IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Oxygen vacancies induced enhancement of photoconductivity of Lao 58r0 5CoO3 _ thin film

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2014 Mater. Res. Express 1 035016
(http://iopscience.iop.org/2053-1591/1/3/035016)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 159.226.35.189
This content was downloaded on 22/12/2014 at 02:46

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/2053-1591/1/3
http://iopscience.iop.org/2053-1591
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

Materials Research

Express

Oxygen vacancies induced enhancement of
photoconductivity of Lag5Sr;5C003_; thin film

R L Gao', C L Fu', W Cai', G Chen', X L Deng', H W Yang?, J R Sun?,
Y G Zhao’ and B G Shen’

!'School of Metallurgy and Materials Engineering, Chongqing University of Science and
Technology, Chongqing, 401331, People’s Republic of China

% Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese
Academy of Science, Beijing 100190, People’s Republic of China

3 Department of Physics and State Key Laboratory of Low-Dimensional Quantum Physics,
Tsinghua University, Beijing 100084, People’s Republic of China

E-mail: gaorongli2008 @ 163.com

Received 8 May 2014
Accepted for publication 3 July 2014
Published 25 July 2014

Materials Research Express 1 (2014) 035016
doi:10.1088/2053-1591/1/3/035016

Abstract

Effects of light and electrical current on the electrical transport properties and
photovoltaic properties of oxygen-stoichiometric Laj sSrysCoO5; and oxygen-
deficient Lag 5Srg sC0oO5 _4 films prepared by pulsed laser deposition have been
investigated. Oxygen-deficient films annealed in a vacuum show an obvious
increase of resistance and lattice parameter. Besides, a direct correlation between
the magnitude of the photoconductivity and oxygen vacancies in
Lag 5SrpsCo0O5_;s films has been observed. The light illumination causes a
resistance drop to show the photoconductivity effect. Moreover, the photo-
conductivity can be remarkably enhanced by increasing the electrical current,
that is, it exhibits current-enhanced photoconductivity (CEPC) effect. Oxygen
deficiency in the annealed film leads to the formation of a structural disorder in
the Co—O—Co conduction channel due to the accumulated oxygen vacancies and
hence is believed to be responsible for the increase in higher photoconductivity.
These results may be important for practical applications in photoelectric
devices.

Keywords: oxygen vacancies, LagsSrgsCoO5_s, photoconductivity, transport
properties
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1. Introduction

Cobaltates have attracted enormous scientific interest over decades not only due to their rich
physical properties but also because of potential applications such as electrode materials in fuel
cells, membranes for oxygen separation, and ferroelectric memory devices [1-4]. Among the
cobaltates, highly strontium-doped lanthanum—cobalt oxides, such as Lag 5Sry sCoO3 (LSCO)
have been extensively investigated because of their properties of high electrical and excellent
ionic conductivity. Besides, unlike the other transition metal oxides, LSCO can exhibit a unique
property with reference to spin state transition, which can be tailored by external parameters,
such as electric field, temperature, pressure, and magnetic field [5-7]. It is well known that the
oxygen content of LSCO is also an important factor that can strongly affect their physical
properties such as the crystal structure as well as the electrical transport and magnetic properties
[8-12]. However, although many studies have been reported on the photoinduced effects in the
oxygen-deficient doped manganites and multiferroic BiFeO; films [13-17], also as transition
metal perovskite oxides, few studies have been reported on the photoinduced effects in the
oxygen-deficient lightly doped cobaltates. In this letter, we report studies of the
photoconductivity and its current enhancement in oxygen-deficient Lag 551y sCoO5 _5 (LSCO3)
thin films. We found that light illumination induced a resistance drop that was remarkably
enhanced by electrical current.

2. Experimental process

The LSCO thin films were grown epitaxially on (001)-oriented SrTiO3; (STO) substrates by
pulsed laser deposition from the stoichiometric targets. Deposition was carried out using a
248 nm KrF excimer laser, which was operated at 3 Hz with a substrate temperature of 650 °C
and an energy density of 2Jcm™2, in an atmosphere of 35Pa O,. During deposition, the
substrate holder rotated slowly in order to reduce the thickness variation of the film. The as-
deposited oxygen stoichiometric Lag 55ty sCoO5 films were in sifu annealed in 500 Pa oxygen
pressure and cooled down slowly at 2°Cmin~" to room temperatures to avoid the effect of
deficient oxygen. As comparison, LagsSrgsCoO5;_s films were post-annealed in situ in a
107> Pa oxygen atmosphere at 400 °C for 1 min. The as-grown films have a typical thickness of
about 120 nm by controlling deposition time. Structural characterization of the films was carried
out using an x-ray diffractometer at room temperature. The surface morphology of the films was
obtained using an atomic force microscopy. The temperature dependence of the magnetization
of the films was measured using a commercial superconducting quantum interference device
with an applied field of 2000e. For the conductive characteristics measurements, silver
electrodes on the surface of LSCO films were deposited using thermal evaporation. Green laser
with wavelength of 532 nm was used as excitation light source for the photoconductivity (PC)
measurement. Current-voltage characteristics were measured using a Keithley 2611 source
meter.

3. Results and discussion

Figure 1(a) reveals high quality, epitaxial LSCO films that appear to be single phase regardless
of the oxygen content. There are no secondary phases visible. Typical rocking curves show a
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Figure 1. (a) XRD spectrum of Lag 5515 sCoO5; and Lag 5Sry sCoO3_ s films deposited
on STO substrates. (b) AFM images of Lag 5sSrg sCoO3 and (c) Lag 5Srg sCoO3 _ 5 films.
(d). The ZFC and FC temperature dependence of magnetization for the Lag 5Sry sC0oO;
and Lag 5Srg 5CoO5_ 5 films.

full width at half-maximum of 0.3°, indicating good crystallinity. A noticeable shift of the
LSCO (002) diffraction peak is observed after annealing, pointing to the ability to tune oxygen
stoichiometry and affect the LSCO structure. The out-of-plane ¢ parameter for these LSCO
films increases from 0.381 nm to 0.396 nm with the annealing oxygen pressure decreasing from
500 Pa to 10~ Pa. Generally, this noticeable diffraction peak shift is always observed in oxygen
deficient transition metal perovskite oxide such as La;_,Sr,MnO; La;_,Ca,MnO; and
La; _,Sr,CoOs films [18-23]. Figures 1(b) and (c) show the topography of LSCO films. It can
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Figure 2. (a) The experimental current and voltage contact configuration with respect to
the illuminated region. (b) [-V characteristics of LagsSrysCoO; and (c)
Lag 5S1rg sCo0O;5 _s films in darkness and under illumination. (d) The conductivity as a
function of voltage of the positive biases from figure 2(c).

be seen that the roughness and the grain sizes of oxygen-deficient Lag 5Srg sCoO; _5 are greater
than that of oxygen-stoichiometric Lag 5Sry sC0oOj3 films, indicating the effect of annealing on
the microstructures. Figure 1(d) shows the zero-field-cooled (ZFC) and field-cooled (FC)
temperature dependence of magnetization for the oxygen-stoichiometric and oxygen-deficient
LSCO thin films. Measurements were performed with a field of 0.02 T applied in the plane of
the films. As seen in figure 1(d), the paramagnetic (PM) to FM transition can be observed and
the Curie temperatures (7¢) for the two samples are distinctly different. Lag 55ty sCoOs5 film has
a higher intensity of M, and its Curie temperature (221 °C) is also slightly higher than that of
LaSrCoO;_s, suggesting that this sample has a higher spin order. The slight variation of 7¢ in
LSCO films should be related to the oxygen vacancies, which in turn may be related to the
microstructures of the films. Generally, oxygen vacancies in the doped cobaltates would lead to
a negative electric charge deficiency which is compensated by a Co** decrease to keep charge
neutrality. So the oxygen vacancy will reduce the Co**/Co’* ratio to change the mixed Co
valence and hole-doping level [24]. The magnetic, transport, and structural properties strongly
depend on the hole-doping level [25]. The FM correlation and the associated 7¢ increase
monotonically with the hole-doping level [25]. The decrease of the hole-doping level in the
oxygen-deficient LSCO thin film would weaken the FM correlations to result in the decrease
of Tc.

Figure 2 depicts the effect of light illumination on the electric transport properties of the
LSCO thin film. The experimental current and voltage contact configuration with respect to the
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Figure 3. (a) I-V characteristic at 300K of the LajsSry5C0o03_gs thin film under
different intensity of light illumination. (b) Photoconductivity of the Lay 5SrysC0oO5_5
thin film as a function of electrical current under light illumination of 75 mW. (c) Time
dependence of conductivity of the Lag sSrg 5C0oO; _ s thin film with light illumination of
75 mW and various electrical currents at 300 K.

illuminated region are shown in figure 2(a). It can be seen from figure 2(b) that whether in
darkness or under light illumination of 15 mW, the LaSrCoQOs film is only slightly resistive and
exhibits Ohmic contact behavior and no photoconductivity can be observed. In contrast, the
resistance of LaSrCoO; _; film increases three orders of magnitude and the /-V curve slightly
deviated from linearity, as seen in figure 2(c). Besides, it is interesting to note that obvious
photoconductivity can be observed and the photoconductivity can be strongly enhanced by
increasing the voltage (or electric current), both in darkness and under illumination. For
instance, the conductivities increase from 3.19x 107%s to 5.64 x 107%s in darkness while from
4.03%107%s to 6.71 x 107°s under illumination, respectively, as shown in figure 2(d).

Figure 3(a) shows the I-V characteristic of the oxygen-deficient LSCO thin film at 300 K
under light illumination with different intensity. The /~V curve was almost linear in darkness,
which indicates that the resistance of the oxygen-deficient LSCO thin film was independent of
the electrical current without light illumination. The electrical current alone did not cause the
decrease of the resistance of the oxygen-deficient LSCO thin film. In contrast, light illumination
greatly modified the /-V characteristic of the oxygen-deficient LSCO thin film. The slopes of
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the -V curves increased because the resistance decreased under light illumination. A decrease
in resistance by more than one order of magnitude is observed at 10V and the
photoconductivity becomes evident in the whole studied voltage range when the light intensity
is increased to 75 mW. Furthermore, it is interesting to note that the /-~V curve under light
illumination deviated from linearity. In other words, the transport properties of the oxygen-
deficient LSCO thin film under light illumination strongly depended on the electrical current,
which exhibits a current-enhanced photoconductivity (CEPC) effect. Figure 3(b) shows the
conductivity of the LaSrCoOj; _ thin film at 300 K as a function of various electrical currents. It
was found that conductivity shows linearity with current (/), in other words, the LaSrCoO; _
thin film exhibits CEPC effect and this effect is strengthened and more obvious with increasing
light intensity. Figure 3(c) shows the conductivity of LaSrCoO;_gs thin film at 300K as a
function of elapsed time upon the applications of light illumination of 75 mW and various
electrical currents. The arrows pointing down and up indicate the switching on and off of the
light illumination. The conductivity of the film increases to a higher value when the illumination
is switched on. Moreover, the conductivity enhancement induced by the illumination becomes
more dramatic with the increase of the electrical current showing the CEPC effect. Finally, the
conductivity recovers the original value when the light illumination is switched off and the
electrical current is decreased to 1 uA. This means that the photoconductivity and the CEPC
effects are both transient.

One should point out that the CEPC effect observed in the LaSrCoO;_; thin film cannot
be connected to heat-induced effects due to the electrical current and light illumination. Hu et al
estimated that a light illumination of 56.7 mW cm 2 and an electrical current of 20 uA will give
a temperature rise of only about 0.5 K [14]. Therefore, the remarkable CEPC effect cannot be
explained by such a minute heating effect.

As can be seen from figure 2(b), no CEPC effect was observed in oxygen-stoichiometric
LSCO films, implying that the CEPC effect in the oxygen-deficient LSCO thin film was closely
associated with the oxygen vacancies. Generally, the resulting current of photo-excited carriers,
driven by the electric field, can be described by the following equation: [26]

j=(0a+om)é (1)

where o, and o¢,,, represent the dark and light components of the conductivity, respectively. The
photoconductivity can be expressed as [27]

Oph = c](An,L;1 + Ap,%) (2)

where ¢ is the electron charge, An and Ap are the photo-induced electron and hole density, and
Un and g, is the electron and hole mobility, respectively.

From equation (2) one can conclude that the photoconductivity is not only dependent on
the density of electron and hole, but also on the mobility, because the oxygen vacancies in the
oxygen-deficient film can trap the photoinduced electrons and the photoinduced holes become
the extra carriers that produce the decrease of resistance [28, 29]. The oxygen deficiency in the
annealed LSCO film leads not only to a change in the Co**:Co*" ratio, but to formation of
structural disorder in the Co—O-Co conduction channel due to accumulation of oxygen
vacancies [24]. On one hand, more oxygen vacancies will induce a larger amount of electrons
[30]. On the other hand, with higher light intensity illumination, the increased photons in the
same area generate more carriers and create more Co—O—Co conduction channels. As a result,
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the oxygen vacancies in the LSCO thin film would cause Curie temperature shift and
photoconductivity enhancement. Besides, oxygen vacancies with positive charges in LSCO
films are naturally attracted to, and thus accumulate at, the negative electrode side when a high
electric field is applied, which will affect the I-V curves deviated from linearity because the
accumulation of oxygen vacancies induces a heavily doped n +layer and thus induce a Schottky
barrier. Our result may be of significance from the viewpoint of application because a high
photoconductivity sensitivity and tunability can be achieved in the oxygen-deficient LSCO thin
film at moderate light intensity and low electrical current.

4. Conclusions

In summary, we have investigated the effects of light illumination and electrical current on the
electrical transport properties and photovoltaic properties of oxygen-stoichiometric
Lag 5Srp5sCo0O5; and oxygen-deficient LagsSrgsCoOs3_s films prepared by pulsed laser
deposition. The light illumination causes a resistance drop to show photoconductivity effect.
Moreover, the photoconductivity can be remarkably enhanced by increasing the electrical
current, that is, it exhibits current-enhanced photoconductivity effect. Oxygen deficiency in the
annealed film leads to the formation of a structural disorder in the Co—O—Co conduction channel
due to the accumulated oxygen vacancies and hence is believed to be responsible for the
increase in higher photoconductivity. These results may be important for practical applications
in photoelectric devices.
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