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Abstract

:

As a wide band-gap and direct transition semiconductor material, ZnO has good scintillation performance and strong radiation resistance, but it also has a serious self-absorption phenomenon that affects its light output. After being doped with Ga, it can be used for the scintillator of ultra-fast scintillating detectors to detect X-ray, gamma, neutron, and charged particles with extremely fast response and high light output. Firstly, the basic properties, defects, and scintillation mechanism of ZnO crystals are introduced. Thereafter, magnetron sputtering, one of the most attractive production methods for producing ZnO:Ga film, is introduced including the principle of magnetron sputtering and its technical parameters’ influence on the performance of ZnO:Ga. Finally, ZnO:Ga film’s application research status is presented as a scintillation material in the field of radiation detection, and it is concluded that some problems need to be urgently solved for its wider application.
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1. Introduction


Zinc oxide is a new type of direct and wide band-gap II–VI compound semiconductor material with a band-gap of 3.37 eV at room temperature [1], scintillation wavelength located near the ultraviolet (UV) region, and high transparency to visible light. Its exciton binding energy is as high as 60 meV, so it can be used for an intense near-band-edge exciton emission at room temperature or higher temperature [2]. Zinc oxide has a large displacement threshold energy because of its small unit-cell volume and wide band-gap, so it has stronger radiation resistance [3]. Zinc oxide can also be used in high-temperature environments under high pressure due to its extremely high melting point of 1975 °C, since ZnO decomposes near the melting temperature at ambient pressure [4,5]. Moreover, ZnO has a high density of 5.61 g/cm3, which is less than that of conventional heavy-metal oxide scintillators but greater than that of plastic scintillators [6], resulting in a relatively low gamma-ray stopping power [7], and its fluorescence decay lifetime near ultraviolet exciton emission is only several hundreds of picoseconds [8]. Accordingly, ZnO is attractive for detecting high-energy rays and particles, such as X-rays, γ-rays, and α-particles with ultrafast response time in the environment with high radiation and high temperature [9,10]. However, the thickness of a thin-film scintillator is usually required to be 1–3 μm [11], which has a very low luminous efficiency and low interaction probability, and it is not conducive to high-energy detection of X-rays and γ-rays [12,13].



However, the intrinsic ZnO materials have a strong self-absorption phenomenon [14]. In addition, ZnO intrinsic point defects are difficult to eliminate, and the processing conditions in the preparation of scintillation materials may also result in point defects, which affect the electrical and scintillation properties of ZnO [15,16]. An energy level diagram of ZnO intrinsic point defects is shown in Figure 1. At present, researchers are working on how to reduce the self-absorption effect and how to increase the light yield of ZnO scintillation materials [17]. Actually, proper doping may compensate the intrinsic defects in ZnO materials to a certain lower level, improving its crystalline quality and photoelectric properties [18]. Among the n-type doping of ZnO, studies on ZnO:Al (AZO) thin films are the most mature and popular [19]. Nevertheless, due to aluminum’s high activity, the Al2O3 phase is very easily formed during the growth of thin films [2]. As we know, the activity of Ga is much weaker than that of Al, so the Ga2O3 phase does not easily appear and a higher carrier concentration can be obtained. The atomic radius of Ga and Zn are similar and the bond length of Ga–O is 0.192 nm, which is very close to that of Zn–O (0.197 nm). Considering that the bond length of Al–O is 0.27 nm and the bond length of In–O is 0.21 nm, Ga is the best doping element of ZnO-n type [20]. Doping Ga can effectively reduce the lattice’s distortion due to the high concentration doping, thus the crystal quality of thin films can be improved [21].



Research on scintillating materials and scintillation properties has continued for more than a century since the beginning of the twentieth century. In 1903, with the naked eye William Crookes observed the scintillation phenomenon of a ZnS crystal screen caused by high-energy α-particles, which brought great attention to the study of scintillation materials [22]. At present, scintillating materials have a wide application in nuclear physics, high energy physics, nuclear medicine, geophysical investigation, and petroleum exploration [23,24]. Although the performance requirements of scintillating materials are different in various application areas, it is unanimously required that the scintillation materials should have high light output, fast response, and excellent physical and chemical properties [25,26]. In the 1970s, Lehmann [27] discovered that ZnO:Ga has extremely fast luminescence in the magnitude of nanoseconds when about 0.3% of Zn atoms in the ZnO powder was replaced with Ga atoms. Thereafter, Luckey [28] observed the scintillation performance of ZnO:Ga using α-particles, the measured decay time of fast component luminescence was 0.4 ± 0.15 ns and its light yield was considered to be much higher than that of a plastic organic scintillator. The ultrafast scintillation of ZnO:Ga has attracted a large amount of attention and studies [29,30,31]. Although the light yield of ZnO:Ga is lower than some traditional inorganic scintillation materials (such as NaI(Tl)), ZnO:Ga also has a lot of attractive advantages: fast decay time of 0.4 ns, short time resolution of up to 44 ps, high light yield of up to 15,000 photons/MeV, high density and non-deliquesce, so it is one of the best scintillation crystals with ultrafast responses [32]. Furthermore, the melting point of ZnO:Ga can reach 1975 °C, and it has stronger radiation resistance than GaN, GaAs, and other materials [33], thus ZnO:Ga can be used under the conditions of high temperature, high pressure, and strong radiation [5], revealing strong attractiveness in nuclear experiments.



The scintillation spectrum of ZnO generally consists of three bands: ultraviolet light, green light, and yellow light. Among them, the narrow ultraviolet luminescence band near the band edge is about 380 nm (3.30 eV), which is the fast component [34]. Ultraviolet luminescence is generally considered to be a free-exciton or band–band direct radiation recombination, and the lifetime of this emission is extremely short, ranging from several to several hundreds of picoseconds [35]. The relatively wide visible luminescence band appears in the region of 500–600 nm (2.3–2.75 eV), which is the slow component [34], while a broadened peak of a green band appears near 550 nm (2.52 eV), which extends to the yellow band and blue band on both sides [36], as shown in Figure 2. However, several proposed theories can explain the cause of luminescence in the visible light region at present, and there is no agreement on the luminescence mechanism yet [37,38], so how to explore the scintillation mechanism of ZnO and how to improve its light yield have become the research focus all over the world [3].



As mentioned above, ZnO:Ga has excellent scintillation properties, and it is attractive as a scintillation crystal for detecting high-energy rays and particles [9]. However, there are some challenges for ZnO:Ga, such as how to solve problems of low interaction probability and low luminous efficiency when thin film scintillators detect X-rays and γ-rays [12,13], how to reduce the self-absorption effect, how to increase its light yield, and how to discover the scintillation mechanism in the visible light region [3,17]. In order to solve the above challenges, the most critical procedure is to prepare large-size ZnO:Ga thin films with high quality and excellent performance, and the choice of preparation methods is also crucial for producing films. In this paper, the process of producing ZnO:Ga scintillation films by magnetron sputtering is introduced in detail. Magnetron sputtering is compared with other preparation methods, and the influence of sputtering parameters on the properties of ZnO:Ga during the preparation process are summarized. Finally, the application research status of ZnO:Ga scintillation materials in radiation detection is overviewed.




2. Magnetron Sputtering


Magnetron sputtering is one of the most mature and widely-used deposition technologies in industry, which has been extensively used for metal, semiconductors, and insulators [2].



2.1. Magnetron Sputtering Principle


Magnetron sputtering is based on glow discharge and its sputtering process is an energy and momentum exchange procedure for incident ions through a series of collisions [39]. During sputtering, inert gas such as argon is filled into a high-vacuum closed container, and electrons collide with argon atoms while being accelerated to fly onto the substrate in the electric field. If the electric field is strong enough, multiplication occurs with more electrons and argon ions are generated. Due to the acceleration in the electric field, argon ions bombard the target, leading to a large number of sputtered target atoms. Furthermore, neutral target atoms or molecules are deposited on the substrate to form thin films [40], as shown in Figure 3.



According to the difference of working power supplies, there are two types of sputtering: direct current (DC) sputtering and radio frequency (RF) sputtering [42]. It is worth mentioning that the magnetic field is added for magnetron sputtering on the basis of the two-pole sputtering, so the electrons move in a spiral trajectory in the orthogonal electromagnetic field and their paths are prolonged significantly [43], leading to the improvements of the working gas’ ionization rate and electrons’ effective energy, which is a good way to further improve the efficiency and quality of vacuum sputtering coating [44].




2.2. Comparison with Other Depositing Technologies


Compared with other commonly used deposition techniques, including physical methods of vacuum thermal evaporation and ion plating evaporation, chemical methods of chemical vapor deposition (CVD), the sol-gel method and atomic layer deposition (ALD) [45], magnetron sputtering has the following remarkable advantages:



	a.

	
High deposition rate







High ion current density can be obtained in the magnetron sputtering system, so the etching rate of plasma on the target surface and the deposition rate of sputtered particles on the substrate are very high [46].



	b.

	
High power efficiency







The introduction of magnetic field greatly increases the ionization rate of gas in the cavity, and reduces the impedance of plasma correspondingly. In a high-speed magnetron sputtering system, the discharge voltage which acts on the target makes the energy obtained by the ions produce maximum power density, and it is easy to obtain a large input power at a given voltage [47].



	c.

	
Low energy sputtering







Since the voltage acted on the target is not high, the plasma in the cavity is bounded by the magnetic field on the target surface in the surrounding space, which effectively suppresses the bombardment effect of high-energy charged particles on the substrate. Therefore, the substrate loss due to the bombardment caused by charged particles is small [48].



	d.

	
Low substrate temperature







In fact, the electron concentration in the region outside the range of the magnetic field is significantly reduced due to the free divergence of the electrons’ concentration, especially on the substrate surface. Accordingly, the increment of the substrate temperature is effectively avoided due to the low number of electrons bombarding the substrate surface [49].



However, magnetron sputtering also has some disadvantages:



	a.

	
The equipment is complicated due to the requirements of high vacuum and inert gas [50].




	b.

	
High-energy particles easily damage the surface of the film which has grown, resulting in an increment of defect concentration in films [50].




	c.

	
In the commonly used magnetron sputtering system, the inhomogeneous magnetic field acting on the target inevitably leads to the inhomogeneous plasma convergence effect, which makes the etching rate of plasma aggregation area extremely large and further inevitably produces such uneven etching on the target, so the utilization rate of the target is generally only 30% [51].




	d.

	
High-speed sputtering for strong magnetic materials at low temperature cannot be realized because a strong magnetic field cannot be introduced near the target surface [52].







For a detailed comparison, Table 1 lists the advantages and disadvantages of magnetron sputtering and other deposition methods for producing ZnO:Ga film.



The above methods are commonly used for producing ZnO:Ga films, each method has its own advantages and disadvantages. In this paper, the magnetron sputtering method is mainly introduced because it is the most mature and widely used technology, which does not mean that other methods are not good. In practical applications, a suitable method should be chosen to prepare ZnO:Ga film according to actual conditions and requirements.





3. ZnO:Ga Performance’s Dependence on Technical Conditions of Magnetron Sputtering


The production of ZnO:Ga film by magnetron sputtering is a process in which atoms or ions sputtered from the target react with oxidizing atmosphere (e.g., oxygen) to form ZnO. The Ga atoms occupy the positions of some Zn atoms or disperse in the intergranular region of the film, instead of reacting with oxygen to form Ga2O3 [58]. Furthermore, high oxygen concentration is conducive for the crystallization of ZnO on the substrate. Crystallization also benefits from heating substrate properly, adding radio frequency bias, activating the reactants, and providing the required energy for the reaction [59].



In the process of producing ZnO:Ga film by magnetron sputtering, the movement of charged particles in the plasma directly affects the growth of films, while the charged particles are controlled by sputtering parameters [60]. Figure 4 shows the relationship between film performances and magnetron sputtering parameters. This chapter will introduce the effects of experimental parameters on the properties of ZnO:Ga film, mainly including sputtering power, substrate temperature, sputtering atmosphere,. and annealing treatment.



3.1. Effect of Sputtering Power on Properties of ZnO:Ga Films


In the case of substrate temperature, sputtering atmosphere, and annealing temperature are fixed, the sputtering power level means the change of deposition rate, and it is one of the important factors affecting the structural, electrical, and optical properties of film [62]. The energy of sputtered particles deposited on the substrate increases with the increase of sputtering power at low power, so the density of the film layer and the adhesion between deposited film and substrate are improved [63]. In addition, when sputtering power increases, the ionization degree of sputtering gas increases, thus the sputtering rate is increased and the sputtering time is shortened. However, the sputtered high-energy particles tend to damage the grown films at high sputtering power, resulting in deformation of the crystal structure and change in the film’s conductivity [64].



The Drude model of electrical conduction was proposed in 1900 by Paul Drude [65,66] to explain the properties of electrons’ transport in materials. In this model, Drude [66] treats the free electrons as classical ideal gas, but the electrons collide with the stationary ions rather than electrons [67]. According to Ohm’s law, the current density j can be expressed in Equation (1) as shown below.


j=σE=Eρ=ne2τmeE



(1)




where σ is the conductivity, ρ is the resistivity, e is the electronic charge, n is the atomic density, and τ is the relaxation time.


σ=ne2τme=nμe



(2)




where μ is the mobility of free carriers.




ρ=mene2τ=1nμe



(3)






μ=eτme



(4)





According to classical Drude theory, the infrared reflectance R is a function of the plasma vibration that is determined by the carrier concentration, as shown in Equation (5) [68]:


R=1−4ε0c0e1Ntμ



(5)




where ε0 is the permittivity of vacuum, c0 is the velocity of light in vacuum, N is the carrier concentration, and t is the thickness of films [69]. According to Equation (5), the reflectance R increases as the product of carrier concentration and carrier mobility increase.



The studies found that the Drude model can be successfully applied to ZnO:Ga films to explain its electrons’ transport properties. The Drude formula contains a frequency-dependent damping term in order to get a good fit in the visible spectral region [70]. Fujiwara [71] has determined the dielectric functions of ZnO:Ga with different carrier concentrations by spectroscopic ellipsometry. The dielectric functions have been obtained from ellipsometry analyses using the Drude and Tauc–Lorentz models. The optical response of free electrons in the Transparent conductive oxides can be expressed successfully by the simple Drude model [72,73]. Moreover, from the analysis of free-carrier absorption using the Drude model, carrier concentration, mobility, and conductivity can be deduced without the requirement of forming metal electrodes on samples [74].



It is reported by Ma [75] that the crystallinity increases first and then decreases with the increase of sputtering power. The grain size is calculated by the Scherrer equation [76,77], as shown in Equation (6):


D=Κλβcosθ



(6)




where K is the Scherrer constant, λ is the X-ray wavelength, β denotes the full-width at half maximum (FWHM) of diffraction peak, and θ is the diffraction angle. When the sputtering power increases from 100 W to 140 W, the mobility and carrier concentration of the film increase, which leads to the decrease of the film’s resistivity and increase in conductivity [75]. When the sputtering power is higher than 140 W, the electrical properties begin to deteriorate. The average transmittance of all films in the visible region is over 90%, and there is a steep ultraviolet fundamental cut-off absorption edge [75], as shown in Figure 5. With the increase of carrier concentration, the movement of the absorption edge to blue light band is called the Burstein–Moss shift [78,79], which is because the Fermi level moves into the conduction band when the carrier concentration increases. According to the Tauc-plot equation [80], the optical band-gap width Eg of films can be calculated by Equation (7).


(αhv)2=A(hv−Eg)



(7)




where α is the optical absorption coefficient, A is the proportionality constant, Eg is optical band-gap, and hv denotes photon energy [81]. The calculated results have the largest optical band-gap when the sputtering power is 140 W, which is because the optical band-gap of the film is approximately proportional to N2/3 (N is the carrier concentration). In other words, the band-gap broadens and blue shift of the absorption edge occurs when carrier concentration increases [75]. Table 2 shows the lattice and performance parameters of ZnO:Ga films produced at different sputtering power.




3.2. Effect of Substrate Temperature on Properties of ZnO:Ga Films


Substrates and targets are the material basis for preparing thin films by sputtering, and they are the primary factors to be considered for magnetron sputtering [82]. Substrate temperature directly affects the crystalline phase and crystal structure of the deposited films, so substrate temperature is critical for the photoelectrical properties of film [75,82]. When the substrate temperature is low, which means that the particles sputtered onto the substrate have less kinetic energy and the mobility of surface atoms is low, low-density film, rough surface, and porous amorphous structure are easily formed [75]. However, higher substrate temperature will reduce the amount of oxygen adsorbed near substrate and the particles sputtered onto substrate do not react completely due to the oxygen deficiency, resulting in many defects in the formed films [83]. Therefore, when ZnO:Ga films are produced by magnetron sputtering, the optimized substrate temperature can reduce the various defects in film and improve the film’s crystalline quality and photoelectric properties [84]. On the other hand, appropriate substrate temperature plays an important role in impure donor atoms’ movement into the lattice position [75].



Miyaka [85] reported that the increase of substrate temperature is helpful for Zn’s replacement by Ga and the improvement of crystal quality. Higher substrate temperature helps the desorption of adsorbed oxygen in grain boundaries, which can effectively prevent the formation of Ga2O3 in the grain gap and provide more free electrons, thus the carrier concentration is improved [86]. However, as the substrate temperature continues to rise, all the electric properties begin to downgrade [87]. Chang found that more scattering centers have been formed for films deposited at higher substrate temperature [78], from which it is deduced that the ion impurity scattering is the dominant factor for the decrease of conductivity by calculating the mean free path of electrons, and that all films have high transmittance, low absorption, and a sharp fundamental cut-off absorption edge in the visible spectral range [87,88]; the transmission spectra is shown in Figure 6. Table 3 shows the lattice and performance parameters of ZnO:Ga films produced at different substrate temperature.



With the increase of substrate temperature, the luminescence intensity of violet and blue light components in the photoluminescence spectrum of ZnO:Ga scintillation films increase gradually. At the same time, the intensity of the green light peak also enhances a little bit [89]. In semiconductors, lattice point defects can act as very efficient traps for electrons, holes, and excitons, and strongly influence transport and optical properties of materials [90]. The residual gases Ar and O2 in the process of magnetron sputtering can cause radiation-induced chemical etching of materials. Contamination and etching effects are sensitive to temperature [91]. Therefore, the difference in ultraviolet photoluminescence spectra of ZnO films at different substrate temperatures mainly reflects the difference in lattice defect density caused by residual gases such as Ar and O2 [92]. The increase of the blue peak intensity may be attributed to the gradual increase of Zn atoms in the ZnO:Ga films. However, the explanations for the origin of the green peak have always been controversial [93]. When the substrate temperature rises, the desorbed oxygen in the films will be ejected because of high temperature, the zinc and oxygen in the films will become more disproportionate, so the density of oxygen vacancies increases remarkably, which leads to significant enhancement of the photoluminescence peak in the visible light region [94]. The photoluminescence spectrum given in Figure 7 is consistent with the above description.




3.3. Effect of Sputtering Atmosphere on Properties of ZnO:Ga Films


It was found that green peak luminescence probably corresponds to intrinsic point defects, such as oxygen vacancies, zinc vacancies, oxygen interstitial and zinc interstitial defects [96,97], so the defects have a great influence on the luminescence properties. In the process of magnetron sputtering, both oxygen’s partial pressure and annealing treatment affect the stoichiometric ratio of ZnO:Ga films, so these two factors are very important for the concentration of oxygen defects and zinc defects in the films [98]. Accordingly, the sputtering pressure is one of the important parameters for magnetron sputtering [99,100]. In the production of ZnO:Ga thin film, the gas mixture of argon and oxygen or the pure argon is commonly used [101]. Therefore, working gas pressure and fractions can be adjusted by controlling the flow rates of argon and oxygen separately [102].



If the ratio of O2 to Ar is fixed, when the sputtering pressure is low, the oxygen partial pressure is also relatively low [75,103], the mean free path of electrons in the plasma region increases, the probability that electrons collide with Ar atoms decreases, and self-sustaining discharge cannot be formed, resulting in ignition difficulty and glow discharge instability [103]. When the sputtering pressure is high, it means the probability that sputtered particles collide with the Ar particles (Ar+ and neutral Ar atoms) in plasma increases for higher oxygen partial pressure, resulting in the decrease of films’ density, adhesion, and crystallinity [104]. In general, if the working pressure increases within a reasonable range, it does not only facilitate glow, but also improves the film deposition rate to a certain extent. However, the excessive increase of working pressure may cause an increase of impurities in the cavity, which is harmful for the purity of films [75].



When the sputtering pressure is 1.0 Pa [75], the surface of the films is smooth, the grain stacking is compact and uniform, and there is no obvious grain boundary. When the sputtering pressure increases from 0.5 Pa to 1.0 Pa, all electric properties of the films are improved [75,100]. As the pressure continues to rise, the sputtered particles continue to be oxidized, and oxygen in the grain boundary gap is excessive, which leads to the formation of Ga2O3 and the deterioration of electrical properties [103,105]. The average transmittance is independent of the sputtering pressure, and it can reach 90% or even higher in the visible region, as shown in Figure 8 [75]. Table 4 shows the lattice parameters and performance parameters of ZnO:Ga films produced at different sputtering pressure.



If the sputtering pressure is fixed, when the oxygen partial pressure is low, the compound formed by the reaction of metal with oxygen deviates from the normal stoichiometric ratio. At this time, the doped atoms directly enter the film by sputtering, replacing the position of Zn. The less oxygen content, the more zinc is replaced by doped atoms, and the electrical and optical properties of the film are improved accordingly [106]. However, if the oxygen content is too low, there is not enough oxygen to oxidize the sputtered metal particles, which reduces the electro-optical properties of the film [63,75]. Table 5 shows the lattice parameters and performance parameters of ZnO:Ga films produced at different oxygen partial pressures, and the transmission spectra of ZnO:Ga films is shown in Figure 9.



The intensity of luminescence peak of ZnO:Ga scintillation films varies with the O2/Ar ratio, the chemical ratio of Zn to O in ZnO:Ga films depends on oxygen content, and the concentration of various intrinsic defects in the films is also affected by oxygen content [107]. Therefore, the emission spectrum of ZnO:Ga films is related to the ratio of Ar to O2 and the defects concentration. Lin [96] reported that the relationship between intrinsic defects and oxygen partial pressure in ZnO:Ga thin film can be expressed by the chemical-like reaction equation below.


1/2O2+VO×=OO× , [VO×]∝PO2−1/2



(8)






1/2O2=VZn×+OO× , [VZn×]∝PO21/2



(9)






Zni+1/2O2(g)=ZnZn+OO , [Zni]∝PO2−1/2



(10)






1/2O2=Oi , [Oi]∝PO21/2



(11)






1/2O2(g)+VZn=OZn , [OZn]∝PO21/2[VZn]



(12)




where [VO×] and [VZn×] are the concentration of neutral oxygen vacancies and zinc vacancies, respectively, [Zni], [Oi], and [OZn] are, respectively, the concentration of zinc interstitial, oxygen interstitial, and oxygen dislocation. It can be seen, respectively, from Equations (8) and (9) that the VO concentration in ZnO films is inversely proportional to oxygen partial pressure PO21/2, and the VZn concentration is proportional to oxygen partial pressure PO21/2. When the O2/Ar ratio is small, the oxygen partial pressure is small, which makes the VO concentration in the films high and the VZn concentration low; when the O2/Ar ratio increases, the VO concentration decreases, while the VZn concentration increases [96].



Researchers believe that the emission intensity of violet light and green light first increase and then decrease with the enhancement of oxygen partial pressure [96,108]. This is because there are a lot of defects and impurities in the films with poor crystalline quality to cause exciton quenching and a low exciton density for insufficient O2 or excessive O2 [109]. The ZnO:Ga thin films produced at a low oxygen flow rate contain more oxygen vacancy defects [108]. When the oxygen flow rate increases, the VO defects reduce and the VZn defects increase, resulting in transition inhibition between donor and acceptor, so that the green peaks of films disappear. On the other hand, the transition from the bottom of the conduction band to the acceptor level will be enhanced, resulting in a strong blue emission band [104], which is why emission intensity of the blue band in ZnO:Ga scintillation films increases. The oxygen partial pressure value of the photoluminescence spectrum given in Figure 10 is different from the above oxygen partial pressure value, but the trend in change is consistent with the above description.




3.4. Effect of Annealing Temperature on Properties of ZnO:Ga Films


The annealing treatment in the preparation process of films is an important method to reconstruct the structure, surface, and physical properties of films [111]. Its principle is to use thermal energy to eliminate defects due to the internal stress generated in the production process, which reforms the arrangement of atoms and recrystallizes the material, even becoming a single crystal with the disappearance of all defects [112]. The effects of annealing treatment on the films are as follows: (1) annealing treatment can crystallize the amorphous structure in the films [113]; (2) annealing treatment can eliminate the defects in the crystal lattice, change the surface morphology of films, and accelerate the diffusion and transfer of impurity atoms in the films; and (3) annealing treatment can release the residual stress of film materials and desorb atoms or molecules in the films, leading to improvements of the films’ properties [113].



Annealing treatment has a great influence on the crystalline quality and photoelectric and scintillation properties of the films [75,113,114]. Lower annealing temperature is helpful for the formation of micro-grains, the adjustment of film structure, and the elimination of defects in films, thus the crystal quality of the films is improved [115,116]. However, high annealing temperature will cause atoms’ polymerization in films, which will increase the size of clusters, the surface roughness and the scattering of thin films, resulting in the decrease of the crystalline quality of films [117]. The resistivity is inversely proportional to the product of mobility µ and carrier concentration n [118], and the increase of film mobility is coherent with the improvement of film crystallization quality [115]. Xing [119] found that when ZnO:Ga film is annealed in a vacuum, the concentration of Zn decreases but the concentration of O increases with the increase in annealing temperature. The increase in annealing temperature releases the residual stress in ZnO:Ga films to make the film smoother and denser, which reduces the visible light absorption and scattering [119]. However, the increase in oxygen concentration is beneficial to the formation of Ga2O3 and leads to the increase of electron traps in the films [75,119]. The transmission spectra of ZnO:Ga films is shown in Figure 11, and Table 6 shows the performance parameters of ZnO:Ga films produced at different annealing temperature.



Since the heat treatment conditions directly affect the types and concentration of defects in ZnO:Ga, the photoluminescence spectrum of ZnO:Ga films is related to the change in defects with annealing temperature [96]. Lower annealing temperature does not change the defect distribution in the films [112], but the intensity of ultraviolet emission band increases and no visible light emission can be detected [120]. When the annealing temperature increases to a higher temperature range, the blue peak shifts obviously towards the long wavelength, and the green luminescence peak begins to appear, although it is very weak compared to the strong ultraviolet emission [121]. It was considered that thin films annealed under an unstable state would cause more defects and lead to the fluctuation between UV and visible emission [122]. As the annealing temperature continues to rise, the UV emission begins to weaken and the green emission keeps increasing [121]. For higher carrier concentration, the auger effect will be produced to quench the luminescence, this is called concentration quenching [123]. The annealing temperature value of the photoluminescence spectrum given in Figure 12 is different from the above annealing temperature value, but the trend in change is consistent with the above description. Annealing is a recrystallization process in a proper temperature range, which helps to reduce defects, especially in an oxygen atmosphere. Annealing treatment helps to enhance the light radiation based on band-edge transition due to the reduction of VO defects in ZnO:Ga films and the more complete crystallization of the films [121]. As for the annealing conditions, the annealing atmosphere is also an important factor as well as temperature. The effects of annealing temperature mentioned above on ZnO:Ga films are almost always annealed in oxygen or air.




3.5. Summary


In general, sputtering parameters have a great influence on the crystalline quality and film properties. The sputtering power level means the change of deposition rate, which affects crystal structure and properties of the films [62]. Substrate temperature will lead to the change of grain size, which affects the surface morphology and properties, therefore, appropriate substrate temperature is very necessary for crystal growth [82]. The type and concentration of defects in the films are influenced by the preparation method and process conditions [124,125]. The defects of films strongly depend on the sputtering pressure, the O2/Ar ratio, and annealing temperature [98]. Besides the four sputtering parameters mentioned above, the doping concentration of Ga, the distance between target and substrate, and the composition of the target also affect the crystal quality and photoelectric and scintillation properties of ZnO:Ga thin films [75,77,126]. In fact, because the scintillation properties of ZnO:Ga thin films are strongly related to their crystalline quality [127], sputtering parameters should be optimized to reduce impurities and defects and to enhance the scintillation performance of thin films for better crystal quality of ZnO:Ga thin films.





4. The Application Research Status of ZnO:Ga in Nuclear Detection


The fluorescence decay lifetime of near-ultraviolet exciton emissions of ZnO at room temperature is only a few hundred picoseconds [8], and its strong radiation resistance makes it very attractive for the detection of high-energy particles, such as X-ray, γ-ray, and α-particle [3]. John Wilkinson [128] reported that excitonic transition in wide-gap semiconductors exhibits a sub-nanosecond radiation lifetime, especially the radiation lifetime of ZnO, which ranges from 400 ps to 900 ps. In this section, the application research status of ZnO:Ga prepared by magnetron sputtering and other production methods in nuclear radiation detection is summarized and discussed.



The sub-nanosecond decay time is difficult to precisely measure, in particular for the case of scintillation because the decay to be recorded is very fast. Typical fluorescence from commonly used organic fluorophores lasts only some hundred picoseconds to some tens of nanoseconds [129]. Time-correlated single-photon counting (TCSPC) is possible to extend the date collection over multiple cycles of excitation and emission. The method is based on the repetitive, precisely timed registration of single photons e.g., a fluorescence signal [130,131]. As a single photon sensitive detector, a photomultiplier tube (PMT), micro channel plate (MCP), single-photon avalanche diode (SPAD) or hybrid PMT can be used.



Zhang and Zheng [132] tested the fluorescence characteristics of a ZnO:Ga scintillator using a 500 fs and 248 nm ultra-short pulse ultraviolet laser system. They established a fluorescence transmission optical path to solve scattering laser interference and efficient collection of fluorescence. The fluorescence spectrum with wavelength ranging from 380 nm to 410 nm and a center wavelength of 392 nm was measured, its FWHM and rising time were 153.51 ps and 104.93 ps, respectively, which means that a femtosecond ultraviolet laser system should be used for their measurement [132]. In addition, Ma, OuYang, and Zhang et al. [133,134,135,136,137] conducted much research on the application of ZnO:Ga scintillation crystals prepared by magnetron sputtering in pulsed radiation detection, as shown in Table 7.



As mentioned above, the magnetron sputtering method is one of the most mature and widely used depositing technologies in industry [2]. However, except magnetron sputtering, other growth methods are also commonly used for the practical production and application of ZnO:Ga crystals. Koyama [138] used spark plasma sintering (SPS) to prepare 30% mol-doped ZnO:Ga phosphors at an atmospheric pressure of 8 Pa. The results show that the lifetime of a PL emission peak at 383 nm is about 20 ns, which means that ZnO:Ga phosphor material can be used as a new fluorescent material for fast neutron detectors. Cates [139] calculated the timing resolution using an analytical model and his measurements show that the achievable ZnO:Ga timing resolution is 52.5 ± 10 ps FWHM. It is believed that such a scintillator with extremely fast decay time is of great importance in many research areas that require ultrafast scintillators. In addition, Xu [140] and Zhang [141] studied the application of ZnO:Ga scintillation crystals prepared by a hydrothermal method in pulsed radiation detection, as shown in Table 8.




5. Summary


Zinc oxideis a wide band-gap semiconductor compound with broad application prospects, but the intrinsic defects and strong self-absorption effect in ZnO affect its photoelectric and scintillation properties [14,15]. At present, the research hotspots in the world are how to solve the problems of low interaction probability and low luminous efficiency when thin film scintillators detect X-rays and γ-rays [12,13], how to understand the scintillation mechanism, and how to improve the light yield of ZnO-based scintillating materials [3,17].



Adding an appropriate amount of Ga to ZnO is helpful to compensate for its intrinsic defects to a certain degree, and it also helps to reduce the loss of energy transfer and self-absorption effect, and to improve its crystallization, luminescent efficiency, and scintillation properties [5,142]. Magnetron sputtering method has many advantages: high deposition rate, high power efficiency, low substrate temperature, minor damage to the substrate, etc. [60]. However, high-energy particles can easily damage the film surface and increase the defect concentration [64]. The ZnO:Ga has an extremely fast time response, high light yield, strong irradiation resistance, and low deliquescence. Its scintillation performance can basically meet the demand for ultrafast scintillation crystals [32]. In fact, the scintillation properties of ZnO:Ga thin films are highly dependent on the crystalline quality [127], and the crystalline quality strongly depends on the sputtering parameters. Therefore, how to improve poor repeatability, how to understand the scintillation mechanism of ZnO:Ga, and how to optimize the performance of ZnO:Ga scintillation films have become bottlenecks [143]. It is hopeful that, as a new inorganic scintillation crystal, ZnO:Ga will have a very broad application prospect in nuclear radiation detection [32].
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Figure 1. The energy levels diagram of lattice defects in intrinsic ZnO semiconductors [16]. 
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Figure 2. The photoluminescence spectrum of ZnO thin films at room temperature [36]. 
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Figure 3. Schematic diagram of the magnetron sputtering principle [41]. 
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Figure 4. The relationship between sputtering parameters and film properties [60,61]. 
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Figure 5. Transmission spectra of ZnO:Ga films prepared at different sputtering power [75]. 
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Figure 6. Transmission spectra of ZnO:Ga films prepared at different substrate temperature [75]. 
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Figure 7. The photoluminescence spectra of ZnO thin films grown at different substrate temperatures [95]. 
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Figure 8. Transmission spectra of ZnO:Ga films prepared at different sputtering pressures [75]. 
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Figure 9. Transmission spectra of ZnO:Ga films prepared at different oxygen partial pressures [75]. 
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Figure 10. The photoluminescence spectra of ZnO thin films grown at different oxygen partial pressures [110]. 
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Figure 11. Transmission spectra of ZnO:Ga films prepared at different annealing temperatures [75]. 
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Figure 12. The photoluminescence spectra of ZnO thin films grown at different annealing temperatures [112]. 
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Table 1. Comparison of commonly used deposition methods for producing ZnO:Ga film [53,54,55,56,57].
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	Depositing Methods
	Vacuum Thermal Evaporation
	Ion Plating Evaporation
	Magnetron Sputtering
	Chemical Vapor Deposition
	Sol-Gel Method
	Atomic Layer Deposition





	Materials
	metals or low melting point materials
	metals and dielectrics
	metals and dielectrics
	dielectric materials
	materials with melting point above 500 °C
	metals, dielectrics and polymer



	Uniformity
	poor
	excellent
	good
	excellent
	good
	very good



	Grain Size (nm)
	10–100
	10–100
	–10
	1–100
	0.5–500
	<1 nm



	Deposition Rate (nm/s)
	1.67–1167
	1.67–833.5
	0.167–8.335
	1–10
	very slow
	0.1



	Deposition Quality
	poor
	excellent
	good
	excellent
	poor
	good



	Porosity
	high
	no porosity, but many defects
	lower, but more gaseous impurities
	lower
	higher
	low



	Substrate Temperature (°C)
	50–100
	50–200
	–200
	150–2000
	300–800
	50–500



	Adhesion
	poor
	excellent
	good
	good
	good
	good
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Table 2. The performances of ZnO:Ga films produced at different sputtering power [75].
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	Sputtering Power(W)
	100
	120
	140
	160
	180





	FWHM (°)
	0.41
	0.37
	0.35
	0.42
	0.47



	Grain size (nm)
	23.9
	26.4
	27.4
	22.9
	20



	Resistivity (× 10−4Ω·cm)
	8.0
	4.52
	3.0
	4.42
	6.8



	Mobility (cm2/V·s)
	6.82
	7.85
	8.32
	6.77
	5.98



	Carrier concentration (× 1021cm−3)
	1.16
	1.78
	2.53
	2.12
	1.56



	Optical band-gap (eV)
	3.595
	3.65
	3.76
	3.71
	3.62
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Table 3. The performances of ZnO:Ga films produced at different substrate temperature [75].
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	Substrate Temperature (°C)
	200
	250
	300
	350
	400





	FWHM (°)
	0.43
	0.38
	0.36
	0.37
	0.426



	Grain size (nm)
	22.6
	25.5
	27.0
	26.1
	22.8



	Resistivity (× 10−4Ω·cm)
	13.0
	6.34
	3.0
	4.0
	8.1



	Mobility (cm2/V·s)
	3.8
	5.48
	8.32
	6.95
	4.38



	Carrier concentration (× 1021/cm3)
	1.28
	1.82
	2.5
	2.22
	1.78
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Table 4. The performances of ZnO:Ga films produced at different sputtering pressures [75].






Table 4. The performances of ZnO:Ga films produced at different sputtering pressures [75].





	Sputtering Pressure (Pa)
	0.5
	0.7
	1.0
	1.5
	2.0
	2.5





	FWHM (°)
	0.415
	0.393
	0.35
	0.363
	0.374
	0.418



	Grain size (nm)
	23.4
	24.7
	27.4
	26.7
	25.9
	23.2



	Resistivity (× 10−4Ω·cm)
	16.33
	9.08
	3.0
	4.17
	8.1
	23.45



	Mobility (cm2/V·s)
	4.55
	4.7
	8.31
	8.02
	7.4
	4.18



	Carrier concentration (× 1021 cm−3)
	0.85
	1.46
	2.5
	1.875
	1.06
	0.28
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Table 5. The performances of ZnO:Ga films produced at different oxygen partial pressures [75].
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	Oxygen Partial Pressure (Pa)
	0.2
	0.25
	0.3
	0.35
	0.4





	FWHM (°)
	0.485
	0.362
	0.35
	0.371
	0.49



	Grain size (nm)
	17.23
	22.32
	27.42
	22.45
	17.03



	Resistivity (× 10−4Ω·cm)
	9.45
	6.46
	3.01
	8.33
	12.14



	Mobility (cm2/V·s)
	5.01
	6.12
	8.33
	5.57
	4.85



	Carrier concentration (× 1021 cm−3)
	1.32
	1.59
	2.5
	1.36
	1.06
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Table 6. The performances of ZnO:Ga films produced at different annealing temperatures [75].
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	Annealing Temperature (°C)
	300
	350
	400
	450
	500
	550





	Resistivity (× 10-4Ω·cm)
	2.94
	2.88
	2.85
	2.6
	2.8
	4.39



	Mobility (cm2/V·s)
	8.98
	9.73
	10.56
	11.83
	13.28
	14.77



	Carrier concentration (× 1021 cm−3)
	2.41
	2.28
	2.13
	2.09
	1.74
	1.0



	Optical band-gap (eV)
	3.74
	3.74
	3.726
	3.72
	3.66
	3.59
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Table 7. The application of ZnO:Ga scintillation crystals prepared by magnetron sputtering in radiation detection.
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	Crystal Size
	Measurement
	Performances
	Application





	1. [133]
	diameter: 50 mm

thickness: 50 µm
	time response to femtosecond laser
	rise time: 104.9 ps

FWHM: 153.5 ps

decay time: 0.097 nm
	fast time response in femtosecond level detection



	2. [134]
	thickness: 300 µm
	pulsed proton
	well reflected intensity characteristics of pulsed proton source
	as a recoil proton detector to detect pulsed neutron



	3. [135]
	diameter: 50 mm

thickness: 50 µm
	the time response and energy response to the pulsed hard X-ray
	FWHM: 440 ps

rise time: 315 ps

energy response above 40 KeV was very flat
	a new type of hard X-ray energy spectrum measuring material



	4. [136]
	Φ50 µm × 50 µm
	time response to single α-particle
	rise time: 342 ps

FWHM: 686 ps
	the monitoring of α-particles



	5. [137]
	thickness: ~ µm
	X-ray
	fluorescence lifetime: 173 ps, FWHM: 355.1 ps

light yield: 14,740 photons/MeV
	Ultra-fast X-ray

scintillating detector
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Table 8. The application of ZnO:Ga scintillation crystals prepared by a hydrothermal method in radiation detection.
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	Reference [140]
	Reference [141]





	Crystal size
	Φ40 mm × 1 mm
	32.36 mm × 27.46 mm × 5.52 mm



	Measurement
	the spatial distribution of cathode electron emission in intense current diode
	crystal growth rate and crystal quality



	Performances
	63.94 arcsec FWHM, fast response speed,

5.5% Bi4E3O12 (BGO) luminescence intensity, 8% luminous non-uniformity
	excellent crystalline quality,

11arcsec FWHM of +c[002] crystal plane,

the transmittance began to decrease at 750 nm,



	Application
	high time resolution diagnosis of pulsed radiation field
	in the visible and infrared regions at wavelength greater than 750 nm











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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