching of such NBE is also previously
reported and attributed to the defects like vacancies in Zinc sublattice which may evolve here
during ion irradiation and eventually acts as trapping sites.*? On the other hand, the LCs related
violet emission, centered at ~402 and ~421 nm, are still visible and are indicated by peaks-1 and
2, respectively. The origin of the emission at ~421 nm seems to be understood (discussed above),
but the mechanism behind the PL emission found at ~402 nm is still controversial, although
sometimes associated with the donor-acceptor pair with longitudinal optical (LO) phonon
replicas.>® The trend was confirmed when observing the spectrum obtained on the sample
bombarded with a fluence of 1x10® jons/cm?. This time, peak-2 (~421 nm) is slightly blue
shifted as evidenced in Fig. 7(c). Such blue shifting suggests some alteration of the environment
or the nature of defect responsible for this emission, probably by the formation of shallow
acceptors like Vzn with different charge states.*® In fact, irradiation with a fluence of 1x10%
ions/cm? causes the preferential surface sputtering of the Zn atoms, leading to the reduction of
the relative concentration of Zn (see Table I) and in turn promote the formation of Vz,. Further
increase of the ion fluence (i.e. 5x10% ions/cm?) leads to some dramatic change in the PL

spectrum, which can be ascribed to the strong intermixing of the AZO/TiO2/Si structure and the
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formation of voids as seen in Fig. 7(d). Interestingly, no PL signal was detected at RT on this
sample and this could result from the dominance of phonons in this structure. In fact, it follows a
similar trend in the as-grown sample below 250 K. As can be seen, peaks-1 in Fig. 7(a), which
are assigned to near band-edge emission of AZO, was dramatically evolved again [see peak 1 in
Fig 7(d)] where the intensity of peak-2 is significantly higher, unlike as-grown one. Close
inspection further revealed that the peak-3 centered around blue region is driven by the ionized
Vzn, and it is well resolved and intense, suggesting more localization of the defect states around
Vzn.

Since low temperature (2.2 K) EPR spectroscopy is highly sensitive to paramagnetic species
containing unpaired electrons,*® we have used this technique for investigating the defects in the
AZQOITIiOz structure. As seen in Fig 8(a), all samples show symmetrical EPR signals at around
g~2.002, suggesting the existence of the same type of paramagnetic centers in all samples. It is
worth here to note that the intensity of each spectrum was normalized by taking into account the
sample size and layer thicknesses. In previous studies, paramagnetic defects in ZnO were
controversially discussed in the light of singly charged vacancies, such as V,tand V. 3444 In
fact, V,tand V;, (generated by trapping of one electron from the conduction band and
consequently positively charged with respect to lattice) were previously considered as shallow
acceptor and deep donor defects, respectively.384548 In the as-grown sample, the existence of V,
in ZnO is significantly less probable (due to relatively smaller density) owing to its larger defect
formation energy (~4 eV) than V,;* and therefore discarded. Previous EPR studies on ZnO have
shown that V¥ has tendency to localized on the surface region of ZnO which in turn results the
EPR signal at g = ~2.004.4%%0 As can be seen from Fig. 7 (a), the value of g-factor is very close

in all as-grown as well as irradiated samples and matches well with g-factor of free electron (ge =

15



~2.0023), indicating the delocalization of surface defects.>® Beside this, other defect states like
doubly ionized Vo (V,t%), Zn and O in interstitial site (i.e., Zni and Oi*) could also be formed
with ion irradiation and may coexist with the paramagnetic defects (V;,, and/or V,*) found in the
AZO layer. However, it is difficult to detect these defects with EPR as they are diamagnetic in
nature.®® Nevertheless, displacement of the Zn and O atoms from their regular lattice sites leads
to the possible formation of singly ionized vacancies, where the concentration increases further
under the exposure of energetic Ar* ions. Moreover, linewidth of the EPR signals is enhanced
from ~1.20 to ~1.31 mT by exposing to an ion fluence of 1x10® ions/cm?, but is decreased to
~1.14 mT at an ion fluence of 5x10% ions/cm? [see Fig. 8(b)]. The EPR linewidth depends
generally on the spin-lattice and spin-spin interactions of unpaired electrons, while the latter one
dominates more. In fact, a spin-spin interaction is related with mutual spin flips resulted by
dipolar and exchange interactions between assembly of spins in the sample.>? Here, the initial
increase in EPR linewidth can be attributed to the increase in strain within the layer and to its
effect on the crystalline environment of the defect centers. With further increase in ion fluence,
the decrease in EPR linewidth is most likely associated with the reduction of heterogeneous
distribution of V,* centers by suppressing strain via evolution of voids as evidenced by FE-SEM

and TEM results and so the effect on g tensor.4

CONCLUSIONS

In conclusion, we report a compositional variation and the subsequent change of defects in
AZOITiO: heterostructures by exposing to 50 keV Ar* ions. We have correlated these defects to
the observed PL in the region of visible range as a function of temperature. As-grown AZO layer
on TiO2/Si surface initially provides an emission peak in the blue-violet region, which is
attributed to the transition of electrons from the near band edge and Zn interstitials to the valence

16



band. An additional broad PL band in the green-yellow region (450-600 nm) is evidenced at a
fluence of 1x10'® jons/cm? owing to active participation of deep donors originated from the
ionized V. Further increase in ion fluence led to the formation of microcracks with gradual
reduction in Zn concentration via preferential surface sputtering of Zn atoms, suggesting the
evolution of Vz, in AZO layer. The highest fluence of 5x10® ions/cm? causes a complete
deterioration of the AZO/TiO: bilayer structure by intermixing of the constituent elements and
evolution of voids which eventually leads to the formation of the chemically graded intermediate

layer.
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Figure Captions
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FIG. 1 Schematic representation of the 50 keV Ar*-ion exposure to AZO/TiO heterostructure
on Si
FIG. 2 SRIM calculation for 50 keV Ar*-ions in AZO film showing the distribution of Zn, O and

Al vacancies per ion with penetration depth, where ‘0’ depth represents the sample surface.

FIG. 3 Typical plan-view FE-SEM image of AZO/TiO; heterostructures on Si for (a) as-grown, and after

bombarding with 50 keV Ar* ions for fluences of (b) 1x10%, (c) 2x10*® and (d) 5x10%® ions/cm?.

FIG. 4 (a) XTEM image of as-grown sample, (b) HRTEM image of white dashed circle region
in (a). whereas XTEM and corresponding HRTEM image of Ar* ion irradiated samples at a ion

fluence of 1x10%° ions/cm? and of 5x10% ions/cm? are shown by (c),(d) (e) and (f), respectively.

FIG. 5 RBS spectra of the AZO/TiO; heterostructures before and after 50 ke\V Ar*-ion irradiation.

FIG. 6 Experimental data of RBS (black curve) and the corresponding simulated spectra (red curve) of
AZQITiO; heterostructures on Si are shown for (a) as-grown, and after bombarding with 50 keV Ar*-ions

with fluences of (b) 1x10% ions/cm?, (c) 2x10% ions/cm?, and (d) 5x10%® ions/cm?, respectively.

FIG. 7 Temperature dependent PL spectra of AZO/TiO; hetrostructure for (a) as-grown and the Ar*-ion

exposed samples with fluences of (b) 1x10%, (c) 1x10% and (d) 5x10%® respectively. The corresponding

schematic band diagram with various defect related energy states in ZnO are exhibit in (e).

FIG. 8 (a) Low temperature (2 K) EPR spectra of before and after ion exposure with fluences of
1x10% and 5x10® jons/cm?. The intensity of each spectrum was normalized by taking into
account the sample size and layer thickness. Variation of the corresponding EPR linewidth as a

function of ion fluence is shown in (b).
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Table I: Ar* ion induced thickness and compositional variation of the AZO/TiO, heterostructures,
extracted by fitting the RBS spectra using of RUMP software.

Layer Element(s) Atomic percentage (+0.3 at.%) for samples
composition As-grown | Irradiated with | Irradiated with Irradiated with
1x10% jons/cm? | 2x10%ions/cm? | 5x10% ions/cm?
TiO, Ti 50 31.6 24.2 13.4
O 50 68.4 75.8 -
Zn 54.5 50.5 474 28.9
AZO 0] 43.5 455 46.3 45.3
Al 2 2 2.1 2.1
Ar 0 2 4.2 10.3

Table Il: AZO film thickness and the corresponding areal density of the constituent elements with

increasing ion fluence, extracted by RUMP software.

Areal density (atoms/cm?)
Samples AZO
Thickness
irradiated with (" + 3nm) Ti (0] Zn Ar
fluence
(ions/cm?)

0 101 6.04x1016 5.32x10'8 4.45x10Y 0
1x106 95 5.54x101® 5.25x10% 3.95x10% -
2x1016 90 5.37x1016 5.12x10'8 2.93x10% 5.25x101°
5x1016 65 (graded 5.15x101® 3.40x10% 9.63x101® 3.37x101

structures)
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FIG. 3. Saini et al.
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FIG. 4. Saini et al.
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