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Abstract

A brief review of our recent research on injection photodiodes based on metal oxide
semiconductors deposited onto Si substrates is presented. A series of ZnSnO, NiO, and
Zn1xMgxO thin films are prepared by aerosol spray pyrolysis deposition or sol-gel spin coating
on Si substrates with a post-deposition thermal treatment in air at a temperature of 500°C. The
morphology of films is studied by scanning electron microscopy and atomic force microscopy,
while their elemental composition and crystal structure are determined from energy dispersive
X-ray (EDAX) and X-ray diffraction (XRD) analysis, respectively. It is shown that the produced
n-ZnSnO/p-Si, n-ZnMgO/p-Si, and p-NiO/n-Si heterojunctions operate as injection photodiodes
at a forward bias.

Keywords: thin films, aerosol spray pyrolysis, sol-gel spin coating, injection
photodiodes.

Rezumat

Este prezentatd o analizd succinta a rezultatelor cercetarilor noastre recente obtinute pe
fotodiode cu injectic in baza materialelor semiconductoare cu oxid de metal depuse pe
substraturi de Si. Prin metoda pirolizei cu aerosoli si sol-gel urmata de centrifugare au fost
preparate o serie de filme subtiri de ZnSnO, NiO si Zn;.xMgxO pe substraturi de Si cu tratament
termic post-depunere Tn aer la temperatura de 500 °C. Morfologia filmelor a fost studiatd cu
microscopia electronica de scanare si microscopia de fortd atomica, iar compozitia chimica si
structura cristalind au fost analizate cu dispersia energetica a razelor X (EDAX) si difractia
razelor X (XRD), respectiv. S-a aratat ca heterojonctiunile elaborate n-ZnSnO/p-Si,
n-ZnMgO/p-Si si p-NiO/n-Si functioneaza ca fotodiode cu injectie la polarizare directa.

Cuvinte cheie: Filme subtiri, piroliza cu aerosoli, metoda sol-gel, centrifugare, fotodiode
cu injectie.
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1. Introduction

Metal semiconductor oxides, especially those in a nanostructured form, have a wide range
of applications, in particular, gas sensors, fuel cells, advanced ceramics, chemical sensors,
biosensors, batteries, solar cells, pyroelectric, super capacitors, catalysts, and anticorrosion
coatings [1-3]. Over the past 5 years, metal oxide semiconductors have been increasingly used in
the production of thin-film transistors for flat-panel displays, owing to their high mobility, good
transparency, and scalability [4]. The key strategy in these developments relies on the use of
heterojunction channels [5].

Among metal semiconductor oxides, ZnO is an important semiconductor and
piezoelectric material, which has a high potential for numerous applications, such as phosphors,
transparent conducting films, field emission devices, varistors, piezoelectric transducers,
resonators, and sensors [6, 7]. The past decade has been marked with an explosion in studying
gas sensitive ZnO nanostructures [8—13]. However, despite considerable research efforts and the
claimed low-cost, supersensitive, extra-selective, and ultra-rapid parameters, to the best of our
knowledge, none of these nanostructures has been significantly implemented into production to
show some prospects for the market.

Significant research efforts were also put into study of zinc oxide as a basis for the
development of die sensitized solar cells [14]; however, a real progress was achieved only with
using ZnO as transparent contacts in various types of solar cells [15, 16].

In addition, there was a significant interest in ZnO-based UV sensors. However, solid
solutions are required to control the bandgap of the material and the spectral sensitivity range
[17]. The Zn;.xMgxO alloy system covers a wide ultraviolet (UV) spectral range between the
direct bandgaps of 3.36 eV for ZnO and 7.8 eV for MgO at room temperature [17—-21]. However,
due to different crystallographic structures of ZnO and MgO, a single-phase material was reliably
obtained only for x = 0-0.35 and 0.65-1, while a mixed-phase material is formed with
intermediate compositions [17, 22].

The MgixNixO alloy system is more promising in this respect, because both NiO and
MgO crystallize in a cubic rock-salt structure. It was shown that Mg;«NixO thin films with high
crystalline quality can be grown over the entire composition range [23]; this finding indicates a
great flexibility of the Mgi1xNixO system for band gap tuning from 3.7 to 7.8 eV in the deep UV
region without phase transition and producing a mixed-phase material [24]. Compositionally and
structurally homogeneous epitaxial Mgi1.xNixO thin films with x = 0-1, which form a completely
miscible solid solution, were grown by pulsed laser deposition on MgO(100) substrates [25].

Zinc stannate (ZTO) was considered as an alternative to binary oxides (ITO, SnO,, ZnO)
for potential applications in optoelectronic devices and solar energetics due to the low cost, high
optical transparency and low electrical resistivity, high electron mobility, and fairly high stability
of this material [26]. However, unlike ZnMgO and MgNiO systems, solid solutions can be
formed in the ZnSnO system in an amorphous phase only. Concerning the crystalline material,
cubic perovskite or LiINbO3 (LN) type ZnSnQOs, and cubic inverse spinel Zn,SnO, crystals are
formed in this system.

Concerning the conductivity type, the wide-band gap semiconductor NiO (3.7 eV) is one
of the few p-type transparent conductive oxides exhibiting fairly high electrical properties for
application in optoelectronic devices [25]. High-efficiency p-NiO/n-ZnO [27-29],
p-NiO/n-Ga,03 [30, 31], and p-NiO/n-Si [32] heterojuction UV photodiodes were reported. On
the other hand, photodetectors with p—n junctions on n-type ZnMgO semiconductors deposited
onto p-type Si substrates were described [19, 21].
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The classic p—n heterojunction photodiodes operate in the third quadrant of current—
voltage characteristics, i.e., at a reverse bias and a negative current. Another type of
photodetectors operates as injection photodiodes with internal amplification in the first quadrant,
I.e., at a direct bias and a positive current [33, 34]. These types of photodetectors exhibit a high
integrated sensitivity. In this paper, we present a brief review of our research on injection
photodiodes based on metal oxide semiconductors deposited onto Si substrates.

2. Experimental

Metal oxide films were deposited onto Si substrates by two technological methods. ZnSnO
films were deposited by the aerosol spray pyrolysis method. A solution of 0.5 M zinc nitrate
[Zn(NOs),] and 0.5 M tin chloride [SnCl4] dissolved in ethanol (C,HsOH) was sprayed onto a
p-Si substrate using a home-made sprayer with an O, gas flow. The substrate was heated in a
temperature range of 420-460°C during the deposition. The zinc nitrate and tin chloride solutions
with a ratio of 2 : 1 were mixed in an ultrasonic bath at a temperature of 50-60°C for 15 min. A
distance of 18 cm between the sprayer and the heated substrate was experimentally chosen in
view of obtaining a uniform coverage of the film on the substrate. The solution was injected into
the oxygen gas flow by means of a syringe controlled by a computer-operated stepper motor
(Jova Solutions TIMS-0201™), The resulting film thickness was determined by the precursor
solution injection rate and the deposition process duration. Typically, an injection rate of
0.33 mL/min was used, and the deposition process last for 15 min.

Nickel oxide thin films were prepared by spin coating from sol-gel solutions containing
Ni(CH:CO:):-4 H.O nickel(ll) acetate tetrahydrate and Zn(CH3CO,), acetate in respective
proportions dissolved in 2-methoxyethanol and diethanolamine (DEA). The solutions were
prepared in an ultrasonic bath at a temperature of 50-60°C for 30 min. Spin coating was
performed at room temperature on n-Si substrates in multiple coating cycles at a rotational speed
of 2000 rpm with the rotation taking 20 s followed by drying the coated layer at 150°C for
10 min. After depositing a number of layers, which determine film thickness, the sample was
treated at a temperature of 500°C in air for 1 h.

Zinc magnesium oxide thin films were prepared by spin coating from sol-gel solutions
containing Zn(CH3CO,), and Mg(CH3CO,), acetates in respective proportions dissolved in
20 mL of 2-methoxyethanol + 0.5 mL of DEA. In this study, 0.35 M solutions with an Mg/Zn
ratio 0-2/3 were prepared in an ultrasonic bath at a temperature of 50-60°C for 30 min. Spin
coating was performed at room temperature on p-Si substrates in multiple coating cycles
similarly to the above described NiO films.

The morphology and chemical composition microanalysis of the produced films were
studied using Zeiss Sigma Hitachi SU 8230 or VEGA TESCAN TS 5130MM scanning electron
microscopes equipped with tools for energy dispersive X-ray analysis (EDAX). Atomic force
microscopy (AFM) measurements were performed in the tapping mode with a SOLVER Next
(NT-MDT) instrument equipped with cone-shaped tips from monocrystalline silicon (tip radius
of ~10 nm) on cantilevers with a stiffness of about 17 N/m. The root mean square roughness
(RMS) parameters were calculated from the acquired topographic images using the image
processing software. X-ray diffraction (XRD) measurements were carried out on a Rigaku
SmartLab X-ray diffractometer using CuK, radiation (A = 0.15406 nm). The phase was identified
by referring to the International Center for Diffraction Data (ICDD PDF-2) database. The
current-voltage characteristics and photocurrent of the photodetector structures were measured
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with a Keithley 2400 Source Meter Unit (SMU) under illumination with the light selected by
optical filters in a wavelength range of 300-400 nm at a power density of 100 mW/cm?.

3. Characterization of the Prepared Metal Oxide Films

Figure 1 compares the morphologies of a ZnSnO film deposited by aerosol spray pyrolysis
methods and NiO and ZnMgO films prepared by spin coating. The analysis shows that both
methods produce thin films with a uniform morphology. However, the roughness of ZnSnO and
ZnMgO is higher than that of the NiO films.

These data are confirmed by roughness parameters of the films, which were determined
from analysis of AFM images and graphical representations of AFM shown in Fig. 2. The RMS
values deduced from the AFM profiles were found to be 13, 10, and 12 nm for ZnSnO, NiO, and
ZnMgO films, respectively.

Fig. 1. Frontal (left column) and cross-sectional (right column) SEM images of a ZnSnO film deposited
by aerosol spray pyrolysis methods on a p-Si substrate (a, b), a NiO film deposited by spin coating on an
n-Si substrate (c, d), and a ZnMgO film deposited by spin coating on a p-Si substrate (e, f).
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Fig. 2. A5 x5 um 3D AFM image (left column) and graphical representations of the AFM profiles
(right column) for a ZnSnO film deposited by aerosol spray pyrolysis methods on a p-Si substrate
(@), a NiO film deposited by spin coating on an n-Si substrate (b), and a ZnMgO film deposited by
spin coating on a p-Si substrate (c).
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Fig. 3. Elemental composition determined by EDAX analysis (left column) and XRD pattern
(right column) of a ZnSnO film deposited by aerosol spray pyrolysis methods on a p-Si
substrate (a), a NiO film deposited by spin coating on an n-Si substrate (b), and a ZnMgO film
deposited by spin coating on a p-Si substrate (c).

The elemental composition of the prepared films determined by EDAX (Fig. 3, left
column) is nearly stoichiometric for the NiO and ZnysMgo4O films, while the ZnSnO film is
composed mostly of SnO, crystallites with some inclusions of a ZnSnO phase despite the ratio of
2 . 1 preset in the zinc nitrate and tin chloride precursor solutions. The XRD analysis (Fig. 3,
right column) reveals a single-phase rhombohedral structure with space group R-3m (no. 166) for
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NiO [35] and a wurtzite phase for the ZnMgO films (PDF card no. 01-078-3032). Concerning the
ZnSnO film, the XRD pattern confirms the two-phase composition suggested by the EDAX
analysis, with the cassiterite SnO, (JCPDS 14-1445) and Zn,SnO,4 zinc stannate as a second
phase [36, 37].

Concerning the optical properties, all the prepared films exhibit a fairly high transparency
at a level of 70-80% in the visible and UV spectral range up to 3.6 eV (Fig. 4, left column). The
optical bandgap deduced from the Tauc plot (Fig. 4, right column) is 3.40, 3.66, and 3.75 eV for
the ZnSnO, NiO, and ZnygMgo 2O films, respectively.
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Fig. 4. Optical transmission spectra (left column) and Tauc plot (right column) for a ZnSnO film
deposited by aerosol spray pyrolysis methods on a p-Si substrate (a), a NiO film deposited by spin
coating on an n-Si substrate (b), and a ZnMgO film deposited by spin coating on a p-Si substrate (c).
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4. Characterization of Injection Photodiodes Based on Metal Oxide Semiconductors

The metal oxide films deposited on Si substrates were tested for photodetector applications
in a heterostructure design with a metallic contact deposited on the metal oxide film and another
contact on the Si substrate. Figures 5 and 6 compare the current—voltage characteristics of metal
oxide/Si heterostructures measured in dark and under UV illumination and plotted in linear or

double logarithmic coordinates, respectively.
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Fig. 5. Current-voltage characteristics at a forward and reverse bias in dark and under UV
illumination for a ZnSnO/p-Si heterostructure (a),
Zng sMgo10/p-Si heterostructure (c), and a ZngsMgo 4O/p-Si heterostructure (d).

All the studied heterostructures exhibit rectifying characteristics. However, in all the cases,
the current—voltage characteristic does not fit into the classical formula for a p-n junction

qu

a p-NiO/n-Si

heterostructure (b), a

| = I{exp(ﬁj—l}. This is especially evident when the current-voltage characteristics are
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plotted in semilogarithmic coordinates (not shown here). There should be a straight line for the
forward bias in these coordinates; however, it was not observed for any of the studied diodes.
Conversely, the characteristics fit into straight lines in double logarithmic coordinates (Fig. 6).
Moreover, the studied heterojunctions operate as photodetectors at a forward bias, while a
classical p—n junction should function as a photodetector at a reverse bias. The current under a
reverse bias under illumination was higher than the dark current by a factor of less than 2 in three
of the studied heterostructures. A factor of 2 was obtained only for the p-NiO/n-Si
heterostructure. At the same time, the photocurrent can achieve up to two orders of magnitude at
low forward bias values, as observed in Fig. 6.
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Fig. 6. Current—voltage characteristics at a forward bias in dark and under UV illumination plotted
on double logarithmic coordinates for a 2ZnSnO/p-Si heterostructure (a), a p-NiO/n-Si
heterostructure (b), a ZnosMgo.10/p-Si heterostructure (c), and a ZnyMgo4O/p-Si heterostructure

(d).

Since the current-voltage characteristics fit into straight lines in the log—log coordinates,
they correspond to a power function | o U" according to the Lampert theory [38]. For the
n-ZnSnO/p-Si heterojunction, the n value is about 2 in the dark, which corresponds to the space
charge limited (SCL) current injection according to the Mott—-Gurney law [39], while the n value
decreases under illumination. The n value is also nearly equal to 2 for the p-NiO/n-Si
heterojunction in the dark at biases higher than 0.4 V, while it equals 3 at lower biases. Similarly
to the case of n-ZnSnO/p-Si heterojunction, the n value decreases also for the p-NiO/n-Si
heterojunction under illumination. For the n-Zno9Mgo.1O/p-Si heterojunction, the n value is about
4 in the dark, and it decreases to 2 under illumination. At the same time, the current-voltage
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characteristics fit into the MG law both in the dark and under illumination for the
ZnpsMQgo.4O/p-Si heterojunction (Fig. 6d). These observations suggest that the studied
heterojunctions operate as injection photodiodes at a forward bias [33, 34].

5. Conclusions

The obtained results show that the n-ZnSnO/p-Si, n-ZnMgO/p-Si, and p-NiO/n-Si
heterojunctions prepared by spin coating or aerosol spray pyrolysis deposition of metal oxide
semiconductor films on Si substrates operate as injection photodiodes at a forward bias. The
current—voltage characteristics of these heterojunctions obey power function dependence | o« U"
according to the Lampert theory. The exponent n value typically decreases under illumination
compared with the value in the dark, which equals to 2 in most of the cases corresponding to the
space charge limited current injection mechanism according to the Mott—Gurney law. An
exception is observed for the n-Zny9Mgo.10/p-Si heterojunction, for which the exponent value is
found to be about 4 in the dark; however, it decreased to 2 under illumination, again obeying the
Mott—Gurney law.
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