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CuCrO2-based heterojunction diodes with rectifying characteristics have been fabricated by

combining p-type Mg-doped CuCrO2 and n-type Al-doped ZnO. It was found that the current for the

heterojunction in low bias voltage region is dominated by the trap-assisted tunneling mechanism.

Positive magnetoresistance (MR) effect for the heterojunction can be observed at room temperature

due to the tunneling-induced antiparallel spin polarization near the heterostructure interface. The MR

effect becomes enhanced with the magnetic field, and shows the maximum at a bias voltage around

0.5V. The phenomena indicate that the CuCrO2-based heterojunction is a promising candidate for

low-power semiconductor spintronic devices.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4903733]

I. INTRODUCTION

Spin-based device is an emerging technology, which

leads to the potential for new classes of ultra-low power,

high speed memory, logic and photonic devices. Unlike

traditional semiconductor devices in integrated circuits,

spin-based devices perform their specific functions such as

signal-processing or information-storage by controlling the

spin injection and transport rather than the charge of the car-

riers.1 For example, mass storage of modern information

technology based on magnetic recording takes advantage of

the spin of electrons in metals or semiconductors. Metal-

based spintronic devices based on the principle of magneto-

resistance (MR) effect have already been commercially used

in several technologies such as hard disk drives and magne-

toresistive random-access memory (MRAM).2

Semiconductor-based spintronics offers a possible direction

towards the development of devices that could perform logic,

communications, and storage functions within a single mate-

rial system.3 Unfortunately, most semiconductor spintronic

devices can only work at low temperatures, which limit their

potential applications.

Recently, delafossite structured CuCrO2 has attracted

much more attention as a promising p-type transparent con-

ducting oxide (TCO) semiconductor. Hole-doped CuCrO2 is a

wide band material with low resistivity. Upon doping with 5%

Mg, the CuCrO2:Mg film shows the lowest resistivity of

0.0045 X cm among p-type TCOs.4 Spin characteristic is

another attractive point for the triangular lattice antiferromag-

net (TLA) CuCrO2. The spin- and electric-state of Cr3þ ions

make a large contribution to the electrical and magnetic

behaviors of CuCrO2 system.5 Furthermore, room-

temperature ferromagnetism for the delafossite-structured

ABO2 TCOs like CuCrO2 and CuAlO2 has already attracted

much attention. Impurity doped CuCrO2 can even possess a

Curie temperature much above room temperature (RT), which

indicates the potential application of spin characteristics at

RT.6–8 On the other hand, as a traditional n-type TCO with

wide band gap and controllable electrical resistivity, impurity-

doped ZnO has been selected to fabricate p-n heterojunctions

combining p-type CuCrO2. CuCrO2 has a structure symmetry

compatible with sapphire and ZnO. The CuCrO2/ZnO hetero-

junction diodes fabricated by pulsed laser deposition (PLD)

have been proved to possess high optical transparency and

rectifying characteristic.9 Nevertheless, the spin characteristics

for CuCrO2/ZnO p-n heterojunctions have not been studied.

By investigating the spin characteristics for CuCrO2-based

TCO junctions, a possible mechanism for read-out in semi-

conductor spintronics is explored.

In this article, p-type Mg-doped CuCrO2 (CuCrO2:Mg)

and n-type Al-doped ZnO (ZnO:Al) are selected to fabricate

p-n heterojunctions. Transport mechanisms of the hetero-

junctions in different bias voltage regions have been studied

from current-voltage (I-V) characteristics at different temper-

atures. The spin and electrical properties for the heterojunc-

tion diodes have been investigated under different magnetic

fields. It has been manifested that the antiparallel spin polar-

ization induced by the trap-assisted tunneling effect results

in the positive MR of heterojunction diode.

II. EXPERIMENTAL DETAILS

The structure of p–(CuCrO2:Mg)/n–(ZnO:Al) hetero-

junction diodes is shown in Fig. 1(a). First, nanocrystalline

CuCrO2:Mg films were prepared on (001) sapphire substrates

by the sol-gel route employing a spin-coating process. A

detailed fabrication procedure can be found in Ref. 10.

Heterojunction was formed by depositing a 100 nm thick n-
type Al doped ZnO (with 5% Al concentrations) film by the

PLD technique in an O-rich ambient with an appropriate

mask on the surface.11 The film undergoes a post-thermal
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annealing at 500 �C for 30min. The contacts were completed

by depositing platinum (Pt) on both CuCrO2:Mg and ZnO:Al

layers through an appropriate mask in vacuum. All contacts

obey the Ohmic behavior, which can be verified by the linear

I-V property (not shown). The single-layer CuCrO2:Mg films

have been proved to possess good conductivity and high

transmittance. The Curie temperature for the CuCrO2:Mg

film stays around RT according to the results from Raman

spectra.4,10 The carrier concentration at RT for ZnO:Al film

here is on the magnitude of about 4� 1021 cm�3. I-V charac-

teristics and Van der Pauw measurements were done on a

home-build system, which is based on an Oxford

Spectromag SM4000 magnetic system equipped with a series

of precise electrical instruments: the current source (Keithley

6221), the digital nanovoltmeter (Keithley 2182A), the

switch mainframe (Keithley 7001) with a Hall-effect card

(Keithley 7065) inside. In addition, the sub-femtoamp

remote sourcemeter (Keithley 6430) is used as a supplement

for high-resistance measurements.4

III. RESULTS AND DISCUSSION

Typical I-V characteristics of the CuCr1–xMgxO2/ZnO:

Al (x¼ 0.02, 0.06, 0.10) heterojunctions have been measured

in the absence of magnetic field. The bias voltage was tuned

with a step of 0.05V. As can be seen in Fig. 1(b), rectifying

behavior can be observed, which manifests the quality of the

heterojunctions. The ideality factor g of a diode can be deter-

mined from the slope of a linear part for the forward bias lnI
vs. V curve according to the equation: g¼ (q/kT)[dV/d(lnI)],
where q is the elementary charge and k is the Boltzmann

constant.12 The g is much larger than 2 in the whole bias

region. This phenomenon has also been observed in some

other wide band gap p-n junctions, indicating that there are

additional transport mechanisms other than diffusion and

recombination.13

To determine the transport mechanisms for the hetero-

junctions, I-V characteristics have been studied at different

temperatures. For example, the plots of lnI vs. V at different

temperatures for x¼ 0.06 are plotted in Fig. 1(c). It is

obvious that the slope for lnI vs. V (Sln) shows a bias-

dependent trend. At low bias voltages, the Sln is kept the

same at all temperatures. By denoting the characteristic bar-

rier energy ET¼ q/Sln¼ gkT, the ET at low bias region is

insensitive to temperature, as shown in the inset of Fig. 1(d),

indicating that the transport through the interface is domi-

nated by the tunneling mechanism. It is because the voltage

variation of the tunneling current is dominated by the tunnel-

ing probability, which is not distinctly affected by tempera-

ture.14 The tunneling current in low bias region is primarily

the trap-assisted tunneling (TAT) current through the trap

defect energy levels.14,15 The inset of Fig. 1(d) also shows

the calculated g at different temperatures in each bias voltage

region. The decreasing ideality factor with increasing tem-

perature indicates less leakage current from tunneling. The

activation of acceptors and donors is elevated with increas-

ing temperature, attenuating the influence from trap defects

on the transport properties. Therefore, the TAT current is

suppressed at higher temperatures. As the bias voltage

increases above 0.5V, the Sln becomes temperature-

dependent, suggesting that another transport mechanism

becomes dominant over conduction via tunneling. In this

bias voltage region, a space charge field can be created by

increasing injected carriers into the device. The current is

dominated by this field, which is known as the space charge

limited (SCL) current.16 As shown in Fig. 1(c), the I-V curve

shows a I ! V n (n> 2) trend, indicating that the current is

dominated by the trap-controlled SCL mechanism.17 The

current is suppressed in the presence of traps because the

free carrier charges can be captured by the trap centers. The

Sln is temperature dependent in this region because ET is de-

pendent on the trap density, which is affected by the temper-

ature.18 As the voltage increases, the increasing injected

charge carrier density also results in the filling of a larger

number of traps. After reaching a voltage at which all the

traps are filled, the temperature variation of Sln gradually

fades away due to temperature-independent ET. The I-V
curves in this region can be expressed as the post trap filled

limit (post-TFL) pattern, where the I-V curves are independ-

ent of the trap distribution in the energy space. The approxi-

mate Mott’s V2 law (I ! V2) at high voltages can support

this model well. The appearance of post-TFL pattern indi-

cates that the traps are distributed discretely at a single level

other than exponentially in the energy space.18

Device resistance (RD) at different bias voltages for

CuCr0.94Mg0.06O2/ZnO:Al heterojunction under magnetic

field of 0 and 5 T and the temperature of 300 and 150K is

shown in the inset of Fig. 2. Here, RD is obtained from the I-
V curve and can be expressed as V/I. RD shows a bias-

dependent trend due to the combined action of different

transport mechanisms. The discrepancy of RD at different

magnetic fields indicates the appearance of MR effect. Here,

FIG. 1. (a) Device structure for CuCrO2:Mg/ZnO:Al heterojunctions. (b) I-
V characteristics of the CuCr1�xMgxO2/ZnO:Al (x¼ 0.02, 0.06, 0.10) hetero-

junctions measured in the absence of magnetic field at RT. (c) I-V character-

istics at different temperatures for the CuCr0.94Mg0.06O2/ZnO:Al

heterojunction. (d) The plot of lnI vs. V at different temperatures for the

CuCr0.94Mg0.06O2/ZnO:Al heterojunction. The empty circles and the solid

triangles in the inset represent temperature-dependent ideality factor g and

energy barriers ET for CuCr0.94Mg0.06O2/ZnO:Al heterojunction in TAT

region and post-TFL region, respectively.
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the value of MR is defined as (RB - R0)/R0� 100%, where RB

denotes the resistance under a magnetic field B and R0 repre-

sents the resistance outside a magnetic field. Fig. 2(a) shows

that RD increases with magnetic field at a certain bias volt-

age, which manifests the MR effect directly. It can be

observed from Fig. 2(b) that the device shows obviously pos-

itive MR effect below 1V, and exhibits the strongest MR

effect at the bias voltage around 0.5V. The value of MR for

the heterojunction increases with the magnetic field and

gradually approaches a constant, as can be seen from Fig. 2

(c). To study the origin of the MR effect in detail, the resist-

ance of single-layer CuCr0.94Mg0.06O2 and ZnO:Al individ-

ual films at different magnetic fields is studied, respectively.

Negative MR can be clearly observed from the

CuCr0.94Mg0.06O2 film in low temperature region, as shown

in Fig. 3. Magnetic properties of CuCrO2:Mg are dominated

by the triangular lattice planes formed by Cr3þions.5 It has

been manifested that there is a transition of carrier transport

mechanism from a thermal activation behavior to a variable

range hopping (VRH) one at a special temperature Tcross.
19

In the temperature region below Tcross, the decrease of the

thermal energy depresses the hopping between the nearest-

neighbor Cu sites. The contributions from the hopping to the

Cr sites and Cu sites in the other layers (but with closer

energy) become relatively dominant. The correlation

between the hole and the local spin at the Cr site becomes

stronger. External magnetic field reduces the fluctuation of

the local spins and makes the localization around Cr sites

stronger. The enhanced localization reduces the carrier scat-

tering and results in a clear negative MR in the VRH

region.20 Moreover, negative MR effect becomes stronger

and shows a sharp oscillation with temperature at extremely

low temperatures. It has been suggested that the CuCrO2:Mg

undergoes two successive magnetic phase transitions in low

temperature region at corresponding Néel temperatures.5

The enhancement of negative MR is a typical behavior of

the spin-charge coupling near the magnetic phase transi-

tions.19 The oscillation of the negative MR is ascribed to the

influence on spin fluctuations from localized magnetic

moments during the collinear antiferromagnetic phase.21 The

inset of Fig. 3 shows that the nonmagnetic material ZnO:Al

also has a negative MR at extremely low temperatures. It can

be well described by a semiempirical expression that takes

into account the third order s-d exchange Hamiltonians,

which describes a negative part and a two-band model for

positive contribution.22 Nevertheless, the value is quite

small, as compared to that of CuCrO2:Mg and the hetero-

junction structure.

The MR effect of the individual films is negative at low

temperatures and gradually approaches zero, indicating that

the positive MR effect for the junction is associated with the

interface effect. As we know, tunnel MR (TMR), anisotropic

MR (AMR), and tunnel anisotropic MR (TAMR) are tradi-

tional interfacial MR effects. In contrast to TMR (which is a

consequence of spin-dependent tunneling), AMR originates

from spin-orbit coupling, which is present in all magnetic

materials.23 And TAMR is only an anisotropic dependence

with the direction of magnetization based on TMR, which is

usually very small (only a few percent of TMR).24 Both

AMR and TAMR depend on the angle between the current

direction and the local magnetization. However, the MR

effect here shows no obvious dependence on the angular of

the applied field direction, indicating that the heterojunctions

are free of anisotropic influence to a certain degree. In addi-

tion, atomic force microscope (AFM) and scanning electron

microscope (SEM) measurements manifest that MgO layer

has not been obviously formed. The results of X-ray diffrac-

tion (XRD) and Raman measurements prove that there exists

little spinel phase of MgCr2O4 or MgO for the

CuCr0.94Mg0.06O2/ZnO:Al structure. It indicates that the

spin-filtering from MgO can be ignored when electrons tun-

nel.10 To explore the primary origin of the positive MR

effect for the heterojunction in detail, an electronic band

structure diagram for the heterojunction device has been pre-

sented in Fig. 4. It suggests that the Fermi energy lies above

the conduction band minimum for ZnO doped with 5% Al.22

FIG. 2. (a) The evolution of room-temperature RD with magnetic field for

the heterojunction device at a typical bias voltage 0.4V. Bias-voltage de-

pendent device resistance RD under the magnetic field of 0 and 5T for

CuCr0.94Mg0.06O2/ZnO:Al heterojunction at 300K and 150K is shown in

the inset of (a). (b) The bias-voltage dependent MR of the heterojunction de-

vice at different temperatures under a magnetic field of 5T. (c) The evolu-

tion of room-temperature MR with magnetic field for the heterojunction

device at different bias voltages. Note that the solid lines are applied to

guide the eyes.

FIG. 3. Negative MR effect for single-layer CuCr0.94Mg0.06O2 film at differ-

ent temperatures under a magnetic field of 10T. The inset shows the value

of MR for single-layer ZnO:Al film at extremely low temperatures. Note

that the solid lines are applied to guide the eyes.

223701-3 Li et al. J. Appl. Phys. 116, 223701 (2014)
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Here, the relatively small spin and splitting effect for the

nonmagnetic ZnO:Al can be neglected. The electron affinity

(v) and the band gap energy (Eg) for ZnO:Al here are taken

as 4.5 eV and 3.4 eV, while for CuCrO2:Mg they are 3 eV

and 3.2 eV, respectively.12,25 It has recently been reported

that the near-Fermi-level (around the valence band maxi-

mum) of CuCrO2:Mg has primarily the Cr 3d characteristics,

with some contributions from the hybridization of Cu 3d and

O 2p states.26,27 The octahedral crystal field leads to the

splitting of the Cr 3d orbital energies, as shown in Fig. 5(a).

The dxy, dxz, and dyz orbitals at lower energy are collectively

called as the t2g orbitals, whereas the dz2 and dx2�y2 orbitals

at higher energy are called as the eg orbitals. The 3d3 states
of Cr3þ ion in an octahedral environment originally have a
3t2g configuration with a ground state 4A2g and an excited

state 2Eg. Meanwhile, the ligands that surround the Cr3þ ion

introduce additional negative charges and make the d orbitals
less stable. Then, the Cr 3d splitting energy possesses three

electron configuration combinations arranged in elevating

energy: 3t2g,
2t2g

1eg, and
1t2g

2eg. The
2t2g

1eg configuration

gives rise to two low lying quartet states [4T2g and
4T1g(

4F)

states], and the 1t2g
2eg configuration induces a high lying

quartet state [4T1g(
4P)].28 Notice that all these Cr 3d states

originally have the spin-up property.

When the magnetic field is applied, the degeneracy of

the Cr 3d levels is further lifted by the operation of spin-

orbit interaction according to Hund’s rule. The degeneracy

of a state is also considerably removed due to the Zeeman

splitting in a magnetic state.29 Focusing on the band gap

around the Fermi-level of CuCrO2:Mg (EFp), the
2T1g and

4T2g bands are further separated by Jahn-Teller distortion

into two sub-bands, respectively.30 Once the ZnO:Al is con-

nected with CuCrO2:Mg, electrons from n-type ZnO:Al can

tunnel into the adjacent p-type CuCrO2:Mg through the

interfacial defects. It even partially fills the spin-down Cr
2T1g (2T1g;) orbital after filling up the spin-up 2T1g (2T1g:)
state near the interface, as shown in Fig. 5(c). The density of

carriers near the interface increases and an additional space-

charge region is created. Then, a Schottky barrier will be

built up to stop the further leaking of electrons into the ho-

mogeneous region of CuCrO2:Mg.31 In low bias region, the

electrons can hardly pass through the barrier. Thus, the den-

sity of spin-down (minority-spin) carriers near the interface

is much larger than that away from the interface. With

increasing magnetic field, the spin polarization of the spin-

down carriers near the interface and the spin-up (majority-

spin) carriers is away from the interface both increase. The

increasing scattering between carriers with antiparallel spin

polarization results in the larger resistance under a magnetic

field, as can be seen from Fig. 5(b).32 Namely, the existence

of minority-spin carriers in the hole-doped CuCrO2:Mg near

the interface under a magnetic field is the origin of the posi-

tive MR effect. With the magnetic field increases above 5 T,

the spin polarization and Zeeman splitting effect gradually

become saturated, making the MR of the heterojunction

close to a constant. As shown in Fig. 4(b), the increasing for-

ward bias voltage elevates the Fermi energy of ZnO:Al

(EFn), as compared to EFp. The carriers can even partially fill

the 4T2g; orbital after filling up the 2T1g; and 4T2g: states

near the interface, as shown in Fig. 5(d). The increasing

minority-spin carriers in the hole-doped CuCrO2:Mg near

the interface result in the enhancement of MR. When the

bias voltage increases above 0.5V, the electrons become eas-

ier to pass through the barrier. The density of minority-spin

carriers in the homogeneous region is nearly the same as that

in the interface region of CuCrO2:Mg. Moreover, the current

becomes dominated by the SCL transport mechanism. The

FIG. 4. Electronic band structure diagrams for the heterojunction at a bias

voltage of (a) 0V and (b) 0.5V are applied to explain the origin of positive

MR effect.

FIG. 5. (a) Schematic band diagram for the CuCr0.94Mg0.06O2 film under an

octahedral crystal field. (b) The spin polarization of the spin-down and spin-

up carriers on each side of the tunneling-induced barrier. Carriers from ZnO:

Al tunneling into different sub-bands of CuCr0.94Mg0.06O2 at a bias voltage

of 0V and 0.5V are shown in (c) and (d), respectively.

223701-4 Li et al. J. Appl. Phys. 116, 223701 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

58.198.191.64 On: Fri, 12 Dec 2014 12:37:36



influence from the tunneling mechanism becomes weaker

than that from the space charge field across the interface,

which attenuates the MR effect. In addition, the MR effect at

extremely low temperatures [such as 10K and 30K shown in

Fig. 2(b)] is weaker than that at high temperatures. It is

because the strong negative MR of the single-layer CuCrO2:

Mg impacts the positive MR effect from the interface

tunneling.

IV. CONCLUSIONS

In summary, CuCrO2:Mg/ZnO:Al heterojunctions have

been fabricated with rectifying behaviors. The current of the

diode at low bias voltage is dominated by the tunneling

mechanism. The degeneracy of the Cr 3d states is lifted by

the operation of spin-orbit interaction and Zeeman splitting

when magnetic field is applied. Electrons from n-type ZnO:

Al tunnel into the p-type CuCrO2:Mg and even partially fill

the spin-down orbitals in a magnetic state. The tunneling-

induced barrier near the interface impedes the further leaking

of carriers and makes the spin-down carriers only stay

around the interface. The increasing scattering between the

spin-down carriers near the interface and the spin-up carriers

in the homogeneous region of CuCrO2:Mg with antiparallel

spin polarization results in the larger resistance under a mag-

netic field. In another word, the increasing spin polarization

scattering induced by the spin tunneling effect under a mag-

netic field should be the primary origin of the positive MR

effect for the diode according to the possible explanation

proposed above. It can be anticipated that the favorable spin

characteristics for the CuCrO2-based devices will promote

the RT application for semiconductor spintronics.

ACKNOWLEDGMENTS

This work was financially supported by Major State

Basic Research Development Program of China (Grant Nos.

2011CB922200 and 2013CB922300), Natural and Science

Foundation of China (Grant Nos. 11374097 and 61376129),

Projects of Science and Technology Commission of

Shanghai Municipality (Grant Nos. 14XD1401500,

13JC1402100, and 13JC1404200), and the Program for

Professor of Special Appointment (Eastern Scholar) at

Shanghai Institutions of Higher Learning.

1S. J. Peartona, C. R. Abernathy, D. P. Norton, A. F. Hebard, Y. D. Park, L.

A. Boatner, and J. D. Budai, Mater. Sci. Eng. R 40, 137 (2003).
2H. Ohno, Science 281, 951 (1998).

3D. D. Awschalom and M. E. Flatté, Nat. Phys. 3, 153 (2007).
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