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ARTICLE INFO ABSTRACT

Keywords: Hydrogen donor doping has been exploited as a strategy to manipulate the electronic structure and electrical
NdNiO; thin films properties of functional oxide systems. Especially, the development of synthetic methods to achieve electron dop-
LaAlOg

ing of perovskite rare-earth nickelate thin films utilizing interstitial hydrogen is highly desirable considering the
rich electronic phase diagram hosting several functional properties. In this work, we present the hydrogenation
of NdNiO3 (NNO) thin films using CaH, annealing and the resulting giant modulation of electrical resistivity in
hydrogenated NNO (H-NNO) thin films. Magnetron sputtering was employed to deposit epitaxial ~60 nm-thin
NNO films on single crystal LaAlO3 (LAO) substrates. The formation of the pristine perovskite NNO phase was re-
alized after annealing the films at 500 °C for 24 h. CaH, annealing of NNO thin films for time durations ranging
from 1 to 6 h was performed in a vacuumed ampule with two interconnected chambers at 280 °C. The two-
chamber design enables a simple and clean approach for hydrogen doping without physical contact between the
powder and sample of interest. X-ray diffraction and Raman spectroscopy revealed the formation of NNO in pris-
tine samples, and the subsequent hydrogen incorporation upon CaH, annealing without forming any impurity
phases. The conversion of the oxidation state of Ni towards +2 upon CaH, annealing was probed using X-ray
photoelectron spectroscopy and X-ray absorption spectroscopy. Consequently, a substantial increase in the room-
temperature resistivity was observed upon CaH, annealing indicating the formation of a strongly correlated elec-
tronic configuration of Ni in H-NNO due to electron doping. Overall, the findings of this study highlight the ver-
satility of CaH, annealing as an electron doping method to tune the electrical properties of correlated oxides at
low temperatures.

CaH, annealing
Electron doping
Hydrogenation
Mott transition

intercalation of H* and Li* ions, substitution of F- for O2-, and intro-
ducing oxygen deficiency [5,10-14]. In this context, the development

1. Introduction

Perovskite rare-earth nickelates with the generic formula RENiO;
(RE = rare-earth) constitute an important class of correlated oxides,
which have been widely investigated for their temperature driven
metal-insulator transition (MIT) [1-3]. Manipulation of the electronic
structure and the resulting electrical properties of rare-earth nickelate
thin films by carrier doping is of interest across fundamental materials
research and computing [4-9]. To this end, electron doping of RENiO3
by changing the interstitial defect density and cation valence states has
gained widespread research interest. Upon electron doping such as
from hydrogen, nominal Ni®* ions in NiOg octahedra in undoped
RENiO; are reduced to Ni2* ions leading to a highly insulating state.
Electron doping approaches utilized on rare-earth nickelates to yield a
large modulation in electrical resistivity at room temperature include
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of additional synthetic methods to achieve electron doping of rare-earth
nickelates and other correlated oxides is highly desirable considering
the potential of these materials as a platform for adaptive, tunable mat-
ter.

Search for synthetic methods for electron doping of rare-earth nick-
elates points to the recent use of CaH, annealing for electron doping of
perovskite BaZrO3 thin films [15]. In fact, CaH, annealing has been
used as a facile low-temperature topochemical reaction route to synthe-
size metastable phases, which are not accessible by conventional high-
temperature solid-state reactions [16]. Topochemical reduction of per-
ovskite rare-earth nickelate thin films by CaH, annealing has provided
synthetic access to superconducting infinite-layer phases including
Nd, gSrg ,NiO, and Pr gSr ,NiO, [17,18]. In these cases, CaH, acts as a
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reducing agent and removes apical oxide anions from the perovskite
crystal structure of RENiOs. In addition, it has been shown that incorpo-
ration of hydride anions by CaH, annealing enables the synthesis of
oxyhydride phases such as SrVO,H, LaSrCoOsH,y;, SrCoO,H,, and
ATiO;_,H, (A = Ba, Sr, and Ca) in thin film forms [19-22]. Onozuka
and coworkers investigated the effect of CaH, annealing on NdNiO3
(NNO) thin films deposited on SrTiO; (STO) substrate and reported the
formation of the oxyhydride NdNiOxHy [23]. In addition, theoretical
studies have recognized CaH, annealing as a feasible synthetic route for
incorporating hydrogen into nickelates [24,25]. Annealing experiments
carried out with CaH, and metal oxides as well as the thermal desorp-
tion spectroscopic investigations have shown that CaH, may act as an
in-situ source of H, gas [26-28]. In fact, the generation of in-situ H, has
been realized at low temperatures (250-300 °C) to facilitate topochemi-
cal reduction and hydrogenation reactions. Motivated by the findings of
above studies, we aimed at examining the effect of CaH, annealing on
NNO thin films deposited on LaAlO3 (LAO) substrate.

In this article, we report the synthesis, characterization, and electri-
cal transport properties of hydrogen-doped NNO (H-NNO) thin films
obtained by CaH, annealing. A novel experimental set up for annealing
NNO thin films with a physically separated CaH, chamber has been in-
troduced. The changes in the crystal structure of NNO and valence state
of Ni upon hydrogenation have been probed using X-ray diffraction and
X-ray spectroscopy, respectively. We also demonstrate the conversion
of the correlated metal NNO to a highly insulating state at room tem-
perature by hydrogen incorporation via CaH, annealing. The broad ap-
plicability of CaH, annealing as an electron doping strategy to modu-
late the electrical transport properties of correlated oxides is high-
lighted.

2. Experimental
2.1. Deposition of NNO thin films
Epitaxial NNO thin films (~60 nm) were grown on (001) LAO sub-

strate employing reactive magnetron sputtering followed by post an-
nealing in air. Co-sputtering from Nd (RF, 135 W) and Ni (DC, 80 W)
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targets in an Ar/O, atmosphere was first performed on the substrate at
room temperature. Flow rates of Ar and O, were 40 and 10 SCCM, re-
spectively. Deposition was carried out for 30 min at a total pressure of 5
mTorr. The formation of the pristine perovskite NNO phase was real-
ized after annealing the films in a tube furnace at 500 °C for 24 h in air.
Total ramping time was 10 h (5 h each for heating and cooling).

2.2. Topochemical reduction

As shown in Fig. 1, a pristine NNO thin film was loaded into an en-
capsulation vessel with CaH, powder inside of an argon filled glovebox.
Approximately 0.5 g of CaH, powder was used for a 5 x 5 mm? NNO
film. CaH, powder and NNO thin film were placed in different intercon-
nected chambers in the encapsulation vessel to ensure a complete gas
phase hydrogenation reaction. Encapsulation vessel was closed using
an encapsulation vessel adapter and the glassware assembly was taken
out of the glovebox. The glassware assembly was then evacuated to a
pressure of 2 X 10—# Torr and carefully sealed to obtain a glass ampule
with the two interconnected chambers containing the NNO thin film
and CaH, powder. The separation between the two chambers was kept
fixed at ~6 mm. Then, the glass ampule was placed in a tube furnace
and annealed at 280 °C; annealing time was varied in the 1-12 h range.
Heating and cooling rates of 10 °C/min were used. After the annealing
step, H-NNO thin films were rinsed thoroughly with deionized water,
ethanol, and isopropanol and used for further characterization.

2.3. X-ray diffraction (XRD)
Room-temperature XRD patterns of LAO, NNO, and H-NNO films
were collected using a Panalytical MRD X'Pert Pro high-resolution dif-

fractometer with Cu Ka radiation (A = 1.5406 A).

2.4. Synchrotron X-ray reflectivity (XRR), diffraction, and reciprocal space
mapping (RSM)

Synchrotron XRR, XRD, and RSM measurements of the NNO and
H-NNO thin film samples were carried out on a six-circle Huber diffrac-
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Fig. 1. Schematic illustration of the process flow of CaH, annealing of NNO thin films. (a) Encapsulation vessel with two interconnected chambers for NNO thin
film and CaH,. (b) Encapsulation vessel adapter used for closing the encapsulation vessel after loading NNO thin film and CaH, powder. (c) Assembly of the encap-
sulation vessel and adapter before vacuum sealing. (d) Vacuum line used for evacuating the glassware assembly and sealing to obtain the glass ampule. (e) Glass
ampule with two interconnected chambers containing NNO thin film and CaH, powder for annealing at 280 °C. (f) H-NNO thin film obtained after CaH, anneal-

ing.
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tometer with psi-c geometry using an X-ray energy of 20 keV
(1 = 0.6199 ;\) at the beamline sector 33-BM-C in the Advanced Pho-
ton Source (APS) at the Argonne National Laboratory. A Si (111) double
crystal monochromator with a resolution AE/E = 1 X 10~* was used to
modulate and set X-ray energy. The X-ray beam had a total flux of
1 x 10! photons/s at 20 keV, and the beam was vertically focused by
a vertically focusing mirror. The double crystal monochromator used a
sagittal focusing crystal for horizontal focusing. An X-ray beam profile
of 300 pm (V) X 500 pm (H) was used in the measurement. Geometric
corrections and background subtractions were applied for all XRR and
XRD data. RSM data were processed by the RSMap3D software devel-
oped by APS.

2.5. Raman Spectroscopy

Raman spectra were measured at room temperature using a Ren-
ishaw inVia Raman spectrometer. Acquisition of spectra was carried out
in the backscattering geometry employing an excitation wavelength of
532 nm with a power of 1 mW.

2.6. X-ray photoelectron spectroscopy (XPS)

High-resolution XPS spectra of NNO and H-NNO thin films were ob-
tained using a Kratos X-ray Photoemission Spectrometer and mono-
chromatic Al Ka radiation (1486.6 eV) as the excitation source. The
binding energies of XPS spectra were calibrated according to the bind-
ing energy of C 1s peak (284.8 eV).

2.7. X-ray absorption spectroscopy (XAS)

O K edge and Ni L edge XAS data of pristine NNO and selected
H-NNO samples were collected at beamline 29-ID-D of the Advanced
Photon Source at Argonne National Laboratory. Data were measured si-
multaneously in total electron yield (TEY) and total fluorescence yield
(TFY) at room temperature in a pressure of 5 x 108 Torr. TFY signal
was collected using a silicon drift diode detector (Vortex) located at
155° from direct beam. The incidence angle was set to 15°. Circular po-
larized X-ray with an overall energy resolution better than 100 meV
was used. Using the drain current from a gold mesh upstream of the
sample, both absorption signals were normalized by the incident X-ray
intensity.

2.8. Electrical transport property measurements

Temperature-dependent resistivity measurements were performed
utilizing a Quantum Design physical property measurement system
(PPMS). NNO and H-NNO thin films were mounted on a puck and con-
nected with Au contacts. A small excitation AC signal (1 pA) was em-
ployed for the measurements. Measurements were performed in the
four-probe configuration.

3. Results and discussion

XRD patterns and Raman spectra were taken from NNO thin films on
LAO substrate and structural evolution of H-NNO thin films as a func-
tion of CaH, annealing temperature and time was monitored. Results
from these investigations are summarized in Fig. 2. As shown in Fig. 2a,
the successful deposition of pristine NNO on LAO substrate is confirmed
by the appearance of the distinct diffraction maxima at 47.5°, which
corresponds to the (002) reflection of pseudo-cubic NNO. An out-of-
plane lattice constant (cxyo) of ~3.825 A was also extracted from these
measurements. This slight expansion of the unit cell along the c axis
compared to the corresponding value in bulk NNO (3.807 A) may be a
result of the in-plane compressive stress introduced by the LAO sub-
strate [29,30]. More importantly, XRD studies confirmed that the sput-
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tering and post annealing conditions utilized in this study lead to the
growth of c-axis oriented pristine NNO films on LAO substrate without
any detectable impurity phases. Next, a series of experiments was car-
ried out to ascertain the optimum temperature for CaH, annealing to re-
alize electron doping. Targeted annealing temperatures were 200, 280,
and 400 °C; annealing time was kept fixed at 3 h. The presence/degra-
dation of the NNO phase on LAO substrate after CaH, annealing at these
temperatures was probed using XRD and degree of hydrogen incorpora-
tion was qualitatively monitored using Raman Spectroscopy. The dis-
tinct diffraction maximum at 47.5° corresponding to (002) reflection of
pseudo-cubic NNO was clearly observed in the XRD patterns collected
after CaH, annealing at 200 and 280 °C indicating the preservation of
NNO phase after CaH, annealing at these temperatures. In contrast, the
absence of a peak at ~47.5° in the XRD pattern implied the degradation
of NNO thin film annealed with CaH, at 400 °C for 3 h. Therefore, in
this study, temperatures >400 °C were considered to be harsh for CaH,
annealing of NNO thin films. Raman spectra were collected to confirm
the incorporation of hydrogen into the crystal structure of NNO after
CaH, annealing at 200, 280, and 400 °C. As shown in Fig. 2b, the Ra-
man peak at ~487 cm~! originates from the E, vibration of LAO sub-
strate [31]. Pristine NNO usually exhibits 24 Raman modes. However,
only a limited number of Raman vibrations are experimentally ob-
served. A Raman peak from the T,; mode of pristine NNO is observed at
~433 cm~! [32]. It has been reported that the intensity of this peak is
sensitive to the hydrogen incorporation [33,34]. In comparison to the
intensity of the Raman peak at ~433 cm™! in pristine NNO, no signifi-
cant change in the intensity of the corresponding peak in the NNO thin
film annealed at 200 °C was noticed. This behavior may originate due
to no hydrogen incorporation into NNO lattice at low CaH, annealing
temperatures (<200 °C). However, the disappearance of the Raman
peak at ~433 cm~! upon CaH, annealing at 280 °C for 3 h suggested the
hydrogen doping of NNO without degrading the perovskite crystal
structure. Therefore, 280 °C was chosen as the optimum CaH, anneal-
ing temperature of NNO thin films in our study. In addition, we probed
the effect of vacuum annealing of NNO thin films at 280 °C for 3 h; no
significant change in the intensity of the Raman peak at ~433 cm~! was
noticed (Electronic Supporting Information, ESI-Fig. 1). On the other
hand, annealing NNO thin films patterned with Pt electrodes in 5%
H,/95% Ar forming gas at 125 °C for 10 min led to the disappearance of
the Raman peak at ~433 cm~1. Noticeably, it has been reported that hy-
drogen doping by electrochemical method and annealing with 5%
H,/95% Ar forming gas leads to a similar suppression of the intensity of
the corresponding Raman peak in hydrogenated perovskite RENiO3
[31,33,34]. Hence, it is reasonable to conclude that H, doping by CaH,
annealing as the primary origin of the suppression of the intensity of the
Raman peak at ~433 cm~! and resulting increase in the resistivity of
H-NNO thin films (vide infra) in the current study. Having optimized
the CaH, annealing temperature, we then systematically change the
CaH, annealing time at 280 °C to study the structural evolution of
H-NNO samples. As depicted in Fig. 2C, a slight shift of the (002) dif-
fraction maximum of NNO to lower angle is observed upon CaH, an-
nealing for 4 h at 280 °C. This corresponds to ~0.7% expansion of the
out-of-plane lattice constant due to the strain induced by hydrogen dop-
ing (ESI-Fig. 2). Upon CaH, annealing for 2 h, the intensity of the Ra-
man peak at ~433 cm~! strongly decreased confirming the hydrogen
doping of NNO thin films (Fig. 2d). According to the reports on
topochemical reduction of NNO thin films grown on SrTiO; (STO) by
CaH, annealing, the formation of infinite layer NdNiO, phase is con-
firmed by the appearance of a XRD peak at ~55° [17,23,35]. However,
we noticed no new peak in the corresponding region of the XRD pat-
terns of our H-NNO samples suggesting the absence of NdNiO, phase. It
should be noticed that the complete stabilization of NdNiO, on STO re-
quired a protective capping layer while no LAO capping layer was uti-
lized in our investigation [17,35]. In addition, no peaks corresponding
to oxyhydride NdNiO,H, were present in the diffraction patterns of our
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Fig. 2. (a) XRD patterns and (b) Raman spectra of LAO substrate, NNO thin film, and NNO thin films annealed for 3 h at 200, 280, and 400 °C with CaH,. (c) XRD
patterns and (d) Raman spectra of LAO substrate, NNO thin film, and NNO thin films annealed at 280 °C for 1, 2, 3, 4, and 6 h with CaH,. (002) reflection of LAO is
labeled in (a) and (c). (002) reflection of NNO is labeled with pseudocubic notation and indicated by an arrow in (a) and (c). Dashed line in (c) corresponds to the ex-
pected (002) XRD peak position of NdNiO,. Dashed lines in (b) and (d) denote the Raman peak maxima of LAO and NNO located at ~487 and 433 cm™1, respectively.

The NNO peak intensity decreased after hydrogen doping by CaH, annealing.

study [23]. More importantly, the absence of any additional diffraction
peaks corresponding to secondary crystalline phases in our samples
suggests that CaH, annealing for 1-4 h causes no significant changes in
the crystal structure of NNO thin films deposited on LAO except for the
lattice expansion. The diminished intensity of the (002) XRD peak re-
vealed that the prolonged annealing with CaH, for 6 h induces the
structural degradation of NNO thin films. As shown in ESI-Fig. 3a, a re-
annealing experiment was performed at 500 °C for 24 h in air on the de-
graded thin films obtained from CaH, annealing at 280 °C for 6 h. Inter-
estingly, (002) diffraction maximum of NNO was observed in the XRD
pattern of the re-annealed sample revealing the recovery of the per-
ovskite NNO structure upon exposure to air at 500 °C. A similar out-
come was observed in the re-annealing experiment carried out on the
degraded NNO thin films obtained from CaH, annealing at 280 °C for
12 h (ESI-Fig. 3b). Overall, these results highlighted the importance of
using shorter reaction times (1-4 h) at 280 °C to achieve hydrogen dop-
ing of NNO thin films on LAO substrate by CaH, annealing.

The role of hydrogen doping during CaH, annealing was determined
using a series of current-voltage (I-V) measurements on NNO samples
annealed under different conditions. Results from this analysis are
shown in ESI-Fig. 4. Room-temperature resistance of NNO thin films

patterned with Pt electrodes was significantly enhanced from ~144 to
~13850 Q upon annealing in 5% H,/95% Ar forming gas at 125 °C for
10 min (ESI-Fig. 4a). More importantly, room-temperature resistance
reached a colossal value of ~725000 Q after annealing NNO thin films
patterned with Pt electrodes at 280 °C for 3 h with CaH,. This observa-
tion (i.e. catalytic electrode-enhanced massive resistance increase)
strongly implies that the generation of in-situ H, and hydrogen doping
of NNO thin films indeed occur during CaH, annealing. As depicted in
ESI-Fig. 4b, annealing pristine NNO films without Pt electrodes in 5%
H,/95% Ar forming gas at 125 °C for 10 min led to a minor increase in
the film resistance demonstrating the importance of catalytic activity of
Pt towards hydrogen incorporation. In addition, the resistance of the
sample annealed in 5% H,/95% Ar with Pt electrodes (~13850 Q)
could be lowered to that of the pristine NNO by re-annealing the hydro-
genated films at 200 °C for 15 min in air indicating the relatively weak
binding of hydrogen in NNO lattice. It has also been shown that hydro-
gen incorporation under these annealing conditions takes place as H*
ions in interstitial sites of the NNO lattice [5,6]. On the other hand, an-
nealing pristine NNO thin films at 280 °C for 3 h with CaH, resulted in a
room-temperature resistance of ~88600 Q whereas the corresponding
value reached after performing the same experiment with no CaH, was
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Fig. 3. (a) Synchrotron X-ray reflectivity (XRR) patterns of (a) pristine NNO and (b) NNO thin film annealed at 280 °C for 4 h with CaH,. Film thickness values of
62.3 and 63.4 nm were extracted from the thickness fringes of XRR curves in (a) and (b), respectively. Synchrotron X-ray reciprocal space mapping (RSM) collected
around the (112) diffraction maximum of LAO for (c) pristine NNO and (d) NNO thin film annealed at 280 °C for 4 h with CaH,. Pseudocubic lattice constant of
LAO is used to define the reciprocal lattice unit (r.l.u). The epitaxial NNO strained in the (001) plane is indicated by (*). Dashed lines are used as guides-to-the-eye.
The diagonal elongation of the RSM spot reveals that pristine NNO thin film is partially relaxed on the (001) surface of the LAO substrate. The degree of relaxation

seems to decrease upon CaH, annealing.

only ~4300 Q. Such a large difference in the modulation of room-
temperature resistance invariably signifies the electron doping via hy-
drogen incorporation of NNO during to CaH, annealing process. While
above experiments and the results from Raman spectroscopy support
hydrogen doping of NNO thin films, formation of oxygen vacancies dur-
ing CaH, annealing cannot be excluded. It has been reported that CaH,
can act as an oxygen getter creating highly reducing conditions, which
facilitates the formation of reduced oxides [27]. In order to qualita-
tively probe the formation of oxygen vacancies and its impact on resis-
tivity modulation, we have performed re-annealing of CaH, annealed
NNO samples in air and collected I-V data. As shown in ESI-Fig. 5, the
resistance of the sample annealed with CaH, at 280 °C for 3 h (~88600)
could be lowered to ~30000 Q by re-annealing at 200 °C for 3 h in air.
This observation may indicate the possible deintercalation of H* from
the interstitial sites of the NNO lattice. As mentioned earlier, similar
lowering of the room-temperature resistance upon re-annealing in air
was observed for the H-NNO thin films, which were obtained after hy-
drogen doping in 5% H,/95% Ar forming gas at 125 °C. It should be
mentioned that the binding strength of H* to the NNO lattice might be
different in CaH, annealed samples in comparison to that of the samples
annealed in forming gas. This may be evident from the longer annealing
time (3-6 h) required for hydrogen deintercalation in the former case
compared to the latter (15 min) at 200 °C. Noticeably, prolonged re-
annealing for 12 h in air was required to recover the room-temperature
resistance of pristine NNO revealing the existence of oxygen vacancies
in CaH, annealed samples. Therefore, it may be inferred that the modu-
lation of resistivity in H-NNO thin films is a combined effect of electron
doping by interstitial hydrogen and oxygen vacancies. However, as re-
vealed by our structural analysis and electrical property measurements,
it is likely hydrogen doping is the dominant mechanism behind the re-
sistivity modulation of H-NNO thin films (vide infra) obtained from
CaH, annealing under the annealing conditions reported in this study.

Synchrotron X-ray structure analysis was performed to further un-
derstand the impact of CaH, annealing on NNO thin films. To this end,
synchrotron XRD, XRR, and RSM data were collected on representative
pristine NNO and H-NNO (4h). Findings from this analysis are summa-
rized in Fig. 3 and ESI-Fig. 6. The shift of the (002) diffraction maxi-
mum of NNO to lower L values upon CaH, annealing supports the lat-
tice expansion due to hydrogen doping (ESI-Fig. 6). Periodic oscilla-
tions (thickness fringes) of the XRR curves were used to determine the
film thickness before and after CaH, annealing. The estimated thickness
values were 62.3 and 63.4 nm, respectively for pristine NNO and
H-NNO (4h) thin films (Fig. 3a and b). Thus, a minimal change in the
thickness of NNO thin film was caused by CaH, annealing at 280 °C for
4 h, which may be attributed to the hydrogen intercalation into NNO
thin film. In addition, the amplitudes of the oscillations of the XRR
curves of both samples remained almost the same suggesting that sur-
face roughness of NNO thin film was not significantly altered during the
CaH, annealing process. Reciprocal space mapping was performed
around the (112) Bragg reflection of LAO (reciprocal space coordinates
(H, K, L), where K = 1) for pristine NNO and H-NNO (4h) thin films
(Fig. 3c and d). The diagonal elongation of the RSM spot revealed that
pristine NNO thin film is not fully strained on the (001) surface of the
LAO substrate. However, the degree of relaxation seems to be lowered
upon CaH, annealing as evident from the reduced diagonal elongation
observed in the RSM spot of H-NNO (4h) thin film.

Next, we focused on establishing the effect of CaH, annealing on the
oxidation state of Ni in H-NNO using XPS analysis. Results from this
analysis are shown in Fig. 4. The description of the oxidation state of a
Ni species using a single peak in XPS is prohibited by the effects of mul-
tiplet splitting and electronic screening [36,37]. However, Ni 2p;,
core-level peak of pristine NNO located at ~854.5 eV gradually shifts to
~853.9 eV in H-NNO upon CaH, annealing for 4 h (Fig. 4a and b). This
indicated the reduction of oxidation state of Ni towards Ni2* due to hy-
drogen incorporation by CaH, annealing. A significant change in the
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Fig. 4. (a) Ni 2p;,, XPS spectra of pristine NNO and NNO samples annealed with CaH, at 280 °C for 1-6 h. The shift of the maximum of Ni 2p;,» XPS peak to lower
binding energies with increasing annealing time corresponds to the reduction of the oxidation state of Ni towards + 2 upon electron doping. Arrows indicate the Ni
2ps3,, binding energies for Ni+, Ni2+, and Ni. Dashed lines are used as guides-to-the-eye. (b) The plot of the maximum of Ni 2p3, binding energy vs. CaH, annealing
time. (c) O 1s XPS spectra of pristine NNO and NNO samples annealed with CaH, at 280 °C for 1-6 h. (d) Representative O 1s XPS spectra of pristine NNO (bottom)
and H-NNO (4 h) (top) could be fit with three peaks to account for the contributions from lattice oxygen (O;, orange), oxygen defects (Op, cyan), and hydroxyl

groups (OH, blue).

shape of the Ni 2p3,, peak is observed in the XPS spectrum collected af-
ter CaH, annealing for 6 h. Noticeably, an additional shoulder at
~852.7 eV is detected, which indicates the formation of metallic Ni due
to prolonged CaH, annealing [38]. This is consistent with the degrada-
tion of NNO thin films upon CaH, annealing as revealed by XRD. In con-
trast, hydrogenation by CaH, annealing seemed to have no significant
effect on the position and shape Nd 3ds » peak implying oxidation state
of Nd remains unchanged at + 3. Fig. 4c shows the evolution of O 1s
XPS spectra of NNO and H-NNO thin films. The intensity of the XPS
peak maximum located at ~532 eV increased compared to that of the
~529 eV with increasing annealing time. To gain further insight on this
behavior, XPS spectra of pristine NNO and H-NNO (4h) thin films were
fitted using three peaks centered at ~528.7, 531.2, and 532.0 corre-
sponding to contributions from lattice oxygen (O, orange), oxygen de-
fects (Op, cyan), and hydroxyl groups (OH, blue), respectively (Fig. 4d)
[39,40]. The peak area corresponding to OH groups increased with
CaH, annealing of thin films for 4 h at 280 °C.

Findings from the XPS analysis on the effect of Ni valence state in
NNO thin films by CaH, annealing were in good agreement with the re-
sults from XAS. Analysis of Ni L and O K edge X-ray absorption spectra
of NNO and selected H-NNO samples are summarized in Fig. 5. Upon
CaH, annealing, (1) the peak positions of Ni L, and L3 edges shifts to
lower energies; this was more pronounced in the case of Ni L, and (2)
the spectral weight of the high-energy shoulder of Ni L; spectra de-
creased (Fig. 5a). These observations revealed the reduction of the oxi-
dation state of Ni towards + 2 with hydrogen incorporation. The Ni L3
spectra were quantitatively assessed by fitting with two Gaussian com-
ponents centered at ~855 (Ni3*+) and ~853.8 eV (Ni2+) after subtract-
ing a linear background [41]. As shown in Fig. 5b and c, the peak area
of the high-energy contribution is suppressed due to CaH, annealing. As
a result, the ratio of the peak areas centered at ~855 (Ni3*) and
~853.8 eV (Ni2*) decreases with increasing CaH, annealing time.

Therefore, XAS analysis demonstrates the dominance of divalent Ni in
H-NNO thin films, which is a consequence of the injection of the doped
electrons by CaH, annealing to the conduction band of Ni in pristine
NNO thin films. On the other hand, inspection of the O K edge spectra
revealed a gradual suppression of the pre-edge peak located at ~529 eV
upon electron doping by CaH, annealing. This pre-edge feature repre-
sents the electronic transition from O 1s core level to the ligand hole L
in the 3d’*+9L% configuration of Ni [42]. Therefore, the suppression of
this pre-edge feature indicates the electron filling of Ni 3d-O 2p hy-
bridized orbitals upon CaH, annealing.

We then measured the temperature-dependent electrical transport
properties of pristine NNO and H-NNO thin films. Results from these
studies are depicted in Fig. 6. Pristine NNO shows the intrinsic MIT in
the resistivity (p) vs. temperature (T) plot shown in Fig. 6a. A substan-
tial increase in the resistivity of NNO thin films could be achieved by
CaH, annealing at 280 °C for 24 h. In fact, a resistivity enhancement of
~4 orders magnitude larger than the resistivity of pristine NNO was re-
alized for the H-NNO (4 h) sample at 300 K (Fig. 6b and c). In order to
understand the carrier transport mechanisms of NNO and H-NNO films,
we performed further quantitative analysis of temperature-dependent
resistivity data. Variable range hopping model (VRH) given by p
(T) = p;1 exp(Ty/T) can be used to describe the low-temperature trans-
port mechanism of rare-earth nickelates [12,33,43]. Here, p(T) is the
resistivity at temperature T K, p, is the prefactor, T, is the characteristic
temperature, and p is the exponent related to the conduction mecha-
nism; p = 1/4 for Mott VRH mechanism. The linearity of In (p(T)) vs.
T-025 indicated that low-temperature transport of NNO and H-NNO
thin films displays the Mott VRH mechanism. The extracted carrier lo-
calization lengths are plotted as a function of the annealing time in Fig.
6d. The drop of the localization length from ~98.4 (NNO) to
2.3 nm H-NNO (4 h) signifies that the electrons are strongly localized
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Fig. 5. (a) Normalized Ni L edge XAS spectra of pristine NNO and selected NNO samples annealed with CaH, at 280 °C for 2-4 h. Arrows indicate the components of
XAS spectra related to Ni2* (low-energy) and Ni3* (high-energy). The spectral weight of the high-energy component of Ni L3 spectra decreased upon CaH, anneal-
ing suggesting a decrease of the oxidation state of Ni. This argument is further supported by the shift of the maximum of Ni L, spectra to lower energies with increas-
ing annealing time. (b) Ni L3 edge XAS were fit using two Gaussian components centered at ~855 (blue) and ~853.8 eV (orange) after subtracting a linear back-
ground. (c) The area ratio of the two Gaussian components (Igs5/Igs3 g) decreases as a function of annealing time revealing the reduction of Ni3+. Dashed lines in (a)
and (c) are used as guides-to-the-eye. (d) The evolution of O K edge spectra with increasing durations of CaH, annealing. The gradual suppression of the pre-edge
peak located at ~529 eV (shown by an arrow) of O K edge spectra indicates the electron filling of Ni 3d-O 2p hybridized orbitals upon CaH, annealing.

in CaH, annealed samples. This is in line with the large modulation of
electrical resistivity upon electron doping by CaH, annealing.

Overall, the findings of our study highlight the potential of using
CaH, as an in-situ low temperature hydrogen source to carry out elec-
tron doping of NNO thin films. In particular, the feasibility of incorpo-
rating hydrogen into NNO thin films, which are physically separated
from CaH, reduces the number of cleaning steps required after anneal-
ing. Previously, Kobayashi and coworkers demonstrated the feasibility
of utilizing gas phase topochemical reduction reactions to synthesize
oxygen deficient metastable transition metal oxides using CaH, as the
reductant [27]. They also reported the physically separated reduction
of SrFeO, 5 and LaNiO; thin films by CaH, annealing to yield SrFeO,
and LaNiO,, respectively; an Al foil was employed as the spacer be-
tween the thin film and CaH, pellet. The reduction of the transition
metal oxides occurred due to the H, gas, which was in-situ generated by
the chemical reactions between CaH,/metal oxide and CaH,/Ca(OH),
impurity [27,28]. Similarly, here, CaH, annealing at 280 °C is expected
to generate in-situ H,, which would be incorporated into the crystal
structure of NNO thin films. We emphasize that the stabilization of
H-NNO on LAO in our case and the formation of NdNiO, and/or
NdNiO,H,, on STO in previous studies upon CaH, annealing of NNO thin
films may also be ascribed to the difference between the strain intro-
duced by the two substrates [17,23,35]. STO is expected to exert a
larger tensile strain on NNO thin films compared to the smaller com-
pressive strain applied by LAO [30]. Previous theoretical and experi-
mental studies have also emphasized higher reactivity of thin films
compared to bulk powders, as well as epitaxial strain, and the cation
composition of the thin film (i.e., the type RE) as factors affecting hy-
drogen incorporation into rare-earth nickelate and other perovskite

thin films [44-46]. A systematic study of steric effects on kinetics of hy-
drogen incorporation would make a subject of future study.

4. Conclusions

In conclusion, we have demonstrated the feasibility of exploiting
CaH, annealing as an electron doping strategy to tune the electrical re-
sistivity of NdNiOj; thin films. CaH, annealing was performed in a spe-
cially designed glass ampule with two interconnected chambers. XRD
and Raman spectroscopy indicated the electron doping into NNO lattice
without inducing the formation of any impurities by CaH, annealing at
280 °C for 1-4 h. Simultaneously, as revealed by XPS and XAS, hydro-
gen incorporation accompanied with a change in the oxidation state of
Ni towards + 2 caused by electron doping of NiOg octahedra. This led to
a strong localization of electrons and resulted in ~4 orders of magni-
tude enhancement of room temperature resistivity of H-NNO thin
films. The findings underscore the broad applicability of CaH, anneal-
ing as a synthetic method to manipulate the electrical properties of cor-
related oxides by changing the interstitial defect density and cation va-
lence states.
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(1) (a) XRD patterns and (b) Raman spectra of (i) bare LAO substrate, (ii) NNO thin film on LAO, (iii) NNO thin film vacuum annealed without
CaH, at 280 °C for 3 h, (iv) NNO thin film annealed with CaH, at 280 °C for 3 h, (v) NNO thin film annealed with 5% H,/95% Ar forming gas
at 125 °C for 10 min, and (vi) NNO thin film annealed with CaH, at 280 °C for 3 h after patterning Pt electrodes.

(2) Plot of out-of-plane lattice constant of NNO thin film vs. CaH, annealing time.

(3) (a) XRD patterns of LAO substrate, NNO thin film, NNO thin film annealed with CaH, at 280 °C for 6 h, and re-annealed at 500 °C for 24 h.
(b) XRD patterns of LAO substrate, NNO thin film, NNO thin film annealed with CaH, at 280 °C for 12 h, and re-annealed at 500 °C for 24 h.

(4) (a) Room-temperature I-V curves for pristine NNO, NNO thin film annealed with 5% H,/95% Ar forming gas at 125 °C for 10 min with Pt
electrodes, and NNO thin film annealed with CaH, at 280 °C for 3 h with Pt electrodes (b) Room-temperature -V curves for pristine NNO,
NNO thin film annealed with 5% H,/95% Ar forming gas at 125 °C for 10 min with no Pt electrodes, NNO thin film annealed with 5% H,/95%
Ar forming gas at 125 °C for 10 min with Pt electrodes, NNO thin film annealed with 5% H,/95% Ar forming gas at 125 °C for 10 min with Pt
electrodes followed by re-annealing in air at 200 °C for 15 min, NNO thin film vacuum annealed without CaH, at 280 °C for 3 h, and NNO thin

film annealed with CaH, at 280 °C for 3 h.
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(5) Room-temperature I-V curves for pristine NNO, NNO thin film annealed with CaH, at 280 °C for 3 h, NNO thin film annealed with CaH, at
280 °C for 3 h followed by re-annealing in air at 100 °C for 1 h, and NNO thin films annealed with CaH, at 280 °C for 3 h followed by re-

annealing in air at 200 °C for 3, 6, and 12 h.

(6) (a) Synchrotron XRD patterns of NNO thin film and NNO thin film annealed with CaH, at 280 °C for 4 h.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jssc.2022.123512.
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Fig. 1. (a) XRD patterns and (b) Raman spectra of (i) bare LAO substrate, (i) NNO thin film on
LAO, (iii) NNO thin film vacuum annealed without CaH; at 280 °C for 3 h, (iv) NNO thin film
annealed with CaH> at 280 °C for 3 h, (v) NNO thin film annealed with 5% H2/95% Ar forming
gas at 125 °C for 10 minutes after patterning Pt electrodes, and (vi) NNO thin film annealed with
CaH; at 280 °C for 3 h after patterning Pt electrodes. (002) reflection of LAO is labeled in (a).
(002) reflection of NNO is labeled with pseudocubic notation and indicated by an arrow in (a).
Dashed lines in (b) denote the Raman peak maxima of LAO and NNO located at ~487 and 433
cm !, respectively. The intensity of the 75, Raman mode of NNO (at ~433 cm™!) is not significantly
changed by vacuum annealing without CaH, at 280 °C for 3 h. In contrast, this peak has
disappeared in the case of NNO thin film annealed with CaH; at 280 °C for 3 h and NNO thin film
annealed with 5% H2/95% Ar forming gas at 125 °C for 10 minutes. Thus, the incorporation of in-
situ generated hydrogen is the primary origin behind the resistivity modulation of NNO thin films.
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Fig. 2. The plot of out-of-plane lattice constant of NNO thin film vs. CaH; annealing time. An
expansion of the out-of-plane lattice constant due to the strain induced by hydrogen doping is

noticed upon CaH; annealing. Dashed lines are used as guides-to-the-eye.
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Fig. 3. (a) XRD patterns of LAO substrate, NNO thin film, NNO thin film annealed with CaH> at
280 °C for 6 h, and re-annealed at 500 °C for 24 h. (b) XRD patterns of LAO substrate, NNO thin
film, NNO thin film annealed with CaH; at 280 °C for 12 h, and re-annealed at 500 °C for 24 h.
(002) reflection of LAO is labeled. (002) reflection of NNO is labeled with pseudocubic notation
and indicated by an arrow. CaH» annealing of NNO thin films at 280 °C for 6 and 12 h led to their
decomposition as observed by the diminished intensity of the corresponding (002) diffraction
maximum. Reappearance of this diffraction maximum upon re-annealing the films at 500 °C for

24 h in air indicated the recovery of the perovskite NNO structure.
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Fig. 4. (a) Room-temperature I-V curves for pristine NNO, NNO thin film annealed with 5%
H2/95% Ar forming gas at 125 °C for 10 minutes with Pt electrodes, and NNO thin film annealed
with CaH» at 280 °C for 3 h with Pt electrodes (b) Room-temperature I-V curves for pristine NNO
(red), NNO thin film annealed with 5% H2/95% Ar forming gas at 125 °C for 10 minutes with no
Pt electrodes (magenta), NNO thin film annealed with 5% H2/95% Ar forming gas at 125 °C for
10 minutes with Pt electrodes (wine), NNO thin film annealed with 5% H2/95% Ar forming gas at
125 °C for 10 minutes with Pt electrodes followed by re-annealing in air at 200 °C for 15 minutes
(yellow), NNO thin film vacuum annealed without CaH; at 280 °C for 3 h (dark yellow), and NNO
thin film annealed with CaH; at 280 °C for 3 h (olive). The corresponding room-temperature

resistance of the thin films are provided next to the I-V trace.



1.5

—— Pristine NNO
10 CaH, 280 °C, 3 h
1 100 °C, 1 h in air
200 °C, 3 hin air
< 051 —200°c. 6hinair | /
= 200°C, 12 hinair | /
€ 004 o
o
£ |
O 054
-1.04
15 —— ; ‘
-0.10 -0.05 0.00 0.05 0.10

Voltage (V)
Fig. 5. Room-temperature I-V curves for pristine NNO (144 Q), NNO thin film annealed with
CaH; at 280 °C for 3 h (88590 Q2), NNO thin film annealed with CaH; at 280 °C for 3 h followed
by re-annealing in air at 100 °C for 1 h (85361 Q), and NNO thin films annealed with CaH; at 280
°C for 3 h followed by re-annealing in air at 200 °C for 3 h (30167 Q), 6 h (19673 Q), and 12 h
(260 Q).
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Fig. 6. Synchrotron XRD patterns of pristine NNO thin film and NNO thin film annealed with
CaH; at 280 °C for 4 h. (002) reflection of LAO is labeled. (002) reflection of NNO is labeled with
pseudocubic notation and indicated by an arrow. Pseudocubic lattice constant of LAO is used to
define the reciprocal lattice unit (r.l.u). The shift of the (002) diffraction maximum of NNO to
lower L values upon CaH, annealing reveals the lattice expansion due to strain induced by

hydrogen doping.
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