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ty of CaH2-reduced BaSnO3 thin
films

C. W. Zhao, B. C. Luo * and C. L. Chen

Incorporation of foreign chemical elements in oxides can significantly alter their optoelectronic

performances, and thus it is widely used to seek new transparent conductive oxides. Chemical-doping

BaSnO3 systems, like La-doped BaSnO3, are of increasing interest with extremely high electrical mobility

and excellent oxygen stability, exhibiting the potential application in next-generation all-perovskite

optoelectronic devices. In this work, hydrogen was introduced into BaSnO3 through CaH2 reduction of

BaSnO3 thin films, and the electrical properties, as well as the photo-response behavior, were

investigated. Secondary ion mass spectroscopy demonstrated the uniform distribution of hydrogen

within the BaSnO3 thin film. The addition of hydrogen greatly enhanced the conductivity of the BaSnO3

thin film, exhibiting a carrier concentration �8.04 � 1019 cm�3 and mobility �9.52 cm2 V�1 s�1 at 300 K,

and thus resulted in a fast relaxation process in the transient photoconductivity, which was characterized

by a double exponential function indicating two physical contributions.
Introduction

Complex metal oxides are particularly attractive owing to their
exceedingly diverse range of physical properties such as
magnetism, ferroelectricity, superconductivity, colossal magne-
toresistivity, multiferroicity, transparent conductor, and so on.
More importantly, these properties can be modied by various
factors (e.g., strain, chemical composition, interface, orienta-
tion, external stimuli, etc.),1–17 which makes complex metal
oxides appealing materials for next generation new devices. The
insulator–metal transition, one of the oldest fundamental
properties, is still the subject of considerable research interest.
According to the famous Mott criterion,1 most insulating metal
oxides could exhibit metallic conductivity above a critical carrier
density nc

1/3ac > 0.25, where ac ¼ 3ħ2/m*e2 is the Bohr radius, 3 is
the dielectric constant, and m* is the effective mass of an elec-
tron, through extrinsic doping or self-doping with oxygen
vacancies. More importantly, such an insulator–metal transition
in wide band-gap oxides was a very viable strategy for developing
transparent conductive oxide materials, which was widely real-
ized in a number of previous studies.2–5

With this said, insulating BaSnO3 (BSO) with a band gap of
3.1 eV could exhibit the metallic conductivity through chemical
doping.4,8–17 Notably, La-doping BSO was recently found to
possess extremely high electrical mobility (�320 cm2 V�1 s�1) at
room temperature4 and excellent oxygen stability at high
temperature (�530 �C),11 and thus has prompted interest for
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applications in all-perovskite optoelectronic devices and
photovoltaics. Nevertheless, La-doping BSO thin lm is still
limited by its poor electrical mobility compared to its counter-
part bulk single crystal. Considerable effort has lately been
devoted to the improvement of its electrical mobility via
reducing the extended defects in La-doping BSO lms.18–21

Additionally, in line with the rst principle calculation results,22

Niedermeier et al. experimentally demonstrated that interstitial
hydrogen in BSO lms could enhance the conductivity and
mobility,12 whereas the effect of hydrogen substitute for the
oxide site has not yet been involved.

Ongoing demand to improve the electrical mobility is the
constant driving force in BSO-based thin lms, but research on
photo response is also interesting both for a fundamental
understanding of transport properties and for the potential
application in UV detectors. Very recently, Park et al.23

compared the photoconductivity of BSO thin lm with that of
SrTiO3 thin lm, and illustrated that BSO exhibited larger
persistent conductivity due to the deep level defects with large
barriers for charge trapping and detrapping. This limitation
may be partially xed when hydrogen doping in BSO, because
the H+/H� doping usually form a shallow donor. Consequently,
we herein synthesized hydrogen doping BSO thin lms with
metallic conductivity through CaH2 reduction of epitaxial BSO
thin lms, and further investigated the photo response
performances.
Experimental

The insulating epitaxial BaSnO3 (BSO) thin lms of thickness
�100 nm were deposited on (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT)
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD pattern of BSO-H and BSO-V thin films. (b) The O 1s
spectra from BSO-H and BSO-V thin films, indicating lattice oxygen
(OL) and oxygen vacancies (OV).
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(001) substrates in one-shot by radio-frequency (RF) magnetron
sputtering technique with BSO ceramic target, as described in
detail in our previous publications.24,25 Here, the LSAT substrate
was chose due to its inertness against CaH2. The as-growth BSO
thin lm was embedded with CaH2 powder in an evacuated
Pyrex tube and then the tube was sealed in a vacuum (<0.3
mTorr), which were all done under nitrogen in a glovebox.
Subsequently, the tubes were annealed under optimized
conditions (annealing temperature�630 �C and time�20 h) for
obtaining the lowest resistivity. Finally, the lms were washed
with ethanol and deionized water for 2 times to remove the
excess CaH2 and CaO byproduct, and then naturally dried at
nitrogen-owing environment (labeled as BSO-H). For
comparison purpose, the above-mentioned processes were also
done except that the lms were not embedded with CaH2

powder (labeled as BSO-V).
The phase structures of the lms were characterized by X-ray

diffraction (XRD) (PANalytical Empyrean), with Cu Ka radiation
in the usual q–2q geometry. The valence states of O ions were
checked using X-ray photoelectron spectroscopy (XPS) (ESCA-
LAB 250) with Al Ka radiation. For excluding the effect of the top
surface, the XPS probing was performed aer a thin top layer
(�8 nm) of the lms was removed away by Ar+ iron beam. The
hydrogen content in the lms was examined using secondary
ion mass spectrometry (SIMS). Temperature-dependent resis-
tivity of the lms was measured along the in-plane direction by
a four-probe method, while the carrier mobility and concen-
tration were determined through Hall measurement using van
der Pauw geometry.25 Two platinum electrodes were vacuum-
evaporated onto the lm, through which a 6487 Keithley
electrometer/Tektronix 4054 was connected by a probe station
for photoconductivity measurements. A Xenon lamp coupled
into a gratingmonochromator (Oriel Cornerstone 260) was used
for the light source. The light uniformly illuminated the lm
between the two electrodes. The photocurrent was recorded
under a constant bias voltage, and normalized with the incident
power at each value of the wavelength. For time dependent
photoconductivity measurement, the wavelength of the illumi-
nated light was xed at 360 nm. All the photo response
measurements were performed under vacuum environment to
exclude the effect of the absorbed molecules.

Results and discussion

Fig. 1(a) presents XRD patterns of BSO-H and BSO-V thin lms
with a logarithmic scale. All the lms show only the (00l) peaks
corresponding to the substrate without any secondary phases,
suggesting that the lms are well (00l) oriented along the
normal to the substrate. From these (00l) peaks, the out-of-
plane lattice parameter was calculated to be about 0.414 and
0.417 nm for BSO-H and BSO-V thin lms, respectively. The out-
of-plane lattice parameter of BSO-H thin lm is slightly smaller
than that of BSO-V thin lm. In analogy to the CaH2-reduction
ATiO3 (A¼ Ba, Sr, Ca) thin lms deposited on LSAT substrates,26

this lattice changemight also be attributed to the compositional
change. Previous experiment indicated that oxygen deciency in
BSO thin lms could result in the expansion of the out-of-plane
This journal is © The Royal Society of Chemistry 2017
lattice parameter.27 Consequently, the O 1s spectra investigated
by XPS analysis are plotted in Fig. 1(b). The O 1s spectrum from
BSO-H thin lm exhibits a symmetric peak at 529.9 eV, corre-
sponding to the lattice oxygen (OL). However, the O 1s spectrum
from BSO-V thin lm are asymmetric and can be deconvoluted
into two peaks at 530.0 and 531.5 eV, corresponding to the
lattice oxygen (OL) and oxygen vacancies (OV), respectively.24

This result demonstrates that only the BSO-V thin lm is
oxygen-decient. Consequently, if considering H� with the
close ionic radius to O2�, the larger lattice parameter in BSO-V
thin lm is due to oxygen vacancies, and H� substitution for the
O2� (Hc

O) in BSO-H lm is mostly expectable due to CaH2

reduction.
To clarify whether hydrogen is incorporated into lm, the

SIMS depth-proles of H ion in BSO-H and BSO-V thin lms were
measured, as depicted in Fig. 2. The observed intensity of the H
secondary ion signal in BSO-H thin lm is >2 orders of magni-
tude larger than that in BSO-V thin lm, and the intensity over
the entire depth prole is nearly constant. These data implied
that H ion was basically uniform in BSO-H thin lm although the
precise hydrogen concentration was determined difficultly due
to the absence of a hydrogen quantication standard. Generally,
RSC Adv., 2017, 7, 19492–19496 | 19493
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Fig. 2 SIMS depth profile of the H secondary ion in BSO-H and BSO-V
thin films.

Fig. 3 (a) Temperature-dependent resistivity of BSO-H and BSO-V
thin films. Inset shows the temperature-dependent resistivity of BSO-
H thin film annealed in vacuum. (b) Temperature dependence of the
mobility and carrier concentration for BSO-H thin film.
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substitutional hydride ions (Hc
O) and protons (Hc

i) may coexist in
sample when reduced with CaH2. However, recent calculations
suggested that CaH2 annealing process could promote forma-
tion of Hc

O rather than Hc
i in oxides due to lower formation

energy of Hc
O.

28 Meanwhile, in recent experiment about inten-
tional H doping in La-doping BSO thin lms,12 the intensity
signal of the H secondary ion decreased with thickness, and was
nally similar with the background signal. Therefore, our SIMS
results reected that hydrogen species in BSO-H lm were most
likely trapped at oxygen sites (Hc

O).
The as-grown BSO thin lm was highly insulating and its

resistivity was beyond themeasurement limit of our equipment.
Interestingly, the BSO-V thin lm still behaved insulating
conductivity whereas the BSO-H exhibited the metallic
conductivity, as displayed in Fig. 3(a). Based on aforementioned
XRD analysis, it is understandable that the resistivity of BSO-V
lm is smaller than that of as-grown BSO lm due to oxygen
vacancies. While for BSO-H thin lm, it is believable that the H�

charge transition level lies virtually constant at �4.5 eV below
the vacuum level,12,29,30 and thus easily form a shallow donor
inside the conduction band of BSO lm, resulting in highly
conductive performance. On the other hand, the electrical
property of interstitial H doping BSO thin lm can be reversible
through high vacuum annealing (i.e., from conductor to insu-
lator),12 whereas the BSO-H thin lm is still conductive at 300 K,
even annealed under high vacuum at 600 �C (see the inset of
Fig. 3(a)), indicating that the primary of hydrogen species in
BSO-H thin lm are H�, not proton. Accordingly, replacing the
oxide ions with hydride ions in BSO lm could also give rise to
insulator–metal transition, analogous to ATiO3 (A ¼ Ca, Sr, Ba)
thin lms upon annealing with CaH2.26 Further, the
temperature-dependent carrier concentration and mobility of
BSO-H thin lm were measured, as shown in Fig. 3(b). At 300 K,
the carrier concentration and mobility are 8.04� 1019 cm�3 and
9.52 cm2 V�1 s�1, respectively. Note that the mobility of our
BSO-H thin lm is still relatively low, but it is very much
comparable to previous report in La-doping BSO thin lm
19494 | RSC Adv., 2017, 7, 19492–19496
deposited on LSAT substrate,25 demonstrating H� as dopant is
another advantageous choice to inducemetallic conductivity for
insulating BSO thin lm.

Fig. 4 illustrates the spectral response of the BSO-H thin lm
as function of wavelengths at 0.2 V and 1 V bias. Both the
spectral response exhibit a sharp increase at 390 nm (�3.18 eV),
corresponding the band-to-band absorption of the BSO-H thin
lm. The response turned to be more prominent with the
increasing voltage in the UV region, because the photo-
generated carriers could migrate toward the electrodes under
the external bias to form the current. With a 1 V bias, the
responsivity can be above 0.8 A W�1 below the wavelength of
360 nm. Usually, BSO-based thin lms were grown on lattice-
mismatched substrates, leading to an inevitably high density
of dislocations, which strongly weakened their electrical and
photoconductive properties.23,31,32 However, the response value
of our BSO-H thin lm in the UV region is very much compa-
rable to the wide band-gap oxide thin lms.33 What's more, the
current–voltage characteristics under different light power were
measured, as shown in the inset of Fig. 4, conrming the ohmic
contact between electrode and lm. Meanwhile, the current
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Spectral response of BSO-H thin film at 0.2 V and 1 V bias. Inset
presents the current–voltage curves under illumination with different
optical power.
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increases monotonically with increasing the light power, indi-
cating that the electron–hole pair generation is the main origin
for the photo response.

To further explore the photo response performance of BSO-H
thin lm, the time dependent response was subsequently
investigated. Fig. 5 presents the time dependence of the resis-
tance ratio RL/RD (RL is the resistance under illumination and RD
is the dark resistance) at 100 K, 200 K and 300 K. Firstly, all the
resistances rapidly decrease to the minimum values during
illumination, corresponding to the band-to-band excitation, and
then exhibit a long recovery process aer illumination, relating
with the relaxation process of carriers. Notably, the recovery
process is complete in several seconds and much shorter than
that had been reported on un-doped BSO thin lm,23 which is
mostly due to the high carrier density and mobility in BSO-H
thin lm.34,35 Secondly, the recovery process reects the
carrier's dynamics of recombination, and the carrier transit time
Fig. 5 Time dependence of the resistance ratio RL/RD at different
temperatures. The red solid lines are the fitting curves and the fitting
parameters are given in inset.

This journal is © The Royal Society of Chemistry 2017
(s1) and the excess life-time of trapped carriers (s2, s2 > s1) are
well-known to be the main parts of the recovery time in oxide
semiconductors.36 Therefore, the experimental data should be
well tted by a double exponential function37 (see red solid lines
in Fig. 5), and the tting parameters are summarized in inset of
Fig. 5. At 300 K, the carrier transit time and the excess life-time of
trapped carriers are 7.06 ms and 118.9 ms, respectively. Clearly,
the excess lifetime of trapped carriers is the main reason for the
recovery time. It has been proved in BSO-based thin lms that
the trapped states associated with defects including disloca-
tions, ionized impurity, oxygen vacancies, etc.31,32 were widely
existed. Aer illumination, some of electron–hole pairs may not
recombine, and instead, may be trapped by defects. Conse-
quently, release of these trapped carriers will have a denitive
inuence on the recovery process. Finally, we noticed that the
variable value of resistances under illumination was almost
independent of the measured temperatures. Through photo-
Hall measurements, previous investigations demonstrated that
the increased carrier concentration is the determination of the
contribution to the photoconductivity in oxide thin lms (WO3

and Ti1�xNbxO2).38,39 In present case, the short photo response
time of BSO-H thin lm is beyond the time resolution of our
photo-Hall measurement, and thus it is hard to briey verify that
the variable resistance is due to carrier concentration or mobility
or both. However, considering the weak temperature-dependent
carrier concentration in BSO-H thin lm (see Fig. 3(b)), it is
reasonable to assume that the change of resistances under
illumination is still involved with the increased carrier concen-
tration like the Ti1�xNbxO2 thin lms,39 although the deep
mechanisms need to be investigated further.

Summary

In summary, we fabricated hydrogen-doping BaSnO3 through
CaH2 reduction of epitaxial BaSnO3 thin lms, and mainly
investigated the optoelectronic properties. XRD and SIMS
measurements revealed that the hydrogen unchanged the
structure of BaSnO3 thin lm and uniformly existed in the lm.
The addition of hydrogen signicantly improved the conduc-
tivity of BaSnO3 thin lm, transiting from the insulator to
metallic property with a carrier concentration �8.04 � 1019

cm�3 and mobility �9.52 cm2 V�1 s�1 at 300 K. Through the
spectral response measurements, a wavelength cutoff at
�3.18 eV was observed, and the responsivity could be above 0.8
A W�1 with a 1 V bias in the ultraviolet range. Additionally,
hydrogen doping in BSO thin lm could enhance the photo-
electric response characteristic due to the high carrier density
and mobility. Meanwhile, the recovery process could be
analyzed by a double exponential function, indicating the
inuence of the carrier transit and release of trapped carriers,
and simultaneously demonstrating that release of trapped
carriers has a denitive role on the recovery process.
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