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Abstract:

The ability to manipulate and enhance the optical properties in luminescent materials
is of great interest for both scientific research and practical applications. Here we
present a systematical study of the biaxial strain effect on the upeonversion
photoluminescence properties in the lanthanide doped ferroelectrics thin‘films. Through
controlling the c¢/a ratios of BaTiOs: Er films, the luminescent intensity of the films can

~

be effectively increased by over 7 times. The observed phenomena‘can be understood
by the crystal field variation around Er** ions induced by biaxial sttain due to the lattice
mismatch. Moreover, our results have bridged the identifications of lattice distortion
and crystalline orientation through light emission propertie.s of lanthanide dopants. The
intriguing interplay will aid further design of favorable lanthanide doped phosphors via

strain engineering.
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1. Introduction

Lanthanide doped phosphors have stimulated intensive scientific interests “for
elucidating the potentially technological impact on modern information and
optoelectronic devices.!® No doubt, the ability of tuning the photolumineseence (PL)
of these phosphors is particularly important for their applications.”*® The optical
properties of the lanthanide doped phosphors are determined by the doping ions as well
as the host materials. To date, the manners for manipulating the PL of lazthanide doped
phosphors fall into two basic categories, namely chemical and physical methods. The
chemical method is generally achieved by changing the composition of doping ions
and/or host materials.” '° Owing to the abundant ladder-lilie arranged energy levels of
the lanthanide ions, multicolor emissions,can be obtained using different host/activator
combinations.!' However, the chemical method'works in an irreversible and ex-situ
manner, which makes it difficult tonexamine the pure crystal-field effect on the
luminescent properties of doped lanthanide ions. Some kinds of smart materials, such
as ferroelectrics and piezoele&trics can response to external stimuli, such as electric
field, magnetic field, mechanical strain and temperature disturbance in a controlled
manner.'>2? In thisiregatd, the physical approaches based on these materials promise
the opportunitiesito tailor the PL process in an in-situ and real-time manner.? Our group
had found that the upconversion PL of Yb*" and Er’" co-doped ferroelectric BaTiO3
(BTO: Yb/Er) thin films can be effectively tuned by the electric field.'® Later, Kwok

and co‘workers also reported that reversible modulation of PL in lanthanide doped

ferroelectric ceramics could be attributed to -electric-field-induced polarization
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switching and phase transformation of the ceramics.?® The variation in the crystal field
of ferroelectric hosts exerts an essential influence on the luminescent active ions.
According to the Judd-Ofelt theory, variable local symmetry around the doped ions
would render their radiative transition probabilities.>* 2> Besides electrig,field, the
elastic strain is an alternative way for tuning lanthanide doped phosphors. Single-crystal
relaxor ferroelectric (PbMgi13Nbi1303)0.7-(PbTiO3)03 (PMN-PT) endowed ‘with giant
piezoelectric strain has been intensively selected for the investig;tion of strain
engineering.”® 27 Upconversion PL of BTO: Yb/Er thin films grown on PMN-PT
substrates was dynamically tuned, which confirms the PLitunability activated by the
PMN-PT based piezoelectric actuators.!” To date; PMN-PI crystals provide almost the
largest interface stress currently available as piezoelectric substrates. However, the
delivered strain fields originated from PMN-PT can only reach about 0.4% exerting an
influence on the grown films, which corresponds to the PL tunability of 25% and 21%
for green and red emission bandsief BTO: Yb/Er thin films, respectively.?®

Larger strains promise larger tunability of the PL emissions on demand. In order to
achieve larger interface stress, several lattice-mismatched substrates were employed to
induce giant biaxial strain.on'the as-grown lanthanide doped thin films. In these studies,
BTO was selected as the prototypical ferroelectric host material for investigating crystal
structure * transformation under mechanical stress.'® 2% 2 Specifically, BTO has
moderate lattice mismatch with kinds of commonly used oxide substrates, such as
LaAlO3 (LAO), (La,Sr)(Al,Ta)O3 (LSAT), SrTiO3 (STO), PMN-PT, and MgO, which

provide an opportunity to investigate the interplay between the upconversion emission
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and the crystal filed distortion in a wider range. Previous studies have demonstrated
that the dopant ions in the host lattice can be regarded as a spectroscopic probe for
crystal structure deformation. Herein, we perform the identifications of the (lattice
distortion and the crystalline orientation of the single-crystal thin films, and measure

the associated luminescent properties.

2. Experiment

Ti-site substitution Er** doped BTO target with a chemical formula BaTio.99Er00103-
(BTO: Er) was prepared by a standard solid state reaction method.”® Single-crystal (001)
LAO (a=3.792 A), (001) LSAT (a=3.868 A), (001):STQ (:123.905 A), (001) PMN-PT
(a=4.024 A), and (001) MgO (a=4.2160A) were employed as the lattice-mismatched
substrates. The BTO: Er thin films were deposited by pulsed laser deposition (PLD)
using the following growth conditions:*® a coherent KrF laser (248 nm) with pulse
energy of 100 mJ (energy density ~ 1.25 J cm™2), repetition rate of 2 Hz; growth
temperature of 700 °C, O pressure of 10 Pa. After the deposition, all the samples were
cooled down to 580 °C.in 200 mbar O, and maintained at this temperature and
atmosphere for 30'min before being cooled down to room temperature. The thickness
of the as-grown thin films were measured around 30 nm by the ellipsometer results.
The ellipsometric angles ¥ and A were measured at room temperature in the 400-800
nm 'spectral range with a step size of 0.3 nm. Measurements were performed in a
reflection mode at an incident angle of 64.91°. The accuracy of the ellipsometry

spectroscopic measurement is = 0.5 A. The crystal structure characterization was
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performed with a Bruker D8 Advance X-ray diffractometer (using Cu K-a, radiation,
A=1.5406 A). The PL spectra were recorded using a SpectraPro 300i spectrophotonetér
under the excitation of a 980 nm diode laser. All measurements were performed under

ambient conditions at room temperature.

3. Results and discussion

Figure 1a shows the -26 spectrum of the BTO: Er films grown on diffe\rent substrates.
Besides the substrates peaks [LAO (002), LSAT (002), STO (002), PMN-PT (002),
MgO (002)], no other peaks of the secondary impuritiecs were observed, indicating that
the Er** ions were effectively doped into the BTO host. Fr.om the position of BTO: Er
peaks, the out-of-plane lattice parameter ¢ and|the strain &.. can be calculated by
&-2=(Cfilm-Cbulk)/Coulk. Due to the small lattice mismatch, there are strong overlaps of (002)
peaks for BTO: Er film with (002) PMN-PT substrate. The BTO: Er (002) reflection
peaks on PMN-PT substrates. were obtained by subtracting the Ka2 peaks of the
substrates. The bulk BTO,possesses a tetragonal structure (P4mm) with a lattice
parameter a=3.992 A and/c=4.036 A. Considering the bulk lattice mismatch between
the film and substrates, c=axis oriented (i.e. c-axis perpendicular to the substrate surface)
BTO: Er films on LAO, LSAT, and STO substrates are under in-plane compressive
strain, while‘those on PMN-PT, and MgO substrates should be under in-plane tensile
strain. Theoretically, with substrates’ lattice constant decreasing, the out-of-plane lattice

constant of BTO: Er films will increase. Hence, the BTO: Er diffraction peaks will shift

toward lower degree. The in-plane misfit strain &x: could also be derived by using the
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Poisson relation v = 1/(1-2&w/ezz) with v = 0.35.3° The lattice constant asu of the
substrates, the calculated lattice parameters of the films, and the strain value in BTO:
Er films are listed in Table 1. As seen from Table 1, BTO: Er films grown on/MgO,
PMN-PT, and STO substrates follow the prediction, where the ¢ values are,increased
from 4.002 A to 4.110 A, showing the BTO: Er films are c-axis oriented. For BTO:
Er/LSAT, even though asu of LSAT is smaller than that of STO, the measured cfiim
(4.066 A) of BTO: Er thin film is at the intermediate region of the lattice\constants from
BTO: Er/STO and bulk BTO, indicating the co-existence of c-axis te.a-axis orientation.
The broad and asymmetric XRD peak profile of BTO: Ei/LSAT is in favor of this
hypothesis. The ultimate transformation from ¢axis.to a;axis was observed in BTO:
Er/LAO thin film. The asw of LAO is only 3.789 A, while the cfiim of above BTO: Er
thin film is further down to 4.028 A, which could be fully g-axis grown film. The
symmetric XRD peak confirms the unidirectional orientation growth.

In order to understand crystalline oerientation and lattice distortion of the films, the strain
relaxation process as wellyas the misfit dislocation formation should be taken into
account, which are strongly associated with the estimated in-plane strain £’ [£%x(%)
= (asuwo-afim)/ang*n100%, where afim and asw are the bulk lattice parameter for thin
film and substrate, respectively]. For small lattice mismatch, the strain tends to release
gradually acfoss the film by lattice distortion.*!> 32 With lattice mismatch increasing,
dislocations, such as threading dislocations will be formed near the interface to relax

the strain, instead of lattice distortions.* For larger strain, more dislocations will be

formed near the interface, resulting in the generation of a polycrystalline film with
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different orientations. For the BTO: Er thin film grown on the STO substrate, with a
small in-plane compressive strain (-2.18%), the strain is relaxed across the films by
lattice distortion. The lattice constant @ ~ 3.924 A is almost the same as that of the STO
substrate (@=3.905 A), while lattice constant ¢ is greatly elongated to 4.140 A. As'a
result, the c¢/a ratio for BTO: Er/STO is enhanced to 1.0474. With increasing the in-
plane compressive strains (LSAT: ~-3.11%, LAO: -5.09%), the moderate compressive
stress is preferred to relax by inserting misfit dislocations near the inte\rface, resulting
1n a c-axis to a-axis orientation transition. Thus, smaller ¢/a ratios 0f.1.0257 and 1.0073
are calculated for LSAT and LAO, respectively. Fot the' BTO: Er film grown on the
PMN-PT substrate, the in-plane tensile strain is‘up to 0.8.0%. A decreased ¢ value of
4.016 A and an elongated a value of 4010 A are obtained. We can conclude that the
tetragonality in BTO: Er film almost vanishes, which leads to a quasi-cubic structure
with the c¢/a ratio down to 1.0015. Forithe thin film grown on MgO substrate, with an
in-plane tensile strain of 5.61%, it.gives rise to a significantly reduced ¢ value (~4.002
A) and an increased a value (54.023 A). Thus, the in-plane oriented tetragonal structure
appears, with an a/c ratio.of 1.009. The calculated c/a ratio, the lattice constant ¢ from
XRD 6-26 scany'and the lattice constant a from Poisson relation calculation as a
function of substrates parameter are shown in Figure 2. It should also be noted that for
BTO: Er films grown on larger lattice mismatched substrates (LAO, LSAT, and MgO),
the obtained in-plane strain values are considerably smaller than the estimated misfit
strain €%. It is consistent with the previously established strain relaxation mechanism

in BTO films,*® also indicating that larger lattice mismatch tends to relax by forming
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the misfit dislocation near the interface.

Figure 3 shows the upconversion PL spectra of BTO: Er films on different substrates.
The PL spectra consist of two strong green emission bands at 525/551 nm and a weak
red emission band at 668 nm, corresponding to the infra 4/2H12/*S23—*11s2transitions
and *Fon—"115/2 transition of the Er** ions, respectively. It is noticed that the emission
intensity reaches a maximum value in the film grown on STO substrate; while the
minimum value is observed in the film grown on PMN-PT substrate: T}; results can be
classified according to the PL intensities, i.e. BTO: Er/STO > BTO: Er/LSAT > BTO:
Er/LAO > BTO: Er/MgO > BTO: Er/PMN-PT. Figure 4 indicates that the arrangement
of the PL intensity is consistent with the order of the ¢/a raiios of BTO: Er films grown
on different substrates. Considering identical growth conditions and thickness of the
films, the remarkable distinction of the PL mainly originates from the lattice strain
induced structure distortion. In principle, a lower symmetry around the Er** ions derive
a crystal field containing more uneven components into the 4f configurational levels
and subsequently give rise;torthe enhanced transitions of lanthanide ions. Figure 5
shows the enhancement factors for green (525 nm/551 nm) and red (668 nm) emission
bands as a functiomef the.c/a ratio. Because BTO: Er thin film grown on PMN-PT has
a quasi-cubic.structure{(c/a=1.0015), we used the PL intensity of BTO: Er/PMN-PT as
the benchmark. It can be seen that the enhancement factors for the green (525 nm/551
nm) and red (668 nm) emission bands of BTO: Er/STO (corresponding to the in-plane
strain of~1.7%) can be up to ~6.5 and 7.1, respectively, which is significantly enhanced

compared with our previously reported values obtained from PMN-PT actuators.!” For
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further confirming our hypothesis, we also measured the lifetime at the wavelength of
551 nm corresponding to the *Sz3—*I;5/2 transition for all the samples. The lifetimés
were measured to be 20.8 ps, 23.3 ps, 87 ps, 109.6 us and 132.6 ps, respectively for the
BTO: Er thin films grown on STO, LSAT, LAO, MgO and PMN-PT substrates. It can
be found that the lifetime values decrease when increasing the c/a ratios .of BTO: Er
films. Together with the enhanced PL intensities, smaller lifetimes indicate increased
radiative transition probabilities existed in the BTO: Er thin films with 1?1rger c/a ratios.
These results exhibit the prospects of strain engineering on lanthanide doped phosphors.
It is intriguing that the arrangement of enhancement factors,follows the changing trend
of c/a ratios, rather along the estimated in-plane/strain &%.. Therefore, lanthanide ions

4

can be used as the spectroscopic probe for.monitoring in-situ stress and strain situations.

4. Conclusions

In summary, biaxial strain induced strong enhancements of upconversion emission were
observed in the BTO: Er thin\ﬁlms grown on different lattice-mismatched substrates.
The observed remarkable‘enhancements can be ascribed to the increase in radiative
transition probabilities resulting from strain-mediated asymmetry changes at the Er’*
ion sites. The.quantitative determination of lattice distortion and crystalline orientation
is in favorof the observed PL enhancement, which will aid further understanding the
interplay between the crystal field and luminescence of lanthanide ions. Our finding not
only offers an effective way to improve the luminous efficiency of lanthanide doped

luminescent films, but also provides a feasible approach to explore the intrinsic state of

10
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stress and strain in ferroelectric materials.
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Table Caption:

Table 1: Lattice parameters of the substrates asu, out-of-plane lattice parameter of BTO:

Er cfim from XRD, out-of-plane misfit strain ¢, in-plane misfit strain &, estimated‘in-
plane misfit strain &’y,, calculated in-plane lattice parameter afim, and the c/a ratio for

BTO: Er films grown on different substrates.

Table 1

- —

estimated
substrates  asu (A) crim (A) &z (%)  ex (%) arm{A)  cla

8xx 4]

LAO 3789 4.028 -0.20  0.18 -5.09 3.999 1.0073
LSAT 3.868  4.066 0.74  -0.69 -3.11 3.964 1.0257
STO 3.905 4.110 1.83 A7 2,18 3.924 1.0474
PMN-PT 4.024 4016 -0.50 0.46 0.80 4.010 1.0015
MgO 4216  4.002 -0.84, 0.78 5.61 4.023  1.0052
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Figure Caption:

Figure 1. XRD 60-26 scan of Er** doped BaTiOs films on LAO, LSAT, STO, PMN-PT,
and MgO substrates in the 40°-50° range. Dashed lines represent the positions of the
characteristic bulk BaTiO3 (002) and (200) reflections.

Figure 2. The c/a ratio (top), lattice constant ¢ and a (bottom) of BTO: Er. films as.a
function of the substrates lattice constants.

Figure 3. The upconversion emission spectra of the BTO: Er filmssgrown on LAO,
LSAT, STO, PMN-PT, and MgO substrates.

Figure 4. The upconversion PL emission intensity ratio of green-to<fed emission (/551
nm/lgss nm) (top) and the PL emission intensities for green and red<emission bands
(bottom), as a function of the c/a ratio for BTO: Er films

Figure 5. The enhancement factors for red (525 am/551 am) and green (668 nm)

emission bands as a function of the ¢/a ratio for BTO: Er films.
. 4
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