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ABSTRACT

NiO/ZnO heterostructures were fabricated on FTO/glass and bulk hydrothermal ZnO substrates by pulsed laser
deposition. X-Ray diffraction and Room Temperature (RT) Raman studies were consistent with the formation of (0002)
oriented wurtzite ZnO and (111) oriented fcc NiO. RT optical transmission studies revealed bandgap energy values of
~3.70 eV and ~3.30 eV for NiO and ZnO, respectively and more than 80% transmission for the whole
ZnO/NiO/FTO/glass stack over the majority of the visible spectrum. Lateral p-n heterojunction mesas (~6mm x 6mm)
were fabricated using a shadow mask during PLD growth. n-n and p-p measurements showed that Ti/Au contacting
gave an Ohmic reponse for the NiO, ZnO and FTO. Both heterojunctions had rectifying I/V characteristics. The junction
on FTO/glass gave forward bias currents (243mA at +10V) that were over 5 orders of magnitude higher than those for
the junction formed on bulk ZnO. At ~ 107 A (for 10V of reverse bias) the heterojunction leakage current was
approximately two orders of magnitude lower on the bulk ZnO substrate than on FTO. Overall, the lateral p-NiO/n-
ZnO/FTO/glass device proved far superior to that formed by growing p-NiO directly on the bulk n-ZnO substrate and
gave a combination of electrical performance and visible wavelength transparency that could predispose it for use in
various third generation transparent electronics applications.
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1. INTRODUCTION

Over the past decade there has been a surge in interest for transparent electronics because of a number of advances in
materials and device engineering. These developments can be viewed as comprising three distinct generations [1]. The
first generation consists of a number of well-established passive applications based on exploiting the combination of
transparency and conductivity which is observed for a limited number of (mostly oxide) materials (e.g. window
defrosting, filtering of ultraviolet and/or infrared light, electromagnetic shielding, transparent wiring, touch-sensitive
panels, and transparent contacts for use in flat panel displays, solar cells, and light-emitting diodes (LEDs) etc.) [2]. The
second transparent electronics generation involves active devices relying on the n-type semiconductor nature of some
Transparent Conducting Oxide (TCOs) (usually amorphous zinc oxide (ZnO)-based alloys for the replacement of the
amorphous silicon currently employed as the n-channel in transparent thin film transistors for active matrix liquid crystal
displays, organic LED displays and systems on glass) [3]. The third generation of transparent electronics concerns the
move on to bipolar and complementary p-n junction-based devices. Such devices are projected to form the building
blocks of transparent integrated circuits and completely transparent electronic products with innovative new
functionalities such as transparent displays or intelligent surfaces [3]. The emergence of this generation is currently being
hampered by the lack of a suitable transparent p-type material with sufficient carrier concentration, conductivity and
mobility for use in p-n junctions.
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Face centred cubic (fcc) nickel oxide (NiO) was one of the first reported p-type TCOs [4]. It is a direct [5] wide bandgap
(reported Eg between 3.4 & 4.3 eV) [6-8] semiconductor material with excellent electrochemical stability, an elevated
conduction band energy level and a relatively high ionization potential. While stoichiometric NiO is electrically
insulating, as-grown NiO is invariably reported to be Ni deficient [9] and shows p-type conduction with a hole
concentration that increases with oxygen content. This is attributed to positive charge compensation (formation of two
Ni*" ions in order to maintain charge neutrality) at thermodynamically-favored Ni** vacancies [10, 11]. As a result of the
inherent p-type nature, NiO has been investigated for wide range of existing and emerging applications [12]. It is
extremely difficult to obtain in n-type form, however. Thus it is interesting to consider the possibility of creating a
heterojunction with an alternative n-type transparent conductor.

Waurtzite (hcp) ZnO is also a direct wide bandgap material (Eg ~ 3.4 eV) with intrinsically high transparency over the
whole visible range. Degenerately-doped wurtzite ZnO is currently displacing ITO for many first generation transparent
conductor applications due to recent improvements in attainable conductivity combined with processing, cost and
toxicity advantages [13]. In parallel, the past decade has seen the emergence of ZnO-based amorphous oxides for use in
transparent thin film transistors which offer significant increases in the mobilities and Id on/off ratios compared to the
amorphous-silicon-based select FETs currently used in AM-OLED and LCD screens [3]. With regards to p-n junction-
based third generation transparent electronics, ZnO has the opposite problem from NiO in that, although there have been
many reports of p-type doping in ZnO, it has proven difficult to obtain reliable/stable p-type doping with sufficient
acceptor concentration and mobility/conductivity for most practical applications [14]. A number of contributory reasons
are typically evoked for this including strong donor self-compensation produced by the interplay of hydrogen and other
impurities with native defects (oxygen vacancies and zinc interstitials), which renders ZnO n-type, since non-
intentionally-doped ZnO is invariably oxygen deficient.

There have already been a number of papers concerning the marrying of n-type ZnO with p-type NiO, particularly for
LED [15,16] and photodetector [17, 18] applications. Recently, it has been suggested that the adoption of such junctions
might be extended to other third generation transparent electronics applications [19, 20]. In this paper, we compare the
properties of p-NiO/n-ZnO heterojunctions grown on commercial bulk hydrothermal ZnO and FTO/glass substrates by
Pulsed Laser Deposition (PLD) with a view to such utilisation.

2. EXPERIMENT

2.1 NiO/ZnO heterostructure obtained using a bulk hydrothermal ZnO substrate

NiO layers were deposited directly onto the Zn-polar face of single-side-polished (Crystec) bulk hydrothermal ZnO
substrates by PLD, using conditions described elsewhere [12]. This strategy was employed because hydrothermally-
grown bulk ZnO contains lithium [21], which is known to be a good dopant for boosting the conductivity of NiO. Since
it is a fast diffuser and mobile at 400°C it was hoped that this configuration might improve the device characteristics. A
schematic representation of the structure is shown in Fig. 1 below:

$~ 300 nm

Figure 1 Schematic of the NiO/bulk ZnO structure
2.2 NiO/ZnO heterostructure grown on FTO/glass

7ZnO and NiO layers were deposited using PLD with a pulsed KrF excimer laser (248nm) onto a glass substrate coated
with degenerate Fluorine Tin Oxide (FTO) (provided by Solaronix) using the same conditions as those employed for the
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NiO growth on the bulk ZnO substrates (above). Figure 2 shows a schematic of the heterostructure (with nominal film
thicknesses indicated).

{ ~ 300 nm
{'~ 300 nm
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FTO

Glass

Figure 2 Schematic of the NiO/ZnO/FTO/glass heterostructure

Substrate temperature during deposition was limited to 400°C because of the temperature-sensitivity of the FTO/glass.

2.3 Characterisation

X-ray diffraction (XRD) studies were conducted with a Panalytical MRD high resolution diffractometer system. A
Philips XL-30 Field Emission Gun-Scanning Electron Microscopy (FEG-SEM) was used to examine the film thickness
and surface morphology. Electrical transport measurements were made with a Keithley 2400 source-meter, a Signatone
four-collinear-probe resisitivity measurement system and a Karl Suss probe station. Room Temperature (RT) optical
transmission studies were performed using an Ocean Optics system comprising a halogen lamp, a deuterium lamp and a
Maya spectrometer. RT Raman studies were made in a backscattering geometry using a Jobin Yvon HR800 micro-
Raman spectrometer (A= 325 nm), with a 40x microscope quartz objective.

3. RESULTS & DISCUSSION

Figure 3 shows SEM images for fracture cross-sectional samples of NiO and ZnO grown by PLD on Si(111) substrates
under the same conditions (and for the same duration) as the growths on the FTO/glass and bulk ZnO.

:|:303 nm x 1307 nm
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Figure 3. SEM images of fracture cross-sections of (a) NiO and (b) ZnO grown by PLD on Si(111) under the same
conditions as those used for the heterojunction growth.

The NiO and ZnO layers show film thicknesses of 303 and 307 nm, respectively.
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3.1 NiO grown on bulk hydrothermal ZnO substrates

Figure 4 shows typical SEM images before and after NiO growth on the hydrothermal bulk ZnO substrate.

500 nm

Figure 4. SEM images for (a) the bulk hydrothermal ZnO substrate and (b) the NiO grown by PLD on the bulk
hydrothermal ZnO substrate.

The SEM image for the surface of the bulk ZnO substrate reveals a relatively smooth morphology with no evidence of
crystallites but which has some striations and pits, which may have their origin in the chemical-mechanical polishing
used to prepare the substrate surface. The SEM image for the surface of the PLD NiO grown on the bulk hydrothermal
ZnO shows well-defined and randomly-oriented cubic grains which are all about 200-300 nm in diameter.

Figure 5 shows the corresponding XRD 26— scan for the NiO/bulk ZnO.
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Figure 5. XRD 20— scan for the NiO grown on bulk ZnO.

The scan shows a strong wurtzite ZnO (0002) peak associated with the bulk substrate and a weaker peak which can be
indexed as the (111) reflection of fcc NiO.
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Figure 6 shows the schematic of the lateral device architecture and contacting approach employed for electrical transport
study of the p-NiO/bulk n-ZnO heterojunction.

Ti Ti

Figure 6. Schematic of the lateral device architecture adopted for the p-NiO/bulk n-ZnO heterojunction.

The NiO mesa was about 6mm X 6mm in size and was realised by employing a shadow mask during the PLD growth of
the NiO layers. The contacts were made using the Ti probes of the probe station to apply pressure to gold foil.

Figure 7 shows typical n-n and p-p I/V curves for the electrical contacts.
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Figure 7 n-n and p-p I/V curves for the p-NiO/n-ZnO heterojunction grown on bulk ZnO.

Good Ohmic response was obtained between -10 and +10V for both the n-n and p-p contacts. The n-n and p-p
resistances were ~40kQ & ~20kQ, respectively (attempts using indium contacts gave a Schottky response)

Figure 8 shows two typical dark I/V curves for the heterojunction acquired using different n-contact positions on the bulk
ZnO substrate.
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Figure 8 Two typical dark I/V curves for different contacting positions on the p-NiO/bulk n-ZnO heterojunction.

Both the I/V characteristics show clear rectifying behavior as would be expected for a p-n junction. The switch-on
voltages (Von) varied between about 2 and 5V, which is in the approximate range that would be expected for the
bandgaps of ZnO and NiO. For 10V of reverse bias the leakage current was ~ 107 A. The forward currents for the
different lateral ZnO contact positions were both in the pA range but showed a significant dependence contact position
(0.5 vs 2.2 pA at +10V). Four point resistance measurements revealed the bulk ZnO to have an elevated resistivity of >
10° Q.cm. Thus the observed variations of the I/V characteristic with contact position could be related to the relatively
low conductivity of the ZnO bulk substrate causing series resistance and current crowding issues.

3.2 NiO/ZnO heterostructure grown on FTO / glass

Figure 9 shows typical SEM images for the FTO, ZnO and NiO surfaces.

x . A - =Y 7 .
Figure 9. SEM images of the a) FTO/glass b) ZnO/FTO/glass and ¢) NiO/ZnO/FTO/glass.

The SEM image for the FTO surface reveals a comparatively coarse granular structure exhibiting well-defined
crystallites ranging in diameter from ~30 to ~400 nm. The images for the NiO and ZnO surfaces both show a finer
granularity with less distinct crystallites.

Figure 10 shows the corresponding XRD 26— scan for the NiO/ZnO/FTO/glass..
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Figure 10. XRD 20— scan for the NiO/ZnO grown on FTO/Glass.

The scan shows a strong peak which can be indexed as the (0002) peak of wurtzite ZnO straddled by two weaker peaks
which can be indexed as the (110) peak of rutile FTO and the (111) peak of fcc NiO. XRD 20-w scans for
NiO/FTO/glass (reported previously [12]) did not reveal any peaks that could be indexed to fcc NiO.

Raman spectroscopy was employed to investigate this further. Figure 11 shows Raman spectra for NiO grown directly
on FTO/glass.
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Figure 11. RT Raman spectra for NiO/FTO/glass
The Raman spectra show four main peaks centred at 572, 730, 905 and 1142 cm™, which agree with values reported in

the literature for LO, 2TO and TO+LO for single crystal [22] and nano NiO [23]. Thus, the NiO on FTO was indeed
crystallised.

Figure 12 shows the optical transmission curves for FTO/glass, NiO/FTO/glass and NiO/ZnO/FTO/glass.
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Figure 12. RT optical transmission spectra for FTO/Glass, NiO/FTO/glass and NiO/ZnO/FTO/glass.

The FTO/glass and NiO/ZnO/FTO/glass spectra show relatively abrupt absorption edges compared with that for
NiO/FTO. All spectra exhibit extinction in the sub-absorption-edge wavelength range. Bandgap energies were
estimated from the intersections with the wavelength axis to be ~ 3.99, ~ 3.70 eV and ~ 3.30 eV for the FTO, NiO and
ZnO (respectively). These are consistent with values reported in the literature [9]. The complete stack of
NiO/ZnO/FTO/glass showed 80% transparency for almost the whole visible wavelength range which is a relatively high
value [9]. Interestingly, the NiO grown directly on FTO/glass showed significantly (~10%) more absorption in the
visible wavelength range than the thicker NiO/ZnO/FTO/glass sample. It was postulated, that this poorer transmission
and the ill-defined absorption edge could have been due to an increased density of defects introducing color centres in
the gap which absorbed in the visible range, as would be expected for the poorer crystal quality implied by the XRD
studies.

Figure 13 shows the schematic of the lateral device architecture and contacting approach employed for electrical
transport measurements on the p-NiO/n-ZnO heterojunction on FTO/Glass.

FTO

Glass

Figure 13. Schematic of the lateral device architecture adopted for the electrical characterisation of the p-NiO/n-ZnO/FTO/glass
heterojunction.

The NiO/ZnO mesa was about 6mm x 6mm in size and was realised by employing a shadow mask during the PLD
growth of the ZnO and NiO layers. The contacts were made using the Ti probes of the probe station to apply pressure to
gold foil.
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Figure 14 shows typical n-n and p-p I/V curves for the electrical contacts.
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Figure 14 n-n and p-p contact I/V curves for the p-NiO/n-ZnO heterojunction grown on FTO/Glass

Once again, good Ohmic response was obtained between -10 and +10V for both n-n and p-p contacts (attempts using
indium contacts gave a Schottky response). The n-n and p-p resistances were ~20 kQ & ~10 kQ, respectively. Since the
FTO resistivity was in the ~10” Q.cm range, each n contact resistance could be estimated as ~10 kQ.

Figure 15 shows a typical I/V curve for the heterojunction (acquired in the dark).
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Figure 15 Dark I/V curve for the p-NiO/n-ZnO heterojunctions grown on FTO/glass

Rectifying behavior was observed and forward currents were in the 100s of mA range (243mA at +10V). This is >5
orders of magnitude higher than for the p-NiO/n-ZnO junction formed on the bulk ZnO substrate. There was negligible
dependence of the I/V curve on the lateral positioning of the contacts. This is consistent with the much lower resistivity
of the FTO back contact improving the current spreading. The Von was ~2V, which is a bit lower than would be
expected for the bandgap of the ZnO or NiO. The leakage current was ~ 1.5 x 10° A for 10V of reverse bias, which is 2
orders of magnitude higher than that observed for the junction on bulk ZnO.
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4. CONCLUSIONS

PLD growth was employed to form NiO/ZnO heterostructures on commercial bulk hydrothermal ZnO and FTO/glass
substrates. Results of XRD, Raman spectroscopy, optical transmission and SEM studies were consistent with the
formation of (0002) oriented wurtzite ZnO and (111) oriented fcc NiO. Introduction of the ZnO layer on FTO appeared
to promote improved crystallisation of the NiO overlayer. RT optical transmission studies showed a total transmittance
above 80% over the majority of the visible range for the whole NiO/ZnO/FTO/glass stack and allowed bandgap energy
estimates of 3.99, ~ 3.70 eV and ~ 3.30 eV for the FTO, NiO and ZnO, respectively. The transmission spectrum for NiO
grown directly on FTO showed a less abrupt absorption edge and ~10% less transmission over the visible range than the
NiO/ZnO/FTO/glass. It was postulated that this might be due to increased defect density in the NiO/FTO/glass, which is
consistent with the poorer crystallinity indicated by the XRD studies.

Lateral device mesas (~6mm x 6mm) were fabricated using a shadow mask during PLD growth. Ti/Au contacting
produced Ohmic contacts to the FTO, n-ZnO and p-NiO. The contact resistance for FTO could be estimated at ~10 kQ.
Both kinds of p-n heterojunction showed rectifying I/V characteristics in the dark. The junction on FTO/glass gave
forward bias currents (243mA at +10V) that were over 5 orders of magnitude higher for the junction formed on bulk
ZnO. Von was observed to vary with contact position for the p-NiO/bulk n-ZnO but not for the p-NiO/n-
ZnO/FTO/glass. It was proposed that this might be due to the better conductivity of the FTO reducing current crowding
and series resistance issues. At ~ 107 A for 10V of reverse bias, the leakage current was approximately two orders of
magnitude lower on the bulk ZnO substrate than on FTO.

Overall, the lateral p-NiO/n-ZnO heterojunction device grown on FTO/glass was far superior to that formed by growing
p-NiO directly on the bulk n-ZnO substrate and gave a combination of electrical performance and visible wavelength
transparency that could predispose it for use in various third generation transparent electronics applications.
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