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Abstract: The epitaxial Sm Nd, NiO, (x=0.5, 0.55, 0.6, SNNO) thin films with (001)-oriented single-crystal LaAlO, substrates were
fabricated by a chemical solution deposition technique, namely polymer-assisted deposition (PAD) under the ambient oxygen anneal-
ing. X-ray diffraction 6-26 scan, rocking curve measurement, g-scan and scanning electron microscopy were used to study the SNNO
characteristics. The results reveal the good crystallinity and heteroepitaxy of these SNNO films. Temperature dependence of the resis-
tivity indicates that all the films show a clear Mott metal-insulator transition (MIT) and the transition temperature (7)) shifts to higher
temperature with the increase of Sm content. The epitaxial Sm, ;sNd,,sNiO, thin films exhibit MIT near room temperature. The suc-
cessful growth of high quality SNNO films with room temperature transition by economic and facile PAD method shows great poten-

tial in practical application of nickelate.
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Rare earth nickelate RENiO, attracts much attention be-
cause it provides a wide range of important functionality for
applications in modulated sensors', optoelectronic switches®,
and thermochromic coatings”. Furthermore, these materials al-
so show temperature-driven metal-insulator transition (MIT)
properties™. Among the RENiO,, LaNiO, maintains a metallic
conductivity until the temperature drops to 1.5 K, while
RENIO; with RE=Pr, Nd, Sm and Eu undergoes the MIT at
135, 200, 400, and 460 K, respectively!. This systematical
shift towards higher values is ascribed to the increasing devia-
tion of Ni-O-Ni angles (180°) with reducing the RE ion
size>*!. Besides, the application of external pressure!”, electri-
cal field® and substrate modification® can also change the
metal-insulator transition temperature (7).

From the perspective of device application, the nickelate
with a T, around room temperature is note-worthy!"”’. To alter
the MIT temperature to the room temperature, epitaxial strain
engineering through hetero-epitaxial growth and substitution
of RE ions by alkaline earth metal ions or other RE ions are
two major feasible ways. Ojha et al'! demonstrated that the
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electronic and magnetic phase of ultrathin NdNiO, film can be
engineered through various degrees of lattice mismatching be-
tween the film and substrate. Bruno et al"” observed that add-
ing 1.0% compressive strain in SmNiO; thin film can dramati-
cally decrease the 7}, by 200 K, while the addition of tensile
strain does not increase the T, prominently. RE cation substi-
tution with desired ratio alters the MIT as well. Shao et al™!
observed that the solid solution of Nd, Y NiO, (x=0.3, 0.4) ex-
hibits the tunable sharp MIT near room temperature. Xiang et
al™ reported that 1wt%~2wt% Ca doped SmNiO, films of 30
nm in thickness deposited on LaAlO, (001) substrate shows a
sharp MIT at room temperature. Similar room temperature
MIT was achieved in Nd,,Eu,;NiO, films". For NdNiO;, sol-
id solution, the Ty, varies from 200 K to 400 K as Sm gradual-
ly substitutes for Nd and the Nd,,;Sm, ;;NiO, displays a transi-
tion near room temperature. Ambrosini et al' synthesized
Sm,Nd, NiO, (SNNO) films on (100) NdGaO, substrates and
MIT occurs at room temperature when x=0.6. In addition, Li-
an et al'” prepared Sm, ;Nd, ;NiO, films on NdGaO, (100) sub-
strates with MIT at about 300 K and illustrated that the deposi-
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tion parameters such as oxygen pressure, substrate tempera-
ture and thickness should be well controlled to grow the film
with sharp MIT transition. As for the studies above, the solid
composites can only be obtained under sufficiently high pres-
sure and high temperature, and the thin films are mainly syn-
thesized under relatively mild conditions by pulsed laser depo-
sition (PLD) technique. However, the high-cost and inability
to coat the large area with uniform films restrict the tech-
niques for application. In order to widen the applications, it is
desirable to prepare nickelate films under ambient pressure us-
ing soft method. The ability to grow high quality epitaxial
RENIO; thin films can also provide additional possibilities for
exploring the mechanism of MIT as well as the opportunity to
incorporate the functionality into new device application.
There are some reports about the preparation of LaNiO,"® and
NdNiO, films using chemical solution deposition. However,
there is few relevant reports on nickelate epitaxial films with
smaller RE ions. Recently, a novel method named polymer-as-
sisted deposition (PAD) ™ offers a great opportunity for
achieving scalable high-quality metal oxide films. In the pro-
cess of PAD technique, a mixture of metal precursor and solu-
ble polymer were used to form the aqueous solution. A solu-
tion sample with desired viscosity without gelling is then spin-
coated on the smooth substrate. After anneal at proper temper-
ature, the hybrid polymer coating decomposes to form the met-
al oxide films. The main advantage of this approach is that the
polymer actively binds with the metal ion to prevent prema-
ture precipitation and yield a very stable and homogeneous so-
lution. A great amount of high-quality metal oxide films can
be successfully prepared using this low-cost and simple tech-
nique®,

In this research, epitaxial Sm Nd, NiO, (x=0.5, 0.55, 0.6)
films on single crystal LaAlO, substrates were fabricated by
this simple PAD method. The obtained epitaxial SmNd, -
NiO, thin films exhibit not only desired crystal structure but
also expected MIT near room temperature on LaAlO, sub-
strates. The successful growth of high quality SNNO films
with room temperature transition by PAD method shows great
potential in practical application of nickelate.

1 Experiment

High purity (>99.9%) Nd(NO,),"6H,0, Sm(NO;),"6H,0
and Ni(NO,),"6H,0 were employed as starting materials for
SNNO precursor solution. The metal salts with stoichiometric
amount were dissolved into 5 mL distilled water and stirred
until clear solution was obtained. Appropriate amounts of cit-
ric acid and polyethyleneimine (PEI) were added slowly to the
solution. Then the precursor solution was heated through oil
bath with constant stirring until its volume was 5 mL. Finally,
the solution was aged for 24 h to confirm its stability avoiding
any kind precipitation and/or particle agglomeration.

The homogeneous solutions were spin-coated on (001)-ori-
ented single-crystal LaAlO, (LAO) substrates with 5000 r/min.
The resultant coatings were thermally heated at 800 °C for 12
h with a ramping rate of 1 °C/min under ambient atmosphere.
X-Ray diffraction (XRD) using Cu Kal radiation (Panalytical

X'pert, 2=0.154 06 nm, 40 kV and 20 mA) was used to charac-
terize the crystal structure of the films. The thickness of the
SNNO film was measured by direct observation of the field
emission scanning electron microscope (FE-SEM, JSM-
6700F). The electrical resistivity of the films as a function of
temperature (50~325 K) was measured by standard four-probe
technique.

2 Results and Discussion

2.1 Microstructure of as-prepared films

Fig. 1 shows the surface morphologies of SNNO (x=0.55)
films grown on LAO substrate. The surfaces of these films ob-
tained by PAD method are smooth, dense, and uniform with-
out large voids or cracking on the substrates. Also, the thick-
ness of the SNNO films is about 80 nm, which is character-
ized by cross-section SEM micrographs.

Fig.2 shows the typical XRD 6-26 scan results of SNNO
films grown on a LAO(001) substrate and annealed at 800 °C.
The patterns confirm that no secondary phase or epitaxial
growth of (001)-oriented SNNO on LAO substrate occurs. Ac-
cording to Vegard’s rule, the expected pseudocubic lattice pa-
rameter of SNNO solid solution can be calculated from xx
a,(SmNiO,)+(1-x)*a,(NdNiO,), where the pseudocubic lattice
parameter a, for bulk SmNiO, and NdNiO, is 0.379 90 and
0.380 80 nm'Y, respectively. Therefore, the a, for SNNO
should be close to 0.380 35, 0.380 31 and 0.380 26 nm when x
=0.5, 0.55, 0.6, respectively. The relatively small mismatch be-
tween films and substrates (¢=0.379 20 nm) results in coher-
ent growth of films, which leads to the appearance of small
bulges along the substrate peaks. The insets in Fig.2 show the

Fig.1 SEM morphologies of SNNO (x=0.55) films on LAO sub-

strate (a) and the corresponding cross-section (b)
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Fig.2 XRD patterns of §-26 scan for Sm ,Nd, ,NiO, (x=0.5, 0.55, 0.6) films grown on LAO substrates (insets are related rocking curves of (002)

w-scan results; FWHM-full width at half-maximum)

rocking curves of (002) reflection of the SNNO films. The val-
ues of the full width at half-maximum (FWHM) are 0.122°,
0.130° and 0.133° when x=0.5, 0.55, 0.6, respectively, suggest-
ing good crystallization of the films.

To further confirm the epitaxial property of the obtained
films, representative XRD ¢ -scans of reflections of SNNO
{110} and LAO {110} are shown in the Fig.3. The film is
aligned with the four-fold symmetry in plane. The heteroepi-
taxial relationship between the SNNO films and the LAO sub-
strates can be described as (001)SNNO//(001)LAO and (110)
SNNO//(110)LAO, which is consistent with the films mea-
sured by other techniques. Considering the results of 6-26
scans, rocking curves, and ¢ -scans, it can be concluded that
the epitaxial SNNO films successfully grow under the com-

pressive strains by the simple PAD method.
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Fig.3 XRD patterns of ¢-scan for (101) plane reflection of SNNO (x
=0.55) film on LAO substrate

2.2 Electrical properties of the films

Fig.4a shows the three epitaxial thin films carried out by the
standard four-probe technique with silver paste contact. The
films exhibit a positive temperature coefficient of resistivity at
high temperature with the metallic behavior. Below the transi-
tion temperature, all the samples exhibit temperature-depen-
dent semiconducting behavior. Their behavior is quite similar
to that of reported bulk samples”' and films"" with a clear
Mott MIT. Fig.5 shows the relationship between T,, and Sm
content of these films. The value of T, is the temperature cor-
responding to the change of the slope of resistivity. 7y, of the
solid solution increases linearly as the Sm concentration in-
creases. It is generally accepted that 7}, is sensitive to the
changes of Ni-O bond length (dy,,) and Ni-O-Ni bond angle
(Bxi.0n)> Which are modified by the lattice mismatch strain and
Sm substitution. Gradual substitution of Nd by Sm decreases
the Ni-O-Ni bond angles and increases the bandwidth due to
the smaller radius of the Sm*" ion, resulting in the insulating
state. Furthermore, as to Sm,;Nd, ,sNiO,, compared with the
T\, of bulk solid counterparts (~305 K)®, the decrease of Ty,
under compressive strain for the film is obvious. It is claimed
that the in-plane compressive stress imposed by the LAO sub-
strate leads to the increase of out-of-plane Oy, q.,;, and the in-
plane 6y, ,,; 1s unchanged, resulting in the stabilization of me-
tallic phase and decrease of 7,,***!. Meanwhile, the compres-
sive strain shrinks the Ni-O bond distance which also stabiliz-
es the metallic state. Therefore, the combined effect of varia-
tion of Ni-O-Ni angle and Ni-O distance leads to a lower 7,
for the films under compressive strain.

Specially, the Sm,Nd,,;NiO; film displays a transition
near room temperature, indicating that this material can be
used for technical applications, such as thermochromic coat-
ings or sensors.
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Fig.4 Resistivity versus temperature plots of SNNO (x=0.5, 0.55, 0.6) thin films in the temperature range of 50~325 K (a) and partial enlarged
plots around the transition temperature for different SNNO films of x=0.5 (b), x=0.55 (¢), and x=0.6 (d)
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Fig.5 Relationship between MIT temperature 7}, and Sm content of
SNNO films

The films were also deposited on SrTiO, (001) substrates by
PAD method, but the experiment failed. The reasons need to
be studied further. Currently, the oxidation state of nickel
changing from 37 to 2" in the SmNiO; film under tensile strain
shows great possibility as the determinable cause™.

3 Conclusions

1) Sm Nd, NiO, (x=0.5, 0.55, 0.6) thin films on single-crys-
tal (001) LaAlO, substrates can be successfully fabricated by
polymer-assisted deposition technique.

2) The metal-insulator transition temperature shifts to high-
er temperature with the increase of Sm content for

Sm Nd, NiO, thin films.

3) The Sm,sNd,,NiO, film grown on LaAlO, substrate
shows metal-insulator transition near room temperature,
which offers a promising suitability for application of the ther-
mochromic coatings.
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