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Rectifying and photovoltaic properties of the heterojunction composed
of CaMnO 3 and Nb-doped SrTiO 5
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A heterojunction composed of CaMg@CMO) and Nb-doped SrTiQ(STON) was fabricated and

its properties were studied and compared with d-&a, 3MNO;/STON and LaMn@,/STON p-n,
junctions. This CMO/STON junction exhibits an asymmetric current—voltage relation similar to a
p-n junction. The most remarkable discovery is that the magnetic state of the manganites has a
strong impact on the rectifying behaviors. The diffusion voltage, which is the critical voltage for the
current rush, shows a tendency to decrease/increase with the establishment of the antiferromagnetic/
ferromagnetic order in the manganites of the junction. Similar to other manganifenctions,
CMO/STON also exhibits a significant photovoltaic effect, and the maximum photovoltage is
~2.2 mV under the illumination of~7 mW light (\=460 nm). A qualitative explanation is given
based on an analysis on the band diagram of the junctior)6& American Institute of Physics

[DOI: 10.1063/1.186111)2

Perovskite manganites have been known for their hugenanganite heterojunctions were composed of hole-doped
magnetoresistance and many other interesting properties asranganites and SrTiONb(La), and the explanations are
sociated with the strongly coupled spin-charge-orbital debased on the consideration that the charge carriers in the two
grees of freedom, and these have stimulated intensive studietectrodes of the junction are different in type. It is interest-
on the physics underlying these extraordinary phenorﬁenaing to ask whether the special electronic structure of CMO
With the progress of the research, it becomes more and mokgill affect the properties of the heterojunction. In this letter,
apparent that combining manganites with other perovskiteve report on a study on a heterojunction composed of CMO
oxides could be a promising way both for the exploration ofand STON(0.5 wt % Nb-doped SrTig). There are two in-
uncovered aspects of the former and for the design of artifiteresting observations. The first one is the occurrence of the
cial materials which may have practical uses. Based on thigpical rectifying behavior and photovoltaic effe®PVE)
consideration, Sugiura and co-worKefabricated the first  similar to p-n junctions and the second one is the diminish-
p-i-n junction in 1999 using an-type L& ¢sSfy ¢sTiO3; and a  ment of diffusion voltage with the development of antiferro-
p-type manganite LgSr, ;MnO; sandwiched by an insulat- magnetic(AFM) order in CMO. Based on an analysis on
ing layer, and an excellent rectifying behavior was observethand structure, a qualitative explanation is given.
in a wide temperature range. Kawei al® further demon- The heterojunction CMO/STON was fabricated by
strated that a p-n junction without the intermediate layergrowing a CaMnQ@ film on a Nb-doped SrTi@substrate of
worked equally well. We also obtainedpen junction exhib-  the (001) orientation following the procedure described
iting significant magnetic field effecfsThe resistance of the elsewherd. The film is 3X5 mn? in size and~500 A in
junction undergoes a great change under external field. In th@ickness. To improve crystal quality and oxygen stoichiom-
scenario of the buildup of interfacial potential due to theetry’ the sample was maintained at 750 °C for 20 min in
interlayer diffusion of holes and electrons between manganfiowing O, gas after deposition. For a comparison study, we
ites and La or Nb-doped SrTiOand the variation of this also prepared other two heterojunctions composed of
potential under external fields, these behaviors can be unda[aoﬁ?Ca)_gglVang and STON(LCMO/STON) and LaMnQ,, 5
stood qualitatively. and STON(LMO/STON), respectively, under the same con-

Generally, the type of the dominative charge carriers ingition.
the manganite is controlled by divalent ion doping. However,  As revealed by x-ray diffraction study, the films are
@t has been demonstrated t_hat the presence of divalent iongngle phase and epitaxially grown with tt@01) plane par-
influences not only the carrier type but also the band strucyjle| to the(001) surface of the substrate. Resistive measure-
ture of the manganite. Take { 8CaMnO; as an example. It ment of the CMO film shows a semiconducting conduction
is hole doped whem is below 0.5 and electron doped when of the formp(T) x exp(e/kgT) with & ~42 meV above 130 K
x is above 0.5. With the increase of the content of Tthe  gnds ~50 meV below 120 K. A visible kink at-125 K can
band filling (e, band decreases and, finally, vanishes com-pe jgentified from the Ifp) vs 1/T curve, indicating a PM
pletely in CaMnQ (CMO). Different from hole-doped man- (,3ramagneticto AFM transition of the CMO film as con-
ganites, the conduction and valence bands of CMO will be Ofirmed by previous neutron diffraction studiés.
the g; andt,, character, respectively, according to the simple g re 1 depicts the representative current—voltage)
band model in Refs. 5 and 6. We noticed that most of thgnaracteristics of CMO/STON and LCMO/STON measured
by tuning current. It is interesting that CMO/STON exhibits
@Electronic mail: jrsun@g203.iphy.ac.cn a rectifying behavior similar t@-n junctions. The current is
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FIG. 1. Current-voltage characteristics of CMO/STON and LCMO/STONInto the AFM St&.lte' This seems nOF to be accidental, and a
measured by tuning bias current. The top inset is a schematic electrodd€crease Of_vd !S also Obser,VEd in LMO/STON below
setting for the resistive measurement. ~150 K, which is near the Néel temperature of LMan
contrast,V4 enhances with the establishment of FM order in
LCMO/STON. All these clarify a fact tha¥y grows in the

small for small bias voltage and grows steeply at two definite-); siate and reduces in the AFM state of the manganites.
but unequal voltages. These two critical voltages are called There is a simple relation between the diffusion voltage

diffusion voltage(Vy) and breakdown voltagVy), respec- 5 the resistance of the junctiéR;), defined bydVv/dI of
tively, and their variation with temperature reflects the, .| v/ diode curve in the limit I-0. The bottom panel of Fig

change of the band structure of CMO with respect to that o displays an exponential increaseRyfwith V, and a plot

STON. In Fig. 2 the diffusion voltage is presented as a func- - _
tion of temperaturétop panel. It is clear thatV, first shows of V4 against i) has a slope-0.485 V/In((2) for CMO/

a linear increase, at a rate 6fL.5 mV/K, with the decrease STON and LCMO/STON. This relation Is also observed in

of temperature, and gets its maximum vals®.8 V at T LMO/STON but with an obviously small slope
=125 K. Furthér cooling leads to a diminishme.nt\qjt and (~0.133, which may be an indication that the leakage cur-

the junction features disappear completely belo@5s K rent in LMO/STON is small. These results indicate again the
This result indicates a strong correlation betwdgrand the ~ Présence of common features between CMO/STON and the

magnetic state of CMO noting the fact that the decrease O?)ther twgp—n Jlénctlonsd Thlf_ molnotomc mcreaﬁe F W'thh
V, begins at the AFM onset of the CMO film. It is possible Yd ¢@n be understood taking into account the fact that a

that the band structure of CMO experiences a great chandrérgervd Is associat_ed with a higher interfacia_tl energy ol

ier. Electron tunneling across the energy barrier is unimpor-
tant even for LCMO/STON. A rough estimate gives a thick-
ness for the space charge region over00 A adapting the
electron density of~10'%/cm® in STON and hole density of
~10?/cm? in LCMO. This may be a reason that the typical
behavior of a tunnel junction is not observed in our junc-
tions.

The PVE of the junctions was studied at ambient tem-
perature. The voltage across the junction was measured as
the manganite films were perpendicularly illuminated by
various dome LEDgwith wavelengthA=460 and 660 nm,
respectively. The illuminated area is-3x 3 mn?. The av-
erage light intensity was measured by a calibrated photom-
eter (Newport model 818and controlled by adjusting the
bias voltage on the LED.

As shown in Fig. 3, light illumination produces signifi-
cant photovoltagéV,,). For CMO/STON, the strongest PVE
occurs forn =460 nm, and th&/,. is ~2.2 mV for the light
intensity of 7 mW. The increase of wavelength causes a de-
crease of the PVE, specifying a weakening of the efficiency
of the long wavelength light in creating extra charge carriers.
FIG. 2. Top panel: diffusion voltage as functions of temperature for LMO/ A considerable PVE is also observed in other two junc-
(ﬂfo’\_" LC'\ﬂO’STOZ‘z a”‘:_ CMO’_StTON- Bot‘tt](’m pa”g-_': al_re!?“f” bt?twee”tions, though obviously weaker than CMO/STON. A further
e o0 S oo festance I e e s Il Juneln® analysis shows tha a Iarge favors a higheNec (nset in
VT slopes for different junctions well above the magnetic transition Fig- 3. It should be emphasized that CMO behaves as a

temperatures. positive electrode in th&/,. measurement, which means a
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FIG. 5. Diffusion voltage as functions of the content of Ca.

lower Fermi level of CMO compared with LMO, which
causes a larger band bending. As a result, a junction with the
typical characters of a conventionpin junction could be
formed between CMO and STON despite of the completely
different band structure of the former from the hole-doped
manganite. Furthermore, the diffusion voltage is expected to
be larger in CMO/STON than in LMO/STON because of the
enhanced band gap in CMO. These analyses are consistent

FIG. 4. Schematic diagram of the band structure for LMO/STON and cMO/With the observation thaVy exhibits a monotonic growth

STON and the Mrgy and Mn+t,, energy bands for the corresponding man-

with the increase of the Ca content. As shown in FigVpis

ganites. The band offset in LMO/STON, which could be much smaller than_q 06 \/ for LMO/STON. increases nearly Iinearly with the

that in CMO/STON, was not considered.

built-in electric field at the junction region from STON to
CMO, similar to that occurred in typicgn junctions.

We also prepared a heterojunction using $@e, ;MnOg
and STON Though the former is assumed an electron-
doped manganitéthe presence of cation vacancies or exces

content of Ca, and reaches0.56 V in CMO/STON (T
=300 K). It is interesting to note that the observdy is
greater than the expected vala®.42 V. This could be as-
cribed to the band offset between CMO and STON, which
becomes important due to the significant downward shift of
the conduction band of CMO. In this case, the apparent dif-

$usion voltage is jointly determined byy;, Vg, and AEc,

oxygen is possible, which makes the carrier type questionme diffusion voltage of CMO, STON, and the conduction

able. Different from Lg/Ceg 3MnO;, CMO could be an

band mismatch of the two semiconductors. It is obvious that

electron-doped semiconductor when minor oxygen vacanciegang gap plays a dominative role in determining diffusion

exist!? As,
the typical features of @-n junction. To get an explanation
to these observations, a further analysis on the band structu
of the manganite heterojunction is required.

In the hole-doped manganites, three Mh 8lectrons
form the localized,y band. The remainingdelectrons oc-
cupy twoe, bands(e,[ and g/, classified according to spin
orientatior) that are energetically higher than thg band.

described above, CMO/STON possesses most Gfg|tage. Therefore, the schematic diagram in Fig. 4, though

simple, provides a reasonable description to the experiment
FEsults.
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the MnQ; octahedra, for LMO, eact, band will further split
into two subbandsy, T andey; T, each about 1 eV wide, with
an indirect gap of the order e£0.1 eV>***The lowerey, T

band is fully occupied and the others completely empty. Inz

contrast, there are only twe, subbands of different spin
orientation in CMO, and both are unoccupied. As a result
the conduction and valence bands of CMO will be mainly of

the ;] andt,y] character, respectively, and the band gap is
~0.42 eV® Theoretical calculations have suggested that the

Fermi level is near the top of the loweg subband for LMO
while of the lowert,q band for CMO as shown in Fig. it

is obvious that the introduction of Ca leads to a downward;

shift of Fermi level.
When a manganite film is deposited on the surface o
STON, an energy barrier, that is, g\tan be established at
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