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Abstract

:

The luminescence properties of iron-doped ZnSe (Fe2+:ZnSe) single crystals grown via a traveling heater method have been studied via photoluminescence (PL). Nine emission bands were identified in the PL spectra of Fe2+:ZnSe single crystals and their origins were also discussed. The near-infrared emission bands seen at 820 nm and 978 nm can be attributed to the emission bands formed by the background Fe or other impurity-related defect complexes in Fe2+:ZnSe single crystals, rather than by doped transition-metal-related defects. With the increase in temperature, the PL intensity increased slightly and reached a maximum near room temperature for bound excitons (430–490 nm), but the PL intensity decreased significantly for impurity-defect emission bands (500–720 nm), indicating the occurrence of a thermal quenching effect. The excitation wavelength-dependent PL spectra showed that PL intensity first increased and then decreased with an increase in the excitation wavelengths, and the maximum PL intensity of the bound excitons was obtained at 364 nm. In addition, the X-ray photoelectron spectroscopy (XPS) results showed that both bivalent and trivalent iron ions were found, but bivalence was the dominant charge state for iron atoms in the iron-doped ZnSe single crystals, meaning that they are suitable for developing mid-infrared gain medium applications.






Keywords:


Fe2+:ZnSe; photoluminescence; defects; traveling heater method; single crystals; mid-infrared laser












1. Introduction


As in recent decades, the wide-bandgap semiconductor, zinc selenide (ZnSe), and its solid solution are still of intense interest due to their promising application in high-performance photoelectric devices [1,2,3,4]. Especially in the case of transition-metal iron-doped ZnSe crystals (Fe2+:ZnSe), they generally exhibit broad tunability, low optical losses, great absorption, and emission cross-sections in the mid-infrared range of 3–5 μm [5,6,7], and have been considered as one of the most promising mid-infrared gain materials for applications in lasers, molecular spectroscopy, space-based remote sensing, atmospheric monitoring, etc. For these applications, it is important to understand the nature as well as the basic properties of intrinsic defects, impurities, and their complex defects for obtaining a high-performance Fe2+:ZnSe-based active gain medium. Firstly, the photoelectrical properties of the grown crystals depend not only on intrinsic defects (interstitials, vacancies, anti-sites) but also on impurities derived from intentional/unintentional dopants during crystal growth [8]. Secondly, impurity-related defect states can also be used to develop new Fe2+:ZnSe laser systems [9,10].



Photoluminescence (PL) is a sensitive and non-destructive characterization technique to investigate intrinsic defects, impurities, and complex defects in semiconductor materials [11,12,13]. For the PL spectra of ZnSe crystals, two regions have been identified: the near-band edge emission, associated with free and bound excitons (the blue spectral region), and the emission spectra related to impurity-defect complexes (the range from green to red spectral regions). Regarding these emission spectra, different origins have been discussed and ascribed to intrinsic point defects and their complexes with impurities, such as zinc vacancies [14], zinc interstitials [15], selenium vacancies [16], and A centers (VZn-Cu complex centers [8], etc.). For example, Avetissov et al. [8] investigated the PL of ZnSe crystals grown using different techniques (the high-pressure melt method, physical vapor transport (PVT), and chemical vapor deposition (CVD)) at room temperature. They found that the emission peaks at 2.1 eV and 2.13 eV could be attributed to an excess of Se in ZnSe crystals, while the peaks at 2.42 eV and 2.48 eV were associated with an excess of Zn. Sushkevich et al. [17] observed the maximum emission peak at 570–580 nm on the PL spectra of ZnSe crystals doped with antimony and iodine; they attributed the emission peak to the SbSe-Ise complex center with an energy level located at 0.5 eV above the valence band maximum. The PL spectra of polycrystalline Fe2+:ZnSe, prepared by the thermal diffusion method, were also studied at low temperatures [18], wherein a new stable defect complex with a narrow emission line at 0.681 eV was temporarily attributed to an intra-center transition formed by the doped-iron ion and an intrinsic point defect (a Zn vacancy), while the emission lines in the range of 1.4–2.8 eV were dominated by background impurities or intrinsic point defects, and those in the range of 1.28–1.31 eV were associated with an iron-related complex defect [19]. Moreover, Gladilin et al. [20] studied the PL spectra of polycrystalline Fe2+:ZnSe with different iron-ion concentrations. The results showed the formation of auxiliary luminescence bands, including the luminescence of residual tetrahedral donors and acceptors, an unknown bound exciton line located at 459 nm, broad bands with maxima at 490, 520, 670, and 820 nm, and an IR band at 960 nm. The emission lines in the range of 1.30–2.76 eV were only associated with intrinsic defects and/or impurities, not with the optically active iron ion. The PL spectra of Fe2+:ZnSe single crystals at room temperature also showed that a high iron concentration would result in an increase in the degree of inhomogeneity in ZnSe crystals and then cause low-intensity luminescence emissions [21]. The mid-IR luminescence of Fe2+ ions in ZnSe under visible excitation was also studied by Peppers et al. [9], wherein a near-IR PL at 950 nm with a decay time of 49 μs was observed, but its origin was not discussed. In addition, the electronic structures of ZnSe crystals with various point defects were also calculated by Hizhnyi et al. [22] by using the plane-wave pseudopotential method within the DFT approximation, which yields the ionization energies of native (    Zn  i   ,    V  Zn    ,    V  Se    , and their complexes) and doping-related point defects (    Al   Zn    ,     Te   Se    ,    O  Se    , and their complexes) and is helpful for understanding the point defects and defects-related luminescence properties of doped/undoped ZnSe crystals.



Although numerous studies have focused on the luminescence properties of doped/undoped ZnSe crystals that have been prepared by the melt method, the thermal diffusion method, PVT, and CVD, the luminescence properties of Fe2+:ZnSe single crystals grown via the traveling heater method and using a high-temperature solvent have not been studied, to the best of our knowledge. In the present work, we report the luminescent properties of Fe2+:ZnSe single crystals grown via the traveling heater method. The origins and identifications of impurity- and defect-related emission bands in the Fe2+:ZnSe crystals were determined, and the excitation wavelengths- and temperature-dependent PL spectra were investigated. In addition, the transmittance to the infrared band of Fe:ZnSe crystals and the charge states of the Fe atoms in them were also evaluated via an infrared spectrometer and X-ray photoelectron spectroscopy.




2. Materials and Methods


For crystal growth, the quartz ampoule was first washed with acetone, aqua regia, and deionized water in turn and was then coated with a uniform carbon film inside the quartz ampoule. SnSe (5N), FeSe (3N), and CVD-grown polycrystalline ZnSe with 5N purity were loaded in order into the carbon-coated quartz ampoule, which was then sealed under a vacuum of 4 × 10−5 Pa using an H2–O2 torch. The crucible was loaded into a self-designed six-zone growth furnace, then the program was run to grow iron-doped ZnSe crystals, as described in detail in Ref. [23]. Finally, the iron-doped (~1019 cm−3) and undoped ZnSe single-crystal samples were prepared via the traveling heater method.



Before various tests, the samples were mechanically polished, using a suspension of alumina powders with an average size of 1 micron, then washed in acetone and deionized water. The PL spectra were measured in a temperature range from 77 K to 438 K using a fluorescence spectrometer (FLS-980, Edinburgh, UK). A 450 W xenon arc lamp was employed as a continuous excitation light source. The FLS980 spectrometer was configured with two photomultipliers: a thermos-electrically cooled red photomultiplier (Red PMT) with spectral coverage from 200 nm to 870 nm and a liquid nitrogen cooled near-infrared photomultiplier (NIR-PMT) with spectral coverage from 500 nm to 1700 nm. A liquid nitrogen-cooled cryostat (Optistat DN, OXFORD instruments, Oxford, UK) with a temperature range from 77 K to 500 K was used to obtain PL spectra at different temperatures. A deconvolution method (Gaussian fitting) is commonly used for qualitative analysis in the previous literature [16,24,25], although this method is tentative for analyzing PL spectra. Herein, combined with the reported emission bands, the deconvolution method was utilized to analyze the emission bands in the PL spectra of ZnSe:Fe2+ single crystals. In addition, a Nicolet iS50 spectrometer (ThermoFisher, Waltham, MA, USA) with a scanning range of 400–4000 cm−1 and a UV-Vis-NIR spectrophotometer (UH4150, HITACHI, Tokyo, Japan) with a scanning range of 190–2500 nm were employed to study the infrared transmittance and the band-gap absorption edge of the samples. X-ray photoelectron spectroscopy (XPS, EscaLab 250Xi, ThermoFisher, Waltham, MA, USA) was utilized to determine the charge states of doped iron atoms in the ZnSe crystals.




3. Results and Discussion


Figure 1 shows the transmittance spectrum of Fe2+:ZnSe single crystals grown via the traveling heater method. The average transmittance reached 70%, which is comparable to high-quality crystals [26]. The absorption cutoff edge was around 475 nm and its corresponding energy was higher than the bandgap energy of 2.54 eV for undoped ZnSe crystals at room temperature. The absorption cutoff edge shifted toward the shorter wavelength because of the electron transitions among the different energy states of the iron ions in the ZnSe crystals. A wide-band and strong absorption of around 3 μm was observed in the transmittance spectrum, which corresponded to the 5E(D) → 5T2(D) transition within the 3d6 shells of Fe2+ ions [27]. In addition, dislocation etch pits were observed on the ZnSe(110) cleavage plane, etched with 40% NaOH aqueous solution at 95 °C for 60 min; the etch pit density (EPD) was as high as 1.85 × 106 cm−2, as shown in Figure 1b.



XPS measurements were performed to study the chemical states of Fe atoms in iron-doped ZnSe single crystals. Before the XPS measurements, a sputtering technique using Ar+ ion bombardment was used to remove contaminants from the surface of iron-doped ZnSe single crystals. The high-resolution XPS spectra of Zn, Se, Fe, and iron-doped ZnSe single crystals are shown in Figure 2. Two main peaks with binding energies of 1022.3 eV and 1045.5 eV were observed in the XPS spectrum of Zn 2p (Figure 2a); these were attributed to Zn 2p3/2 and Zn 2p1/2 orbitals and indicated the existence of Zn2+ [28]. The binding energy of Se 3d was determined to be 54.8 eV (Figure 2b), corresponding to the characteristic value of Se2− [29]. The binding energies at 710.4 eV and 724.1 eV could be determined from the XPS spectrum of Fe 2p (Figure 2c), which corresponded to Fe 2p3/2 and Fe 2p1/2 orbitals, respectively [30]. The main Fe 2p3/2 peak exhibits associated satellite peaks, which are used to distinguish the charge states of Fe atoms in compound materials [31]. In an XPS spectrum of Fe 2p, two satellite peaks can also be observed at 716.1 eV and 720.1 eV, respectively. Satellite peak 1, with a binding energy of 716.1 eV, offers clear evidence for the existence of Fe2+. Satellite peak 2, with a binding energy of 720.1 eV, can be assigned to the characteristic peaks of Fe3+; its peak intensity is very weak compared with satellite peak 1, which indicates that the amount of Fe3+ is extremely small in the iron-doped ZnSe matrix. Although the surface of the iron-doped ZnSe sample was etched for 30 s via Ar+ ion bombardment, which works well for the removal of loosely bound adsorbed species, the stable Fe3+ ions oxidized on the iron-doped ZnSe matrix surface were not completely removed. The results show that the iron ions with bivalent charge states are dominant in the iron-doped ZnSe matrix. The XPS spectrum of iron-doped ZnSe single crystals is shown in Figure 2d. It can be seen that the characteristic peaks of Fe were not as strong as those of the matrix element (Zn and Se), indirectly indicating that iron ions are homogeneous in the ZnSe matrix. Combined with a characteristic absorption peak around 3 μm in the infrared transmittance spectrum (Figure 1), this confirmed that the dominant iron ions with divalent charge states were successfully incorporated into the ZnSe single crystals.



Figure 3 shows the typical PL spectra of iron-doped and undoped ZnSe single crystals grown using the traveling heater method. In the PL spectra, three types of luminescence emissions can be distinguished: an intense emission region in the range of 430–490 nm (the blue bands), a weak emission region in the range of 500–580 nm (the green bands), and a broad emission region in the range of 600–720 nm (the red bands). The blue emission bands are usually attributed to the emission of bound excitons, while the green and red emission bands are related to the emission of impurity-defect complexes [13,20,21]. Compared with the undoped ZnSe sample, intense bound exciton luminescence (the blue bands) at room temperature was observed in the Fe2+:ZnSe single crystals, which indicated that Fe2+:ZnSe single crystals grown via the traveling heater method had high purity and few native/impurity-related defects [8,32]. Nevertheless, for Fe2+:ZnSe single crystals, the PL intensity of the broad emission bands (the green and red bands) between 550 nm and 750 nm was much lower than those of the undoped ZnSe sample, which is consistent with previous studies [21,33]. The results indicated that the incorporation of Fe at high concentrations (~1019 cm−3) in ZnSe crystals resulted in a significant reduction in PL intensity for impurity-defect-related emission bands. Firstly, after doping Fe, Fe and its defect complexes only acted as centers of nonradiative recombination rather than luminescent centers in ZnSe crystals. Secondly, the doped Fe occupied the lattice sites of Zn in ZnSe crystals and resulted in a reduction in Zn vacancies in the ZnSe crystals, followed by a reduction in the emission bands of the impurity-defect complexes associated with Zn vacancies [16]. This finding was further confirmed by M. Surma and M. Godlewski’s results, showing that the PL intensity of impurity-defect-related emission bands decreased dramatically with an increase in iron-doped concentration in ZnSe crystals [34].



For Fe2+:ZnSe single crystals, seven emission bands (labeled T1–T7) were revealed by the Gaussian fitting, as shown in the inset in Figure 3. The T1 peak at 437 nm was assigned to the emission of excitons bound to neutral donors (    Al   Zn    ,     In   Zn    ) [35] to excitons bound to charge donors (    Cl   Se    ) [35] or neutral acceptors (   P  Se    ,    N  Se    ,     Ag   Zn    ) [36,37]. The T2 peak at 466 nm could be attributed to the emission of donor-acceptor pairs (DAP), caused by a nitrogen-related acceptor [38] or associated with hydrogen-like impurities [20]. The T3 peak in the region of ~476 nm was allied to the emissions from dislocations in ZnSe crystals [20,39], often associated with grain boundaries in polycrystalline ZnSe [40]. Hence, for Fe2+:ZnSe single crystals with high dislocation density (1.85 × 106 cm−2), this T3 peak was more likely to be attributable to the emissions associated with a dislocation. The origins of these emission bands, T4–T7, have been studied extensively but remain unclear. The T4–T6 peaks at 512 nm, 572 nm and 608 nm could be attributed to the emissions of chlorine donor-vacancy recombination (     Cl - V    Zn     complex), or to the defect-complexes formed by intrinsic point defects (    Zn  i   ,   V  Zn    ) and Cu/oxygen/other background impurities [16,21,41]. Finally, the emission band, T7, with its maximum at 700 nm can be attributed to deep centers related to a background As impurity (    As   Se     acceptor) [42].



The PL spectra of the iron-doped and undoped ZnSe single crystals were studied in the near-infrared spectrum region, as shown in Figure 4. Two new emission bands (T8–T9) with a maximum at 820 nm and 978 nm, respectively, were obtained via Gaussian fitting. The identification of these two peaks (T8 and T9) is still an open topic in the context of Fe2+:ZnSe crystals. The T9 peak at ~978 nm in the PL spectra of Fe2+: ZnSe crystals have been ascribed to the emission transition 3T1 → 5E of Fe2+ ions in Refs. [9,19]. In contrast, an electron-spin-resonance (ESR) study of iron-doped ZnSe crystals indicated that Fe3+ was responsible for an emission band with its maximum at 980 nm [34]. In addition, the luminescence and ESR studies for Fe:ZnS crystals showed that Fe3+ ions were considered as an emission center to account for the emission band at 980 nm [43]. However, this peak at ~978 nm was observed in both iron-doped and -undoped ZnSe single crystals, and its integrated intensity was greater in the iron-undoped sample compared with the iron-doped sample. Therefore, we believe that the luminescence peak at ~978 nm is not related to the emission band involving the doped iron atoms but may, instead, be associated with the emission band formed by the background Fe/another impurity-related defect complexes in ZnSe crystals. By the same token, we tentatively attribute the emission peak with a maximum at 820 nm to the emission band associated with background impurity-defect complexes, although it has previously been assigned to the emission transitions associated with Fe2+ levels [33].



Figure 5 shows the dependence of the PL spectra of Fe2+:ZnSe single crystals on temperature and excitation wavelengths. With an increase in temperature, the PL intensity increased slightly and reached a maximum near room temperature for bound excitons (the blue bands, T1–T3 peaks), but the PL intensity decreased significantly for the impurity-defect emission bands (the green and red bands, T4–T7 peaks), as shown in Figure 5a. These results indicated that the thermal quenching effect of impurity-defect emission bands occurred in the temperature-dependent PL spectra. Various transition mechanisms leading to the thermal quenching of long-wavelength PL in iron-doped ZnSe/ZnS crystals were previously discussed in Refs. [34,44]. However, for bound excitons (the blue bands, T1–T3 peaks), the thermal quenching effect was not observed with an increase in temperatures, which might be due to the high quality (high purity and few native/impurity-related defects) of Fe2+:ZnSe single crystals, resulting in strongly bound exciton emissions [8,32]. In addition, it was found that their PL intensity first increased and then decreased with an increase in the excitation wavelength for the bound exciton emission bands (T1–T3 peaks); the maximum PL intensity of bound excitons was obtained at 364 nm, as shown in Figure 5b. For impurity-defect emission bands, their PL intensity increased with an increase in the excitation wavelengths, as shown in Figure 5c.




4. Conclusions


In this work, the photoluminescence of Fe2+:ZnSe single crystals grown by the traveling heater method was studied and a total of nine emission bands (T1–T9) were identified. It was found that, for the emission bands (T1–T3) associated with bound excitons, the thermal quenching effect was not observed with the increase in temperature, which might be due to the high quality of the Fe2+:ZnSe single crystals resulting in strong bound exciton emissions, while that effect was clearly observed for impurity/defect-related emission bands (T4–T7). For the bound exciton emission bands, PL intensity increased first and then decreased with the increase in the excitation wavelengths, while the maximum PL intensity of bound excitons was obtained at 364 nm. For impurity/defect emission bands, PL intensity increased with the increase in excitation wavelengths. Furthermore, the emission bands (T8-820 nm, T9-980 nm) in the near-infrared region were considered independent of the doped iron atoms and may be associated with the emission band formed by the background Fe/other impurity-related defect complexes in Fe2+:ZnSe single crystals. The results of the XPS studies show that both bivalent and trivalent iron ions were found in the iron-doped ZnSe single crystals, but the bivalent charge states were dominant for the iron atoms. The iron ions with divalent charge states have been successfully incorporated into the ZnSe single-crystal matrix.
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Figure 1. The transmittance spectrum and dislocation etch pits of Fe2+:ZnSe single crystals grown via the traveling heater method: (a) the transmittance spectrum of the Fe2+:ZnSe sample; (b) the dislocation etch pits on the ZnSe(110) cleavage plane. The inset shows a photograph of polished Fe2+:ZnSe single crystals. 
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Figure 2. The XPS spectra of Fe2+:ZnSe single crystals after etching for 30 s. (a) Zn element, (b) Se element, (c) Fe element, (d) the total spectrum of Fe2+:ZnSe single crystals. 
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Figure 3. The photoluminescence (PL) spectra of Fe2+:ZnSe single crystals grown via the traveling heater method, measured under an excitation wavelength of 360 nm at room temperature and at a low temperature, respectively. The inset shows the results of Gaussian fitting. 
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Figure 4. The PL spectra of the iron-doped and undoped ZnSe crystals in the near-infrared spectral region, measured under an excitation wavelength of 480 nm at room temperature. 
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Figure 5. The dependence of PL spectra of Fe2+:ZnSe single crystals on temperatures and excitation wavelengths: (a) the temperature-dependence of PL spectra; (b,c) the excitation wavelength dependence of PL spectra at 78 K. 
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