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Graphical contents entry  

Excellent room temperature rectification performance and enhanced ferromagnetic 

phase transition temperature was achieved for the La0.5Pr0.17Ca0.33MnO3 nanofilm/ZnO 

nanorod p-n junctions prepared by depositing the La0.5Pr0.17Ca0.33MnO3 shell layer on 

the ZnO nanorods using the pulsed laser deposition.  
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Magnetic and electrical properties of three-dimensional 

(La,Pr,Ca)MnO3 nanofilm/ZnO nanorod p-n junctions  
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State Key Laboratory of High Performance Ceramics and Superfine Microstructure, 

Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, 

China  

Abstract  

Three-dimensional (3D) nanostructured p-n junctions have been fabricated by 

growing p-type La0.5Pr0.17Ca0.33MnO3 (LPCMO) manganite thin film on n-type ZnO 

nanorod arrays using pulsed laser deposition. The 3D LPCMO nanofilm/ZnO nanorod 

p-n junctions exhibit excellent room temperature rectification performance with a high 

rectification factor of ~1650 at ±5.0 V, approximately 14 times larger than that of 

manganite film- and ZnO nanowires (or film)-based layered p-n junctions. The 

ferromagnetic phase transition temperature  for the LPCMO nanofilm is 

significantly (28 K) higher than that of 2D LPCMO films directly grown on Si 

substrates, which is interpreted in terms of nanograin-induced surface effect and lattice 

strain effect. The large portion of magnetically frozen phase establishes the existence 

of strong electronic phase separation in the 3D nanofilm.  
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Introduction  

Hybrid ferromagnet/semiconductor heterostructures for spintronics applications 

are currently being extensively investigated for the understanding of the electron 

transport processes across the ferromagnet/semiconductor interfaces.1 ZnO is a 

versatile electron-doped semiconductor material with a direct wide band gap of 3.37 

eV and a large exciton binding energy of 60 meV, making it promising for various 

potential applications in electronic devices whose performance was found to be 

closely associated with the size, morphology and dimensions of the materials.2 ZnO 

nanostructures with the wide range of morphological diversity have been reported to 

exhibit superior physical properties because of the high surface-to-volume ratio. 

Comparatively, perovskite manganite La1-x-yPryCaxMnO3 is a hole-doped material that 

shows a variety of attractive physical phenomena such as the colossal 

magnetoresistance effect, charge-ordering, electronic phase separation (EPS), and 

metal-to-insulator phase transition due to the strong interplay among the spin, charge, 

lattice, and orbital degrees of freedom.3-6 The ferromagnetic metallic (FMM) phase 

and the charge-ordered antiferromagnetic insulating (CO/AFI) phase coexist in 

nanoscale at low temperatures for the La1-x-yPryCaxMnO3 bulk and films.3-6 Much 

efforts have been devoted to understanding the electronic transport and magnetic 

properties of La1-x-yPryCaxMnO3 nanostructures including nanoparticles, nanoboxes, 

and core-shell nanowires in order to fabricate various nanoscale spin-sensitive 

magnetic devices. For example, Bingham et al.7 and Zhang et al.8 observed a 

suppression of the CO/AFM phase and a stabilization of the FMM phase with 
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reducing particle size for La1-x-yPryCaxMnO3 nanoparticles. Nguyen et al.9 observed 

enhanced metal-to-insulator transition for the La0.275Pr0.35Ca0.375MnO3 nanoboxes. Li 

et al.10 reported strong EPS in the single-crystalline La0.33Pr0.34Ca0.33MnO3/MgO 

core-shell nanowires with a larger magnetic coercivity than that of the corresponding 

bulk sample. Although the properties of ZnO and La1-x-yPryCaxMnO3 nanostructures 

have been investigate, respectively, very little efforts have been made to integrate the 

p-type La1-x-yPryCaxMnO3 thin film on the n-type ZnO nanorods/nanowires and 

explore the physical properties (especially the rectification behavior) of the 

nanostructured three-dimensional (3D) La1-x-yPryCaxMnO3/ZnO p-n junctions which 

may show superior rectification behavior.  

In this work, we have fabricated 3D La0.5Pr0.17Ca0.33MnO3(LPCMO) 

nanofilm/ZnO nanorod p-n junctions by growing the LPCMO film on vertically 

aligned ZnO nanorod arrays that was prepared by the polyethylenimine-assisted 

hydrothermal method, and found excellent room temperature rectifying behavior with 

a high rectification factor ~1650 for the junctions. Due to the nanograin-induced 

surface effect and lattice strain effect, the 3D LPCMO nanofilm shows significantly 

enhanced Curie temperature, as compared with that of the 2D LPCMO film. Moreover, 

a large amount of magnetically frozen phase and a magnetoresistance (MR) value of 

68% were observed for the LPCMO nanofilm/ZnO nanorod p-n junctions. These 

electrical and magnetic properties are associated with the structure and morphology of 

the 3D nanofilm.  

Experimental 

 3

Page 4 of 20RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



120 nm thick ZnO seed-layer film were firstly grown on HF-cleaned high 

resistive Si(100) substrates by the sol–gel dip-coating method.11 ZnO nanorod arrays 

were then grown on the ZnO film-seeded Si(100) substrates via the polyethylenimine 

(PEI)-assisted hydrothermal method (PAHT) using precursor aqueous solutions of 

zinc nitrate hexahydrate (Zn(NO3)26H2O) and hexamethylenetetramine (HMT), as 

reported previously.11 LPCMO films were simultaneously deposited onto the 

as-prepared ZnO nanorod arrays and HF-cleaned Si(100) substrates by pulsed laser 

deposition at a substrate temperature of 700 oC and an oxygen pressure of 27 Pa. Both 

the LPCMO thin films on ZnO nanorods and Si substrates were in situ annealed at 1 

atm O2 for 30 mins to increase the crystallinity and reduce oxygen deficiencies in the 

LPCMO films. Here, the LPCMO thin films directly grown on the HF-cleaned Si(100) 

substrates were used as the “reference sample” for comparison purposes.  

The morphology, structure, and chemical compositions of the samples were 

investigated using field emission scanning electron microscope (FESEM, Magellan 

400) and high resolution transmission electron microscope (HRTEM, Tecnai G2 F20) 

attached with an energy-dispersive x-ray spectrometer (EDS). The phase purity was 

examined by a high resolution Bruker D8 Discover (Cu K1 radiation, λ=1.5406 Å) 

X-ray diffractometer (XRD). Magnetic data were collected using a SQUID 

magnetometer (MPMS XL-5, Quantum Design) with the magnetic field applied 

parallel and perpendicular to the plane of Si substrates, respectively. The top and 

bottom gold electrodes were sputtered onto the LPCMO nanofilm and the ZnO seed 

layer film for electrical transport measurements. The schematic of the experimental 
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setup is illustrated in the inset (a) of Fig. 6. The resistance of the LPCMO nanofilm 

between the two top-top Au electrodes was measured with a physical property 

measurement system (PPMS-9, Quantum Design). The current-voltage (I-V) 

characteristics of the LPCMO nanofilm/ZnO nanorod p-n junctions were analyzed 

using a Precision Multiferroic Analyzer (Radiant Technologies. Inc. USA) through the 

top and bottom Au electrodes.  

Results and discussion  

As can be seen in Fig. 1(a), vertically-aligned ZnO nanorods have been 

successfully grown on the ZnO film-seeded Si substrate and exhibit diameters of 

100-200 nm and lengths of 400-500 nm (cross-sectional SEM image is not shown 

here) with a smooth hexagonal top surface [see the inset of Fig. 1(a)], suggesting that 

the ZnO nanorods grow preferentially along the (0001) crystal direction. The 

morphologies of the 3D LPCMO nanofilm on the ZnO nanorods are displayed in 

Figs. 1(c) and 1(d), where the length of the nanorods increases from 400-500 to 

700-800 nm with a higher density due to the growth of the LPCMO film on the ZnO 

nanorods. The immediate sputtering deposition of the LPCMO film on the ZnO 

nanorods leads to the change in the morphology from sharply flat tip for the pristine 

ZnO nanorods to dull tip for the final LPCMO/ZnO nanostructure, as can be seen in 

the inset of Fig. 1(c). In contrast, columnar grains were observed for the 2D reference 

sample which was directly deposited on the Si(100) substrates [Fig. 1(f)]. The lower 

panel of Fig. 1(e) shows the XRD pattern of the 2D reference sample directly grown 

on the Si substrates. LPCMO (112) [also see the expand view shown in the inset of  
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Fig. 1 (a) Top view SEM image of the ZnO nanorods. Inset: enlarged top view of a 

nanorod. (b) Schematic illustration of PLD deposition of the LPCMO film on the ZnO 

nanorods. (c) Top view SEM image of the LPCMO/ZnO nanostructure. Inset: enlarged 

top view of the LPCMO/ZnO nanostructure. (d) Cross-sectional SEM image of the 

LPCMO/ZnO nanostructure. (e) XRD patterns of the LPCMO film grown on the ZnO 

nanorods (upper panel) and the Si substrate (lower panel). Inset: expanded view near 

Si(200) diffraction peak, “F” represents the LPCMO film. (f) Cross-sectional SEM image 

of the LPCMO film directly grown on the Si substrate.  
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Fig. 1(e)], (220) and (024) diffraction peaks appear, confirming the polycrystalline 

pseudo-cubic crystal structure of the reference sample, presumably caused by the 

large lattice mismatch (~29%) between the LPCMO and the Si substrate. The XRD 

pattern shown in the upper panel of Fig. 1(e) indicates that the ZnO nanorods are 

indeed (0001) preferentially oriented, which is consistent with the SEM observation. 

Due to the polycrystalline nature and very small amount of the LPCMO film grown 

on the ZnO nanorods, no diffraction peak from the LPCMO film can be detected by 

XRD. However, TEM, EDS, electrical transport, and magnetic results indeed showed 

that the LPCMO film had been deposited on the ZnO nanorods and will be discussed 

in the following paragraphs.  

Fig. 2(a) shows a TEM image taken on a typical LPCMO/ZnO core-shell 

heterostructure, which indicates that the average thickness of the LPCMO film on the  

 
 

Fig. 2 (a) TEM image of a LPCMO/ZnO core-shell nanorod. (b) HRTEM image taken 

from the highlighted area in (a). (c) SAED pattern of the LPCMO nanofilm on a ZnO 

nanorod. (d) Corresponding EDS spectrum.  
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ZnO nanorods is ~40 nm, much thinner than that of the reference sample (~550 nm). 

This could probably be attributed to the much larger surface area of the ZnO 

nanorods than that of the Si substrate. The HRTEM image [Fig. 2(b)] clearly displays 

the lattice structure of the LPCMO nanofilm on the ZnO nanorods with atomic 

resolution. The corresponding selected area electron diffraction (SAED) [Fig. 2(c)] 

also reveals the polycrystalline nature of the LPCMO nanofilm. The EDS spectrum 

of the LPCMO nanofilm is shown in Fig. 2(d), where the quantified contents of La, 

Pr, Ca, Mn, and O are approximately 7.47 at %, 3.06 at %, 6.48 at %, 18.28 at %, and 

64.68 at %, respectively. The chemical compositions of the LPCMO nanofilm are 

similar to those of the stoichiometric LPCMO ceramic target. We note that EDS 

measurements taken on the LPCMO nanofilm did not detect any Zn element, 

indicating no interfacial diffusion and reaction between the outer LPCMO nanofilm 

and the inner ZnO nanorods. Altogether, the above results establish the good quality 

of the nanostructured LPCMO nanofilm/ZnO nanorod heterostructure.  

Fig. 3 shows the temperature (T) dependence of the zero-field-cooled (ZFC) and 

field-cooled (FC) magnetization (M) for the LPCMO/ZnO heterostructure and the 

reference sample, as measured with the magnetic field applied parallel to the plane of 

the Si substrates. Similar to the findings for La1-x-yPryCaxMnO3 bulk and films,12,13 a 

pronounced magnetic irreversibility was observed below  where the FC M 

versus T curve deviates from the ZFC one for the LPCMO/ZnO heterostructure and 

moreover, a broad peak in the ZFC M versus T curve was observed at 118 and 

94 K (as measured at H=100 Oe) for the LPCMO/ZnO and the reference sample,  

IRT

CGT
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Fig. 3 Temperature dependence of ZFC and FC magnetization for the LPCMO/ZnO 

respectively, which is a typical magnetic cluster-glass behavior due to the frozen of 

the magnetic moments below 12,13 Note that very similar magnetic behavior has 

been observed in the La 1MnO3 nanocrystals where nanometer sized 

ferromagnetic clusters embedded in the canted antiferromagnetic matrix.14 At low 

temperatures (T< ), the La yCaxMnO3 is frozen in a metastable configuration 

with a certain fraction of FMM phase distributed as isolated clusters surrounded by 

the majority ix.15 As can be seen in the inset (b) Fig. 3, the difference 

between the ZFC magnetic m nt to the FC magnetic moment, defined as the 

frozen phase m gnetic mo  increases significantly below  (210 K), 

nanostructure and the LPCMO/Si sample. Insets (a): TdTdM ~/  curves for the 

LPCMO/ZnO nanostructure and the LPCMO/Si sample, respectively. Inset (b): 

temperature dependence of the frozen phase concentration P for the LPCMO/ZnO 

nanostructure.  
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indicating that the EPS develops below . A large frozen phase concentration P, IRT

     FCMZFCMFCMP /  ,10 of ~88%, was observed for the LPCMO 

nanofilm/ZnO nanorods heterostructure, which is a result of the strong electronic 

phase separation in the 3D LPCMO nanofilm.  

It is worth noting that the paramagnetic-to-ferromagnetic phase transition 

temperature TC, derived from the field-cooled  versus dTdM / T  curve (see the 

inset (a) of Fig. 3) of the LPCMO nanofilm/ZnO nanorod heterostructure (~164 K) is 

significantly higher than that of the reference sample (~133 K). Such large increase 

in TC (TC28 K) is probably associated with the LPCMO particle size 

reduction-induced surface effect and lattice strain effect. For the 3D LPCMO 

nanofilm grown on the ZnO nanorods, the grain size is much smaller than that of the 

2D LPCMO film directly grown on the Si substrates and moreover, the surface area 

of the former is clearly much larger than that of the latter, resulting in a much larger 

surface-to-volume ratio for the former. As a consequence, there is a large amount of 

uncompensated surface spins for the LPCMO nanofilm, which would weaken the 

antiferromagnetic interaction and favors the formation of ferromagnetic clusters.8,16 

Furthermore, some of the ferromagnetic clusters near the surface may find 

percolation paths through the antiferromagnetic matrix, favoring long range FM spin 

ordering.8 Moreover, the tunneling of charge carriers between two Mn ions which 

belong to different adjacent grains also induces ferromagnetic double exchange 

correlation.14 In addition, it was found that, associated with the reduction in particle 

size of doped manganites, two pronounced lattice effects (i.e., a contraction of the  
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Fig. 4. Magnetization-magnetic field (M-H) hysteresis loops of (a) LPCMO/ZnO and (b) 

LPCMO/Si at temperatures as stated. Insets in (a) and (b) show the corresponding M-H 

hysteresis loops at T=50 K, with the magnetic field applied parallel and perpendicular to 

the plane of the Si substrates, respectively. 

unit cell volume and a reduction of the unit cell anisotropy) would cause a decrease 

in the Mn-O bond length and an increase in the Mn-O-Mn bond angle and thus 

enhances the electronic bandwidth,17-19 thereby favoring active hopping of charge 

carriers. According to the double-exchange model,20 enhanced active hopping of 

charge carriers would induce stronger ferromagnetic coupling between neighboring 

Mn ions, giving rise to higher TC. Therefore, it is believed that the nanograin-induced 

surface effect and lattice strain effect are responsible for the enhanced TC for the 
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LPCMO/ZnO structure. Below TC, both samples show a considerable enhancement 

of ferromagnetic behavior with decreasing temperature, as manifested by 

well-defined magnetic hysteresis (M-H) loops and a remarkable increase in the area 

of the loops from T=150 to 10 K [see Fig. 4(a) and 4(b)]. The inset of Fig. 4(b) 

shows the M/MS as a function of H at T=50 K for the reference sample, as measured 

with the magnetic field applied parallel and perpendicular to the plane of the Si 

substrates, respectively. One can see that the in-plane magnetization is significantly 

enhanced compared with the out-of-plane counterpart, implying the presence of 

anisotropic demagnetization effect.21 On the contrary, an isotropic magnetization 

behavior of the LPCMO/ZnO heterostructure was observed, as reflected by the 

similar in-plane and out-of-plane magnetization [inset of Fig. 4(a)]. Obviously, the 

exotic magnetic isotropy behavior is dependent on the structure and morphology of 

the 3D nanostructured LPCMO film.22,23  

The growth-determined morphology does not only have a considerable impact 

on the magnetic properties but also strongly influences the electronic transport of the 

LPCMO nanofilm. The inset of Fig. 5(a) shows the temperature dependence of the 

resistance under various magnetic fields for the reference sample which undergoes an 

insulator-to-metal transition at =146 K for H=0 T. In contrast, the LPCMO 

nanofilm on the ZnO nanorods shows a typical semiconductor-like electrical 

behavior with a charge-ordering phase transition at TCO=56 K even under H=9 T, 

where the resistance shows an upturn. At T=10 K, it is roughly estimated that the 

resistance of the LPCMO/ZnO structure is two orders of magnitude larger than that  

MITT
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Fig. 5 (a) Temperature dependence of the resistance at H=0, 3, 6 and 9 T for the 

LPCMO/ZnO nanostructure. Inset: temperature dependence of the resistance at H=0, 3, 

6 and 9 T for the LPCMO/Si sample. (b) MR versus H curves for the LPCMO/ZnO 

nanostructure and the LPCMO/Si sample at temperatures as stated.  

of the reference sample. For the 3D LPCMO/ZnO heterostructure, there exists a large 

amount of nanograins through which charge carriers cross or tunnel,24 which would 

obviously cause a larger resistance for the LPCMO/ZnO heterostructure. Moreover, 

nanograin-induced spin disorder at grain surface also contributes to the high 

resistance of the LPCMO nanofilm.25 A magnetic field can easily align these 

disordered spins and thus reduces the scattering process of the charge carriers, 
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thereby causing MR effect. MR of the LPCMO/ZnO heterostructure was measured as 

a function of H at various temperatures and the results are shown in Fig. 5(b). For 

comparison, the MR versus H curves for the reference samples are also shown in Fig. 

5(b). At a fixed temperature (e.g., T=170 or 300 K), MR of the LPCMO/ZnO 

heterostructure increases monotonously with increasing H and no saturation was 

observed. Nevertheless, at any fixed temperature, MR of the LPCMO/ZnO 

heterostructure is smaller than that of the reference sample. It is noteworthy that 

unconventional positive MR effect has been found in the La0.5Pr0.2Sr0.3MnO3 

film/ZnO film layered p-n junctions and was justified on the basis of 

magnetic-field-induced enhancement of junction barrier height which is associated 

with the interface between the La0.5Pr0.2Sr0.3MnO3 film and the ZnO film.26 It is 

anticipated that such positive MR effect also exits in the LPCMO nanofilm/ZnO 

nanorods p-n junctions, arising from the interface effect. As a consequence, the 

inherent negative MR effect of the LPCMO nanofilm will be partly cancelled by the 

interface-related positive MR effect, leading to the reduced MR effect. Note that 

similar reduction in the MR effect has been found in the Pr0.5Ca0.5MnO3/ZnO 

core-shell nanostructure,27 as compared with that of Pr0.5Ca0.5MnO3 bulk. Aside from 

this, MR value of ~68% was achieved at T=170 K for H=9 T for the LPCMO 

nanofilm/ZnO nanorod heterostructure, which is comparable to that of the 

MgO/La0.67Ca0.33MnO3 core-shell single-crystal nanowires,28 suggesting the high 

quality of the LPCMO nanofilm/ZnO nanorod heterostructure. Such an appreciable 

MR effect of the 3D LPCMO nanofilm is noteworthy and the interface effect of the 
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heterostructure are promising to be controlled through growth process for the 

optimization of the properties. 

The current-voltage (I-V) characteristics of the LPCMO/ZnO p-n junction are 

studied and shown in Fig. 6, which shows an evident asymmetric feature under 

forward and reverse bias conditions. An apparent electrical rectifying behavior was  

 

FIG. 6 Current-voltage (I-V) characteristics of the LPCMO/ZnO nanostructure. Inset (a): 

schematic experimental setup for measurements of resistance of the LPCMO nanofilm 

and the I-V characteristics of the LPCMO/ZnO core-shell nanostructure. Inset (b) lnI 

versus lnV curve in the forward region.  

observed, revealing the formation of a typical p-n junction at the interface. This is 

consistent with the well-known fact that the LPCMO and the ZnO generally display 

p-type and n-type conductivity, respectively. The forward turn-on voltage appears at 

~1.7 V, and the reverse breakdown voltage is beyond 9 V with a quite low leakage 
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current of less than 200 nA. The rectification factor (i.e., the forward-to-reverse 

current ratio) at ±5.0 V reaches 1650, which is approximately 14 times larger than 

that of manganite film- and ZnO nanowires (or film)-based layered p-n junctions, 

e.g., La0.7Sr0.3MnO3 film/ZnO nanowires layered structures,29-31 demonstrating 

superior rectifying properties of the present nanostructured LPCMO film/ZnO 

nanorods p-n junctions. Such large rectification factor may probably relate to the 

large fraction of interface area for the LPCMO nanofilm/ZnO nanorods. To further 

probe into the electric conduction mechanism of the nanostructured LPCMO/ZnO 

junctions, we showed the lnI versus lnV curve in the inset (b) of Fig. 6. The curve 

exhibits two regions with the slope evolving from 2.86 to 1.54, which indicates 

that the leakage mechanism is mainly caused by the space-charge-limited current.32 

The trap sites inside the 3D LPCMO nanofilm and at the interface would capture 

injected electrons with increasing electric filed, thus degrading the pure space charge 

effect,32 as reflected by the fact that the slope is not exactly close to 2. More in-depth 

work is necessary to gain further detailed information on the conduction mechanisms 

of the nanostructured LPCMO/ZnO p-n junctions.  

Conclusions  

In summary, we have fabricated 3D LPCMO nanofilm/ZnO nanorod p-n 

junctions by a two-step process, including the growth of ZnO nanorods using the 

polyethylenimine-assisted hydrothermal method and the deposition of the LPCMO 

shell layer on the ZnO nanorods using PLD. Such fabricated p-n junctions show 

outstanding room temperature rectification performance with a rectification factor of 
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~1650 at ±5.0 V, approximately 14 times larger than that of manganite film- and ZnO 

nanowires (or film)-based layered p-n junctions. The 3D LPCMO nanofilm shows a 

higher Curie temperature ( 28 K) than that of the 2D reference sample, which is 

interpreted in terms of the nanograin-induced surface effect and lattice strain effect. 

The large portion of the magnetically frozen phase demonstrates the existence of 

strong EPS in the 3D nanofilm. Our findings provide an approach to integrate 

perovskite manganite and ZnO in 3D nanostructure with designed morphology and 

physical properties for building advanced nanoscale electronic and magnetic devices.  
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