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We have investigated the photoluminescence and electrical properties of a coherently coupled
interface consisting of a ZnO layer grown on top of an oriented VO, layer on sapphire across the
phase transition of VO,. The band edge and defect luminescence of the ZnO overlayer exhibit
hysteresis in opposite directions induced by the phase transition of VO,. Concomitantly the phase
transition of VO, was seen to induce defects in the ZnO layer. Such coherently coupled interfaces
could be of use in characterizing the stability of a variety of interfaces in situ and also for novel
device application. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729387]

Among the many transition metal oxides that exhibit metal
to insulator transition (MIT) (which can be induced by tempera-
ture, stress or doping), vanadium oxide (VO,) has been studied
intensely on account of the closeness of its MIT to room tem-
perature and also for its potential application as field effect
switches, optical detectors, nonlinear circuit components, and
solid-state sensors.'™ Vanadium oxide (VO,) undergoes MIT
(Ref. 5) at Tyyr=341K accompanied by a structural phase
transition (SPT) from a room-temperature monoclinic phase to
a high-temperature tetragonal phase at and beyond Tygr. (In
this paper, the SPT and MIT are used interchangeably). The
phase transition is also accompanied by strong changes in the
dielectric constant with high transparency in the semiconductor
phase and high reflectivity in the metallic phase in a broad fre-
quency spectrum including the telecommunications window
with a hysteresis in optical transmittance.”’ SPT can be under-
stood as a change in crystal lattice symmetry associated with
the tilting of VOg octahedron and dimerization of vanadium
atoms along the c-axis which causes a 0.6% contraction along
the a, (a-axis of the tetragonal phase), 0.4% contraction along b,
(b-axis) while along ¢, (c-axis), it gets elongated by 1.0% for
the transition to monoclinic phase.® Taking advantage of the
spontaneous strain associated with the phase transition, a colos-
sal thermo-mechanical actuation in VO, micro-cantilevers was
reported, making them suitable for thermal sensors, energy
transducers, and actuators with unprecedented sensitivities.’
Thus the phase transition of VO, can be utilized to exert a large
strain on an over-layer across the MIT. If the (VO,) phase tran-
sition can induce a strain on the over layer and change its opti-
cal or magnetic property then the phase transition can be
monitored by other than transport measurement which will give
an extra degree of freedom in device design. On the other hand,
such strain can also induce defects in the over layer which
could also be monitored by measuring the over layer property
leading to a better understanding of the behavior of materials
under stress.
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There are very few reports on how the strain induced by
the phase transition of VO, affects the properties of an over-
layer. ZnO, the over layer used in this study, is recognized as
a key material with a wide variety of commercial applica-
tions due to its outstanding versatility in electrical, optical,
and chemical properties. In this study, we use the MIT in
VO, to induce a significant strain on the ZnO over layer and
by studying the photoluminescence (PL) of the ZnO layer try
to understand the response of the defects in the ZnO film to
this in-situ strain. Since the PL signals of ZnO arising from
band edge and defects are well understood, this will consti-
tute an ideal coherently coupled interface that can be moni-
tored across an MIT. This may pave the way for the study of
the structural stability of a variety of interfaces.

VO, films were grown using pulsed laser deposition
(PLD) technique. Commercially available single crystal target
of vanadium metal (99.99% pure) was used for the deposition.
VO, films were deposited at optimized pressure and tempera-
ture of 10> Torr and 500 °C, respectively, as reported else-
where.'” Single crystal ZnO (99.99% pure) target was used
for the deposition of 100 nm thick ZnO films (as confirmed by
Rutherford back scattering (RBS) spectrometry) at a tempera-
ture of 350°C in order to avoid the formation of different
phases of VO, when exposed to high temperature. Followed
by the deposition of ZnO, the bilayer was annealed in oxygen
at a pressure of 10> Torr and 600 °C to improve the quality
of both the VO, and ZnO layers. Growth and orientation of
the films were examined using x-ray diffraction (Bruker D8
Discover). The photoluminescence measurements were per-
formed (iHR 550 spectrometer) using a 325nm line from a
He-Cd laser as the excitation source and the sample tempera-
ture was varied with a Janis closed-cycle helium cryostat sys-
tem in the temperature ranges of 10-400K. The electrical
transport measurements were performed with van der Pauw
geometry (Quantum Design-PPMS).

PLD deposited films on c-axis sapphire showed high
quality growth of VO, and ZnO as seen by the 0-20
(Fig. 1(a), (i)) which show predominantly (020) VO, and
(0002) ZnO on VO,/Al,O5. The phi scans of the ZnO (1011)

© 2012 American Institute of Physics
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FIG. 1. (a), (i) 0-20 scan of the ZnO on VO,/Al,O3, (ii) Phi scan of the ZnO
overlayer, (b) A model for monoclinic and tetragonal VO, phase by slight
displacement of vanadium atoms. (c) Position of vanadium atoms in the unit
cell of epitaxial grown (020) VO, thin films on Al,0O3 (0006) and (d) sche-
matic of orientation of (0002) ZnO plane on (020) VO,.

plane shown in (Fig. 1(a), (ii)). The phi-scan peaks at 60°
intervals are consistent with the hexagonal symmetry of the
epitaxial ZnO waurtzite structure. Fig. 1(b) shows schematic!!
location and displacement of V atoms during the phase tran-
sition from monoclinic to tetragonal across the metal insula-
tor transition temperature. Figs. 1(c) and 1(d) show position
of vanadium atoms in the unit cell of epitaxially grown (020)
VO, thin films on Al,O5 (0006) and a schematic of the orien-
tation of (0002) ZnO plane on (020) VO,, respectively. Since
the VO, grows with the “a” and “c” in plane, the ZnO is sub-
jected to lattice strain along both these directions. The esti-
mated tensile strain in ZnO along the “c,” axis is ~1% and
0.6% along the “a,” direction at and above the MIT.

Fig. 2(a) shows a typical resistivity vs. temperature
behavior of VO, films grown on c-axis Al,O3. The resistivity
shows a drop of 4 orders of magnitude across the MIT
(341 K) with a hysteresis width of 12 K. We have measured
the resistivity of the ZnO-VO, over layer and observed a
hysteresis that is broader in the as-deposited ZnO film on
VO, with a smaller resistivity change (Fig. 2(b)). This is
mainly due to the capping action of the ZnO which changes
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FIG. 3. (a) Photoluminescence data of band edge emission (<425nm),
defect band emission (>425nm) and its Gaussian fitting for ZnO/VO,/
Al,O5. The inset shows the photoluminescence of VO,/Al,0O5 at 300K. (b)
PL Intensity at three different temperatures 300K, 340K, 370 K during heat-
ing and cooling for ZnO/VO,/Al,05.

the oxygen stoichiometry of the VO, layer. The actual width
of hysteresis of the transition of VO, is more than recovered
(~7K) upon annealing in oxygen ambience at 10~ Torr and
600 °C. The dynamic range of the resistivity spans a smaller
range compared to the VO, alone due to the shunting effect
of the ZnO conductivity. The hysteretic behavior of MIT in
VO, remains intact despite the fact that a 100 nm thick ZnO
film is on top.

In Fig. 3(a) is shown the PL signal from the ZnO film on
VO, subsequent to annealing in oxygen ambience at 600 °C.
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FIG. 2. Resistance versus temperature of the (a) VO, layer prior to the ZnO deposition. (b) As deposited ZnO/VO,/Al,Os. (c) Annealed at 1073 Torr, 600 °C.
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In the high energy side, as shown in Fig. 3(a), the band edge
luminescence can be fitted by three components centered at,
373.96nm (3.32eV), 379.67nm (3.26¢eV), and 390.07 nm
(3.18eV). The peak at 3.32eV can be assigned to a donor—
acceptor pair transition'” and those at 3.26eV and 3.18eV
can be assigned to phonon replicas of the 3.32¢eV peak. On
the low-energy side of the PL spectrum at 300K (Fig. 3(a)),
the peaks at 560.45nm (2.2eV) (yellow band), 613.34 nm
(2.02eV) (orange band), and 678.3nm (1.83eV) (red band)
can be assigned to three deep-level emissions arising from
defects. The peak at 1.83eV can be attributed to a
donor—acceptor-pair transition with the acceptor being a Zn
vacancy (Vz,) consistent with the literature reports, while
the 2.2 and 2.02 eV (yellow/orange) emission peaks are asso-
ciated with oxygen interstitials (0;)."*™'> Another interesting
observation is the lack of a large green band (2.45eV) in our
ZnO films which is usually the dominant deep level feature
in ZnO seen in the spectra of bulk crystals.'® The strong red
band (1.83 eV indicating the presence of Zn vacancies) and
lack of the green band (absence of O vacancies) in our thin
films suggest an O-rich growth condition. For comparison,
we have also recorded the PL spectrum of VO, thin film
which is shown in the inset of Fig. 3(a). It can be seen that
the intensity of PL signal of VO, is very weak compared to
that of ZnO which infers that the PL signal of ZnO, as shown
in Fig. 3(a), has negligibly small contribution from VO,.

Fig. 3(b) shows the results of PL measurements at three
different temperatures, at 300K (insulating region of VO,),
around MIT of VO, at 340K and at 370 K well above the
MIT (metallic region of VO,) during the heating and cooling
cycles. A clear hysteresis is seen in the defect emission and
also the band edge emission. The band edge luminescence
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(integrated over 350-425nm) and the defect luminescence
(integrated over 425-650nm) are plotted as a function of
temperature in Figs. 4(a)—4(d) for different thermal cycles.
The integrated PL intensity of the band edge and defect
peaks of single crystal ZnO as shown in the inset of Figs.
4(c) and 4(d) shows a typical temperature-dependent PL, i.e.,
a monotonic decrease in PL intensity with increasing temper-
ature, due to the increased non-radiative recombination.

However, the ZnO over-layer on VO, (Fig. 4(a)) shows
an increase in the PL intensity while heating till the MIT (the
origin of which is not understood) followed by a dramatic
drop in the intensity which remains low upon cooling back
to 300 K. This hysteresis is much broader than the electrical
hysteresis shown in Fig. 2(c) which was actually measured
during the second thermal cycle. These data clearly indicate
the formation of defects in ZnO which do not recover when
the VO, recovers its original phase electrically.

This is further supported by the defect luminescence in
Fig. 4(b) which also shows a broad hysteresis curve except-
ing that there is a decrease while heating and an increase
while cooling (opposite to the behavior of the band edge lu-
minescence) implying an accumulation of defects in the ZnO
due to the MIT of VO,. After a few thermal cycles, the hys-
teresis curves for both the band edge and the defect lumines-
cence become narrow as shown in Figs. 4(c) and 4(d). If one
looks at the changes in the defect luminescence, the predom-
inant changes are found to occur at 2.02 and 2.2¢eV transi-
tions which are related to oxygen interstitials. This suggests
that when the ZnO layer is subjected to the ~1% strain at the
VO, interface, the film responds by creating oxygen intersti-
tials to accommodate the strain. When the VO, layer recov-
ers, the oxygen interstitials do not recombine concomitantly
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leaving a defective ZnO over a larger temperature range. It is
highly likely that under such strain the ZnO layer may also
form some dislocations. When such dislocations form, under
subsequent cycles, part of the strain will be accommodated
by the dislocations and hence less oxygen interstitials need
to be created which reduces the difference between the heat-
ing and cooling cycles narrowing the hysteresis curves. In a
recent paper on VO, nanoparticles embedded with gold,'” a
large optical transmission hysteresis was shown. However,
in this case, the electrical hysteresis could not be measured.
So in this case, the broad optical hysteresis could be associ-
ated with material inhomogeneity. Moreover, Raman spec-
troscopy by Donev et al.'® shows a broader hysteresis in
smaller nanostructures of VO, compared to that in thin films
thus attributing it to the defects. Therefore, in our experi-
ment, the broadening of the PL hysteresis is a sure indicator
of defect formation. Interestingly, the PL intensity of VO,
(integrated between 350 and 425 nm) shows a broad hystere-
sis much like the case of ZnO (shown in the inset of Fig.
4(a)). This indicates the presence of defects in VO, which do
not show up in electrical measurements but are very visible
in the optical measurements.

In conclusion, the coherently coupled interfaces of ZnO
and VO, enable us to probe the stability of the ZnO at the
interface when subjected to the strain under a SPT. The pho-
toluminescence in the ZnO layer enables us to understand
the response of the ZnO to this strain and even help identify
the specific defects that are manifested to counter the strain.
Such coherently coupled interfaces where a strong SPT in
one layer can be parlayed to an over-layer may enable us to
design variety of devices and in addition serve as an in-situ
tool to study the effect of interface strain on the stability of
various over layers.
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