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Abstract  

The electrical properties of a p–n heterojunction of polycrystalline p-type Ni0.98Li0.02O and n-type 

Zn0.98Al0.02O have been investigated for potential applications in high-temperature oxide-based 

thermoelectric generators without metallic interconnects. Current-voltage characteristics of the junction 

were measured in a two-electrode setup in ambient air at 500 – 1000 °C. The resistance and rectification of 

the junction decreased with increasing temperature. A non-ideal Shockley diode model was used to fit the 

measured current-voltage data in order to extract characteristic parameters of the junction, such as area-

specific series resistance Rs and parallel shunt resistance Rp, non-ideality factor, and the saturation current 

density. Rs and Rp decreased exponentially with temperature, with activation energies of 0.4 ± 0.1 eV and 

1.1 ± 0.2 eV, respectively. The interface resistance of the direct p–n junction studied here is as such too high 

for practical applications in thermoelectrics. However, it is demonstrated that it can be reduced by order of 

magnitude by using a composite of the individual materials at the interface, yielding a large effective contact 

area.  
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Introduction 

Heat from renewable sources or waste heat from industries, municipalities, or transportation can 

be converted to electricity by thermoelectric generators (TEGs) based on the Seebeck effect [1]. 

Compared with state-of-the-art metallic thermoelectric materials [2], oxides are thermochemically 

more stable, generally less toxic, more abundant, and cheaper, but also less efficient [3]. Traditional 

TEGs consist of p- and n-type thermoelectric legs connected electrically in series and thermally in 

parallel. Metallic contact layers - so called interconnects - are used to ensure ohmicity of the contact 

and absorb mismatches in thermal expansion. However, these metallic layers complicate device 

fabrication and increase manufacturing cost, and tend to be troubled by interdiffusion, oxidation, 

and delamination. Interconnect-free module designs have been studied by Span et al.[4] and Becker 

et al. [5] for Si-based materials. In addition, Shin et al. have demonstrated a thermoelectric module 

with a direct contact between two oxide materials [6, 7].  

In order to have a better foundation for evaluating and exploring direct oxide p–n junctions, we are 

studying different aspects of couples of p-type Li-doped NiO and n-type Al-doped ZnO, with band 

gaps of, respectively, ~ 3.7 eV and ~ 3.4 eV [8]. Li is an efficient acceptor dopant in NiO to increase 

the concentration of electron holes [9] while Al-doping correspondingly increases the 

concentration of electrons in ZnO [10].  

Al-doped ZnO is among the best n-type oxides for thermoelectrics stable in air, with reported figure 

of merit, zT, as high as 0.5 at 1050 °C. The thermoelectric properties of Li-doped NiO, however, 

are less studied, but a maximum zT of 0.1 at 1000 °C has been reported. Detailed investigations of 

the thermoelectric properties of ZnO [11-13] and NiO [14, 15] can be found in the literature and 

are not within the scope of the current paper. 
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NiO and ZnO form, respectively, cubic and hexagonal structures with finite mutual solid solubility, 

without forming any intermediate compound according to the NiO-ZnO phase diagram [16, 17] 

from the chemical stability viewpoints. Thus, NiO and ZnO form a stable p–n junction, and for this 

we recently reported on the stability and cation inter-diffusion across the present heterojunction, 

i.e., Ni0.98Li0.02O–Zn0.98Al0.02O, in the temperature range 900–1200 °C [18].  

Here we present an analysis of electrical properties of the heterojunction between polycrystalline 

Ni0.98Li0.02O and Zn0.98Al0.02O. Furthermore, we demonstrate the reduction of the interfacial 

resistance by use of the high effective contact area of a composite interface layer. 

Experimental procedure 

Ni0.98Li0.02O and Zn0.98Al0.02O were synthesized via a standard solid-state method using high purity 

chemicals (≥ 99%) of Li2CO3 (Sigma-Aldrich), NiO (Fuel Cell Materials), Al2O3 (Sigma-Aldrich) 

and ZnO (Sigma-Aldrich). The appropriate amounts of the precursors were weighed and mixed by 

rotary ball milling for several hours. The Li-doped NiO precursor mixture was calcined at 900 °C 

for 6 h to decompose the Li2CO3, followed by manual grinding using mortar and pestle. The 

precursor mixtures were uniaxially pressed in a 10 mm diameter steel die (Specac, UK). The 

obtained green body pellets of Li-doped NiO and Al-doped ZnO were sintered at 1250 °C and 1350 

°C, respectively, to reach final relative bulk densities > 98%. To prepare the composite sample (c), 

a 50/50 mol% mixture of Li-doped NiO and Al-doped ZnO was ball milled in isopropanol, dried, 

pressed into a pellet, and sintered at a lower temperature of 950 °C. Microstructural characterization 

of the sintered samples was carried out using field emission scanning electron microscopy (SEM) 

(Quanta FEG 200, FEI).  

The faces of all pellets were ground and polished down to ¼ µm using diamond abrasive (DP-spray 

P, Struers, Denmark) before establishing the junctions. Platinum electrodes were painted on the 
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outer faces of the junction couples using platinum ink (METALOR) and contacted to 

instrumentation via 0.5 mm diameter Pt wires. The assemblies of wires and samples (p–n and p–

c–n junctions) were held together by a spring-load system in a ProboStatTM measurement cell 

(NorECs, Norway). Current-voltage measurements were carried out in the temperature range 500 

–1000 °C in ambient air. Agilent E3642A and 34970A instruments were used to supply a constant 

DC voltage and to measure the resulting current, respectively. Data acquisition was done by a 

custom-made LabVIEW software. Mott-Schottky capacitance-voltage (C-UA) measurements were 

carried out on the heterojunction at 900 °C in ambient air using the same measurement cell but 

utilizing a potentiostat (Reference 600, Gamry) operating at a constant frequency of 1 MHz while 

applying various DC biases to the p–n junction. Onwards, unless otherwise noted, we report area-

specific values for the resistances and currents by taking the area (0.8 cm2) of the disks, electrodes, 

and junctions into account.  

Results and discussions  

Figure 1 shows characteristic curves of measured current density against applied voltage (j-UA) of 

the Ni0.98Li0.02O and Zn0.98Al0.02O heterojunction in the temperature range 500 – 1000 °C.  The 

junction is clearly rectifying at the lower temperatures, while the degree of rectification decreases 

with increasing temperature.  

The electrical behavior of heterojunctions can often be described by the equivalent circuit 

schematically illustrated in the inset of Figure 1 [19]. It consists of a series resistance (Rs) 

accounting for ohmic contribution of wires and bulk components, the diode element (D), and a 

parasitic parallel shunt resistance (Rp), which describes ohmic transport through the junction. The 

current-voltage characteristic can be related to those parameters of the equivalent circuit by the 

non-ideal Shockley diode model [19-22], which is given as 
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𝑗 =  (
𝑅𝑝

𝑅𝑝+𝑅𝑠
) {𝑗0 [exp (

𝑒(𝑈𝐴−𝑗𝑅𝑠)

𝜂𝑖𝑑𝑘𝐵𝑇
) − 1]} +

𝑈𝐴

𝑅𝑝
                                                                  (1) 

Here, j is the total measured current density, j0 the temperature dependent saturation current 

density, 𝜂𝑖𝑑 the non-ideality factor, UA the applied bias voltage, 𝑇 the absolute temperature, and 

other symbols have their usual meanings. It may be noted that this is an implicit relation, as j 

appears on both sides of the equation, and it hence needs to be solved numerically. In most standard 

p–n junction solid-state devices operating at moderate temperatures, Rp is high and can be 

neglected. Eq. (1) then reduces to a simple Rs-corrected non-ideal diode equation [23]. However, 

in our investigation at high temperatures, both series and parallel parasitic resistances play a role, 

and the full equation will be used. The experimental data of Figure 1 are fitted to equation (1) by 

varying the junction specific parameters Rs, Rp, j0, and ηid, and the result is summarized in Table I. 

At temperatures below 500 °C and in the reverse bias direction, the limiting resolution of the 

amperemeter used prevents a good fit to the model. Above 600 °C, however, the experimental data 

are well described by the fitted curves and hence by the model of equation (1).   

The extracted non-ideality factor varies between about 2.5 at the lowest temperature and unity at 

the highest temperature. The relatively large non-ideality factor at low temperatures is reported 

also in earlier reports for NiO–ZnO systems [24, 25]. 

The saturation current density, j0 increased from about 0.5 mA/cm2 at 500 °C to about 30 mA/cm2 

at 900 °C. The dependence of j0 on temperature can be written as [19, 26-28] 

𝑗0 = 𝑗00 exp (
−𝐸𝑎

𝜂𝑖𝑑𝑘𝐵𝑇
)                                                                                                     (2) 

where, j00 is a temperature independent pre-exponential factor, 𝐸𝑎 is an activation energy 

corresponding to excitation and transport of charge carriers, and the other parameters have their 
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usual meanings. A plot of (𝜂𝑖𝑑 log 𝑗0) against inverse temperature showed an activation energy Ea 

= 3.2 ± 0.2 eV, Figure 2. This activation energy is roughly similar to the average band gap of the 

p- and n-type materials, about 3.5 eV [8]. This indicates that the charge transport across the junction 

may be dominated by diffusion of minority carriers at high temperatures contributing to the 

saturation current density [29], in contrast to a widely reported recombination limited transport 

process at ambient temperatures [24, 25, 30]. 

Figure 3 shows an Arrhenius plot of resistances Rs and Rp. The bends towards lower resistances 

above 900 °C may be speculated to reflect onset of intrinsic excitation of charge carriers. However, 

in lack of further detailed and more accurate studies, we extract single activation energies over the 

measured temperature interval and obtain 0.4 ± 0.1 eV and 1.1± 0.2 eV for the series and parallel 

resistances, respectively. Rs is related to the resistance of the bulk materials and will be dominated 

by the component with the higher electrical resistance, in our case NiO. The observed activation 

energy of 0.4 eV is indeed close to literature values for NiO [31-33]. The activation energy of 1.1 

± 0.2 eV for the parallel shunt resistance Rp is much smaller than that of the saturation current 

density j0, which was attributed to minority carrier diffusion and with an activation energy 

intermediate of the band gaps of the two materials (Eg,av = 3.5 eV). We thus suggest that Rp may be 

related to mid-gap defect levels in the p–n-junction, as also suggested by Chavez et al. for Si-based 

junctions [34]. 

The built-in potential of a junction can be useful in the determination of the space charge 

distribution over the interface layer if the acceptor and donor densities are known [25].  It is related 

to the difference in the work functions (Ψ) of the materials, and with ΨNiO ≈ 5.4 eV [35] and ΨZnO 

≈ 4.6  eV [36], the theoretical total built-in potential of the junction is thus 0.8 eV. The total built-

in potential of our p–n junction was obtained from capacitance-voltage (C–UA) measurements at 
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900 °C. Linearization of C-2 vs UA yielded a total built-in potential of 0.9 ± 0.1 eV from the bias 

voltage intercept, in good agreement with the theoretical value and close to potentials determined 

for NiO-ZnO systems by Grundmann et al.[24] around room temperature. 

In the preceding treatment, we have applied voltages typical of biasing diodes and transistors in 

order to parameterize the current-voltage behavior of the p–n-junction. For thermoelectric 

applications, however, the voltage drop across the p–n-junction will have to be close to zero. 

Therefore, a practical parameter characterizing the junction is the area-specific open circuit 

resistance (R0) near 0 V, i.e., the inverse slope of the j-UA plot (Figure 1) for UA → 0 V. The 

obtained values are shown in Figure 4 as a function of temperature. Similar to the series and parallel 

resistances reported in Table 1, also R0 showed activated behavior, with an activation energy of 

about 1.0 ± 0.1 eV.  

For thermoelectric applications, the R0 of the junction must be small, typically in the order of 10-5 

Ω cm2 [37]. The R0 measured for our p–n-junction is much larger, for example, around 60 Ω cm2 

at 600 °C, making this direct p–n junction unacceptable for most uses of TEGs. One way of 

reducing the R0 is to corrugate the interface to increase the effective microscopic contact area per 

unit projected macroscopic area. A more efficient way should be to introduce a composite of the 

p- and n-type materials at the interface [38]. We demonstrate this by comparing j-UA curves of two 

junctions with identical projected macroscopic cross-sections, but different interface morphologies. 

The first is a sample with the normal planar interface as described above and the other has a 50/50 

mol% Ni0.98Li0.02O/Zn0.98Al0.02O composite pellet inserted at the interface, forming what we refer 

to here as a p–c–n junction (top inset of Figure 5). The composite contains percolating paths of p-

type and n-type conduction and hence serves to increase the effective area of p–n-junction. 
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Figure 5 illustrates that both junctions remained rectifying. For a given voltage, however, the 

current through the p–c–n sample was much higher than that through the planar p–n sample, and 

at 0 V (open circuit), composite reduced the resistance to approximately 1/6. Further reduction may 

be possible by using a finer microstructure of the composite component or developing self-

assembled nanostructured interfaces [25]. Quantification of the effective interface area is difficult 

and outside the scope of the current proof-of-principle study. We note, however, that the average 

grain size of the components used here is much larger than the typical dimensions of space charge 

regions around the junction, so that the overall potential landscape remains unchanged. 

While we have here demonstrated the working principle of an interface engineered junction using 

a large-grained composite, it is well worth investigating the influence of morphology on the 

electronic properties of the composite layer in the future, especially as grain sizes are reduced into 

the nanometer region corresponding to space charge layer and depletion zone thicknesses.  

Conclusions  

We have studied the characteristics of a heterojunction of polycrystalline Ni0.98Li0.02O and 

Zn0.98Al0.02O at high temperatures for possible application in high temperature electronics and with 

special attention to thermoelectric generators. The junction current-voltage characteristics 

exhibited rectification, which decreased by increasing temperature and were parameterized using 

the Shockley non-ideal diode model. From the extracted parameters, we suggest that minority 

carrier diffusion is the dominating contribution to the current under reverse bias. The calculated 

activation energies of the series and parallel shunt resistances were about 0.4 ± 0.1 eV and 1.1 ± 

0.2 eV, respectively. The open circuit resistance R0 of the junction, which determines the 

performance of the junction for thermoelectric generators, was for the direct normal p–n junction 

too large for practical applications. As a first proof-of-principle, the resistance was reduced by 
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almost an order of magnitude by increasing the effective area through utilization of a p–n composite 

at the interface. 
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Figure captions 

 

Figure 1. Current density-voltage (j-UA) characteristics of Ni0.98Li0.02O–Zn0.98Al0.02O heterojunction at 500 

– 1000 °C. Dashed lines indicate fitting to experimental data. The inset shows a schematic of an equivalent 

circuit of the p-n heterojunction. 

 

Figure 2. Arrhenius plot of the product of the extracted non-ideality factor and logarithm of saturation 

current density with the dashed line showing a linear fit the experimental data. 

 

Figure 3. Arrhenius plot of the two extracted series and parallel resistances, Rs and Rp of the junction. The 

dashed lines are the linear fits to the experimental data. 

 

Figure 4. R0 calculated from the current-voltage curve at 0 V within the measurement temperature range of 

600 – 1000 °C. The dashed line is the linear fit, whereas the error bars are the associated standard errors 

from linearization in the low voltage region.  

 

Figure 5. j-UA curves of Ni0.98Li0.02O – Zn0.98Al0.02O p–n junction at 500 °C of two junctions with different 

interface morphologies. The upper inset shows micrograph of the materials forming the p–c–n junction (the 

scale bar is representing the three microstructures), while the lower inset exhibits micrograph of the p–n 

junction sample.  
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Table I. Parameters extracted from fitting of the experimental j-UA curves in the temperature range 500 – 

1000 °C. 

Temperature 

(°C) 

Non-ideality factor, 

𝜼𝒊𝒅 

Saturation current 

density, j0 

(mA/cm2) 

Rs (Ω cm2) Rp (Ω cm2) 

500 2.5 0.5 17 7000 

600 2.0 1 7 1600 

700 1.7 2 7 400 

800 1.0 8 6 200 

900 1.0 30 3 60 

1000 1.0 - 1 5 
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