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Abstract

:

ZnGa2O4 is a promising semiconductor for developing high-performance deep-ultraviolet photodetectors owing to a number of advantageous fundamental characteristics. However, Zn volatilization during the ZnGa2O4 growth is a widely recognized problem that seriously degrades the film quality and the device performance. In this study, we report the synthesis of epitaxial ZnGa2O4 thin films by pulsed laser deposition using a non-stoichiometric Zn1+xGa2O4 target. It is found that supplementing excessive Zn concentration from the target is highly effective to stabilize stochiometric ZnGa2O4 thin films during the PLD growth. The influence of various growth parameters on the phase formation, crystallinity and surface morphology is systematically investigated. The film growth behavior further impacts the resulting optical absorption and thermal conductivity. The optimized epitaxial ZnGa2O4 film exhibits a full width at half maximum value of 0.6 degree for a 120 nm thickness, a surface roughness of 0.223 nm, a band gap of 4.79 eV and a room-temperature thermal conductivity of 40.137 W/(m⋅K). This study provides insights into synthesizing epitaxial ZnGa2O4 films for high performance optoelectronic devices.
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1. Introduction


Deep-ultraviolet photodetectors (DUV PDs) with the characteristic spectral response in the range of 200–280 nm [1] have attracted significant research interests owing to their broad applications including optical communication, missile detection, environmental monitoring, and biochemical analysis [2,3,4,5,6]. Development of advanced DUV PD techniques applies strict requirements on the device responsivity, the response time, device weight and reliability. This becomes challenging for conventional DUV PDs including silicon-based PDs and photomultiplier tubes, which require to integrate additional UV filters and are more vulnerable to thermal and radiation damage [7]. As an alternative solution, wide bandgap semiconductors are promising candidates to address these challenges owing to their fundamental optical and electrical characteristics, such as inherent wide bandgap (Eg > 4.0 eV), tunable transport properties, superior thermal stability and radiation tolerance. Representative wide bandgap semiconductors include Ga2O3 [8], ZnGa2O4 (ZGO) [9,10,11,12,13], MgxZn1-xO [14,15], and AlxGa1-xN [16,17]. Significant research efforts have been devoted to developing efficient DUV PDs based on Ga2O3 and other semiconductors. A well-recognized challenging issue is the impurity phase segregation due to the stoichiometry modification or metastable phase formation [2,18].



Among these candidates, ZGO presents appealing advantages in fabricating high-performance DUV PDs, including the simple cubic structure, wide bandgap (4.6–5.2 eV) and large electron mobility (~100 cm2V−1s−1) [9,19]. To explore the full potential of ZGO in DUV PDs, a key prerequisite is to achieve the high-quality material growth. In particular, epitaxial ZGO film is highly desired due to its simplified nature for device integration. A number of methods have been adopted for growing ZGO films, which include sol-gel method [20], metal organic chemical vapor deposition (MOCVD) [13], radio frequency magnetron sputtering (RF) [10,21], and pulsed laser deposition (PLD) [22,23]. However, it is widely recognized Zn volatilization typically occurs during the ZGO film growth due to the much higher vapor pressure of Zn than that of Ga [9]. This problem could lead to a significant amount of non-stoichiometry defects and impurity phases that seriously degrades the film quality.



Epitaxial growth of ZGO film requires precise control of film stoichiometry, crystallinity and the growth rate. Compared to solution-based or chemical vapor phase synthesis methods, the PLD technique is well-suite for the above requirements, as it enables more convenient adjustment of the Zn/Ga ratio and atomic-level control of adatom arrival rate during the film growth [24,25]. Yia et al. showed that Zn-deficient ZGO films with Zn/Ga less than 0.38 were obtained by PLD from a stoichiometric ZnGa2O4 target, reflecting the Zn loss process during PLD growth (Figure 1a) [26]. To compensate the Zn loss during growth, a major strategy is to improve the Zn concentration in the laser ablated target. This was achieved by preparing mosaic targets with a partial ZnO target embedded in a major ZGO target [27,28], or by alternatively ablating single-phase ZGO and single-phase ZnO targets during growth [29].



While previous efforts demonstrate that the stochiometric control is critical to stabilize epitaxial, phase-pure ZGO films, the fundamental understanding of the relation between stoichiometry and the film growth behavior is not fully explored. In this study, we develop an effective strategy of growing epitaxial ZGO films by PLD using a non-stoichiometric Zn1+xGa2O4 (x = 6.5) target with excessive Zn concentration. This is in sharp contrast to the film deposited from a stochiometric Zn1+xGa2O4 target (x = 0), which consists of Ga2O3 impurity phase due to Zn volatilization (Figure 1b). Using the non-stoichiometric singe-target approach, we systematically study the effects of target Zn/Ga ratio, growth temperature, oxygen pressure and laser fluence on the phase composition, surface morphology, optical properties and thermal conductivity.




2. Result and Discussion


The stoichiometry difference of Zn1+xGa2O4 targets is readily seen from their distinct plume color during the laser ablation process (Figure 2a), which further impacts the film phase and chemical composition. According to the X-ray diffraction (XRD) scans, the film deposited by the non-stoichiometric Zn1+xGa2O4 (x = 6.5) target is a single-crystalline, phase-pure ZGO films with (00l) as its out-of-plane direction (Figure 2b). The energy-dispersive X-ray spectroscopy (EDX) analysis reveals a Zn:Ga molar ratio close to 1:2 for the same single-crystalline ZGO film (Figure 2c). On the other hand, the film deposited by the stochiometric Zn1+xGa2O4 target (x = 0) presents impurity Ga2O3 phase with mixed orientations, which suggests significant Zn loss during the PLD growth. This is further verified by the EDX analysis, since nearly no ZnO signal is observed from the Zn-deficient film (Figure 2c). High-resolution X-ray photoelectron spectroscopy (XPS) determines the primary oxidation states of Ga and Zn to be 3+ and 2+, respectively (Figure 2d,e). The Zn 2p peak for the Zn-deficient films is much weaker than that of the phase-pure ZGO film, which is consistent with the EDX result. The XPS spectra for the O 1s core level identify a stronger peak shoulder at 532.5 eV for the ZGO film (Figure 2f), which suggests different oxygen defect profile between these two films. Careful control of oxygen defect formation and distribution is recognized to be critical to fabricate high-performance photodetector, as they can readily impact carrier transport and recombination process [30,31,32].



We systematically investigate the film growth behavior as a function of different growth parameters, including growth temperature, oxygen pressure and laser fluence. We first discuss the epitaxial growth behavior based on the XRD results. The XRD pattern mainly appears near the MgO (002) peak, and no other peaks are observed in the full-scan results (Supplementary Material Figure S1). It is found that the film crystallinity starts to appear as the growth temperature reaches 570 °C (Figure 3a). As the substrate temperature further increases, the ZGO (004) peak shifts towards the higher angle direction, which reflects that the out-of-plane lattice parameter reduces from 43.42 Å at 570 °C and 43.87 Å at 680 °C. The film crystallinity is evaluated using the FWHM (full width at half maximum) value of the ZGO (004) peak. At ~630 °C, the ZGO film exhibits the smallest FWHM value of 0.6 degree, suggesting the highest crystallinity. The effect of oxygen pressure on the ZGO film growth is relatively minor as the growth pressure ranges from 150 mTorr to 50 mTorr (Figure 3b). Further reducing the oxygen pressure to vacuum (~1 × 10−6 Pa) leads to a broader film peak and the lattice compression along the out-of-plane direction. This can be understood by that a certain amount of oxygen is required during the ZGO film growth to suppress the formation of oxygen vacancy and reduce the lattice distortion. The laser fluence optimization is further performed, which identifies an optimized value of 1.4 J/cm2 that contributes to the highest film crystallinity (Figure 3c).



The influence of the above growth parameters on surface morphology is examined by atomic force microscopy, which is closely related to the film crystallinity evolution. The AFM image highlighted by the blue line in Figure 4 corresponds to the optimized film that are deposited under the growth condition of 630 °C, 100 mTorr,1 J/cm2. Increasing the growth temperature above 520 °C dramatically reduces the film surface roughness. At 630 °C, the ZGO film exhibits an extremely smooth morphology with a room-mean-square surface roughness (Ra) as low as 0.223 nm (Figure 4a,b). The zero-height value in the AFM images is an average between the deepest point and the highest point on the film surface. The ZGO films grown in the range of oxygen pressure between 50 mTorr to 150 mTorr presents similar morphology that is featured by a homogenous and smooth surface (Figure 4c,d). This is in sharp contrast to the film grown in vacuum, which shows particulate formation and Ga2O3 segregation (Figure S2). EDX analysis of the region containing particulates identifies a Zn/Ga ratio far less than 0.5, which suggests that the segregated particles in the AFM image are likely related to Ga2O3 precipitated phase. Using the optimized laser fluence of 1.4 J/cm2, the ZGO film presents the smallest surface roughness second only to 1 J/cm2 (Figure 4e,f).



The film growth evolution and stoichiometry modification have clear impact on the physical properties. The optical absorption spectrum is measured using UV-Vis spectroscopy, and the band gap is analyzed with the Tauc plot method [33]. It is found that higher growth temperature apparently enhances the band gap of as-synthesized ZGO films. Compared to the sharp absorption edge at 310 nm for films grown at 630 °C and 680 °C, the films grown at lower temperature presents noticeable absorption from 360–800 nm (Figure 5a). Such phenomenon likely arises from more defect formation in films with lower crystallinity, which contributes to the red-shift of the absorption edge [25]. Based on the Tauc plot method, it is found these epitaxial ZGO films have a direct gap around 4.8 eV, which is consistent with its bulk values [34]. Similar impact of the laser fluence on the optical absorption is observed (Figure S3a), while the oxygen pressure shows much less impact (Figure S3b).



We further compare the optical absorption properties of stochiometric ZGO film and Zn-deficient film. The thickness of these two films is ~120 nm. It is found that these two films have very similar optical gap values, with 4.79 eV for the stochiometric ZGO film and 4.71 eV for Zn-deficient film (Figure 5b). This is expected as the Ga2O3 phase in the Zn-deficient film has similar band gap (4.7–4.9 eV) [9,18] to the stoichiometric ZGO film (4.6–5.2 eV) [35,36]. On the other hand, the formation of Ga2O3 in the Zn-deficient film apparently reduces the thermal conductivity compared to the stoichiometric ZGO film. At 300 K, the thermal conductivity of the ZGO film grown on the MgO substrate is 40.137 W/(m⋅K), representing 22.10% larger than that of the Zn-deficient film (Figure 6). Such trend is consistent as the measurement temperature increases from 300 K to 700 K, suggesting that the low conductivity feature in Ga2O3 dominates the overall behavior of the Zn-deficient film. Although the measured thermal conductivity reflects the overall performance of both the film and the substrate, the reduced value for the stochiometric ZGO film reveals the significant role of stoichiometry control and phase stabilization on tuning the resulting physical properties.




3. Conclusions


We report the growth of epitaxial ZnGa2O4 films by pulsed laser deposition with a non-stoichiometric Zn1+xGa2O4 (x = 6.5) target. The optimized growth condition was determined to be 630 °C of substrate temperature, 100 mTorr of oxygen pressure, and 1.4 J/cm2 of laser fluence. Introducing a Zn-rich target effectively compensates the Zn volatilization and overcomes the problem of impurity Ga2O3 phase formation during the film growth. We systematically investigate the influence of various growth parameters on the phase formation, crystallinity and surface morphology of ZGO films, which further affects their optical property and thermal conductivity. A 120-nm-thick epitaxial ZGO film exhibits high crystallinity with a full width at half maximum value of 0.6 degree, smooth surface with a roughness of 0.223 nm, a direct optical gap of 4.79 eV and a room-temperature thermal conductivity of 40.137 W/(m⋅K). This study reveals the critical role of stoichiometry control in synthesizing epitaxial ZnGa2O4 films for advanced device application.




4. Experimental Section


4.1. Thin Film Deposition


ZnGa2O4 thin films were grown on single-crystalline MgO (100) substrates by pulsed laser deposition using a KrF excimer laser (λ = 248 nm). The target-substrate distance was 50 mm and the repetition rate was 5 Hz. The thin film growth optimization was performed by adjusting oxygen pressure (0–150 mTorr), substrate temperature (520–680 °C) and laser fluence (1.4–2.5 J/cm2). The film thickness varies from 90 to 230 nm by controlling the laser shot number. The laser-ablated ZnxGa2-xO4 targets with different x ratios are prepared using a conventional ceramic sintering method. In brief, high-purity Ga2O3 [Aladdin, 99.99%] and ZnO powders [Aladdin, 99.99%] are weighed in designed ratios, and subsequently mixed and sintered in air at 1200 °C for 6 h. The sintered powders are then pressed into disks and sintered in air at 1300 °C for 6 h.




4.2. Structural and Chemical Characterization


The ZnGa2O4 film phase composition, crystallinity and element content have investigated using X-ray diffraction (XRD, Bruker D8 ADVANCE, Billerica, MA, USA) and scanning electron microscopy (SEM, HITACHI Regulus-8230, Tokyo, Japan). Atomic force microscopy (AFM, Bruker Dimension Icon, Billerica, MA, USA) is used to measure the surface morphology. X-ray photoemission spectroscopy (XPS, Kratos AXIS SUPRA, Tokyo, Japan) measurements were performed in an ultrahigh vacuum system using Mg Kα (hν = 1253.6 eV) as the excitation source. The transmission spectrum was measured by ultraviolet-visible spectroscopy (UV-Vis, Perkin Elmer Lambda 950, Waltham, MA, USA) in the range of 300–700 K. Thermal analyzer (TA, NETZSCH LFA 457 MicroFlash, Selb, Germany) is used to probe the ability to conduct heat of the ZGO film over the MgO substrates, so the measured thermal conductivity is an average of film and substrate. Since both films are grown on the same type of MgO, so we can compare their thermal conductivity.
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Figure 1. (a) The schematic diagram of the ZnGa2O4 film growth by PLD. The severe volatilization of Zn occurs during the ZnGa2O4 film growth due to the much higher vapor pressure of Zn than that of Ga. (b) The film deposited by a stochiometric target exhibits phase segregation due to Zn volatilization, which leads to the formation of impurity Ga2O3 phase. But the film deposited by a Zn-rich target is single-crystalline due to supplementing excessive Zn during the thin film growth. 
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Figure 2. (a) The laser-ablation plume image deposited by ZGO targets with different Zn/Ga ratios. (b) θ-2θ XRD scans of phase-pure ZGO film and Zn-deficient film on MgO deposited by different Zn/Ga ratio targets showing c-axis-oriented growth. (c) EDX spectra of phase-pure ZGO film and Zn-deficient film. Inset is the enlarged image with film EDX spectra of 8–11 keV. High-resolution XPS spectra of (d) Ga 2p, (e) Zn 2p, and (f) O 1s core levels in phase-pure ZGO film and the Zn-deficient film. 
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Figure 3. θ-2θ XRD scans of ZGO films over MgO showing c-axis-oriented growth which are deposited under different conditions of (a) substrate temperature, (b) oxygen pressure and (c) laser fluence. 
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Figure 4. Room-mean-square surface roughness (Ra) and topology AFM image (scan area of 2 × 2 μm2) of the ZGO films deposited under different growth conditions. 
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Figure 5. Thin film transmission as a function of excitation wavelength for ZGO films with (a) different substrate temperatures and (b) targets with different Zn/Ga ratios. Inset shows a linear extrapolation of Eg for ZGO films from their UV−Visible transmission spectra. 
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Figure 6. Thermal conductivity of a stochiometric ZGO film deposited from a Zn-rich ZGO target and a Zn-deficient film deposited from a ZGO target. 
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