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Abstract

:

p-Type doping represents a key step towards III-nitride (InN, GaN, AlN) optoelectronic devices. In the past, tremendous efforts have been devoted to obtaining high quality p-type III-nitrides, and extraordinary progress has been made in both materials and device aspects. In this article, we intend to discuss a small portion of these processes, focusing on the molecular beam epitaxy (MBE)-grown p-type InN and AlN—two bottleneck material systems that limit the development of III-nitride near-infrared and deep ultraviolet (UV) optoelectronic devices. We will show that by using MBE-grown nanowire structures, the long-lasting p-type doping challenges of InN and AlN can be largely addressed. New aspects of MBE growth of III-nitride nanostructures are also discussed.
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1. Introduction


Compared to III-V compound semiconductors, one unique feature of III-nitrides is the widely tunable direct bandgap energies from ~0.64 to 6.2 eV, corresponding to ~1.9 μm to 200 nm in wavelength, which essentially covers near-infrared, visible, and deep UV [1]. The direct bandgap nature means III-nitride alloys are well suited for light emitters. The most well-known example is GaN-based blue light emitting diodes (LEDs), which have revolutionized modern lighting technology [2,3]. One critical step towards GaN-based blue LEDs is the realization of p-type GaN [2,3]. Compared to the relatively well-developed p-type GaN and p-type Ga(In, Al)N alloys with low In and Al content, achieving p-type In-rich InGaN and Al-rich AlGaN alloys have been challenging, limiting their applications to near-infrared and deep UV optoelectronic devices [4,5,6,7,8,9,10].



The challenges to realize p-type In-rich InGaN are largely limited by the physical properties of the end compound InN. Using the Fermi-level where donor hydrogen (H+) and acceptor hydrogen (H−) have equal formation energy as a reference point [11], InN has the lowest conduction band minimum among all known semiconductors. Therefore, any defects, e.g., due to lattice mismatches with commercially available substrates, behave as donors, leading to high background electron concentration. The lowest bulk electron density from nominally nondoped InN is on the order of 1017 cm−3 [12,13]. This high background electron concentration not only severely limits the realization of p-type InN, but also makes p-type In-rich InGaN difficult to obtain [4,14]. Today, due to the relatively lower growth temperature of MBE compared to metalorganic chemical vapor deposition (MOCVD), the majority of Mg-doped InN epilayers are grown by MBE [4,15,16,17]; and evidence for Mg-dopant incorporation and buried p-type conduction has been reported when Mg-doping concentration is within a certain range, i.e., low 1018 to mid-to-high 1019 cm−3 [4,18,19,20,21,22,23,24,25,26]. Moreover, free holes are suggested from thermoelectric measurements [20,24,27,28]. However, a direct measurement of p-type conduction, and furthermore, the electroluminescence from InN p-i-n photodiodes have not been reported.



Compared to the challenges for p-type In-rich InGaN, the challenges for p-type Al-rich AlGaN are slightly different. Today, p-type Al-rich AlGaN alloys can be obtained; however, the free hole concentration is generally very low [29,30,31,32,33,34,35,36,37,38], mainly limited by the large Mg activation energy (~600 meV) in the end compound AlN [31,39]. In the extreme case, for p-type AlN the reported free hole concentration is only on the order of 1010 cm−3 [39]. Besides this fundamental physical limitation, from the materials growth point of view, the compensation of Mg dopants and Mg desorption at the high growth temperature for Al-rich AlGaN alloys, in particular for MOCVD grown samples, also limit the maximum available Mg dopants for free hole generation.



III-nitride nanowire structures have also been investigated in the past. An overview of recent advances on the growth and characterization of III-nitride nanowire structures can be found in Refs. [16,36,40]. Compared to epilayers, nanowire structures have a number of advantages and could provide a solution to the p-type doping challenge. For example, unwanted defect donors can be greatly reduced in nanowire structures due to efficient strain relaxation to large surface area [41]. Moreover, recent studies indicate that dopants have lower formation energies in nanowire structures, which can significantly enhance dopant incorporation [42,43,44,45,46,47].



In this article, we focus on the recent progresses made on Mg-doped InN and AlN nanowires grown by MBE. In Section 2, we describe general MBE growth processes of III-nitride nanowires, including spontaneous formation and selective area epitaxy. In Section 3, we discuss Mg-doped InN nanowires, including direct evidence for p-type doping into InN. In Section 4, we discuss Mg-doped AlN nanowires and their applications to deep UV LEDs and lasers. Conclusions and future prospects are made in Section 5.




2. III-Nitride Nanowires by Molecular Beam Epitaxy: A General Discussion


In this section, we describe general MBE growth processes of III-nitride nanowires, including catalyst-free spontaneous formation and selective area epitaxy.



2.1. Spontaneous Formation of III-Nitride Nanowires


To date, a large number of III-nitride nanowires grown by MBE are spontaneously formed under nitrogen-rich conditions. Though the growth mechanism has not been fully understood, it is generally considered as a diffusion-driven process. Due to the anisotropy of surface properties, e.g., chemical potential and sticking coefficient, the adatoms that are impinged to the substrate surface diffuse and migrate along the nanowire sidewall, promoting vertical growth. This growth model is supported by the observation of higher nanowire axial growth rate (along the vertical direction) as the increase of substrate temperature and thinner nanowires being longer [48,49].



Different from III-nitride epilayers, wherein the growth is largely determined by the impinged adatoms, in the growth of III-nitride nanowires, migrated adatoms and/or their migration process play an important role. Examples manifesting this migration effect include the formation of Al-rich AlGaN shells and spontaneously formed AlGaN quantum dots/disks [50,51,52,53].




2.2. Selective Area Epitaxy


From the device application point of view, it is important to control the nanowire formation site, size, and spacing precisely. For example, the light extraction efficiency is critically dependent on the nanowire size and spacing [54]. In what follows, we describe two main approaches to grow III-nitride nanowires by selective area epitaxy.



The first approach is the most common one, which occurs on patterned substrates. In this approach, a mask layer, e.g., SiOx, SiNx, or Ti, is first deposited on substrates such as a Si or GaN template, followed by e-beam lithography to create nano-sized openings, as illustrated in Figure 1a [55]. Due to different atom kinetics on the surface of the mask layer and substrate, the nucleation process takes place preferentially in the openings [55,56,57,58,59,60,61,62,63,64,65,66]. Figure 1b shows a scanning electron microscopy (SEM) image of GaN nanowires grown by selective area epitaxy [55]. It is seen that nanowires with the same height, diameter, and spacing are grown. The second approach utilizes regular nanowire arrays as the template. Due to shadow effects of adjacent nanowires, the growth of desired nanowires takes place on such nanowire templates. Using this approach, Yamano et al. demonstrated Al(Ga)N nanowires on the top-down etched GaN nanopillars on GaN template [67].



Besides the excellent control of the nanowire formation site and size uniformity, using selective area epitaxy can lead to nearly defect-free, quasi-epilayer template with arbitrary alloy composition, through a controlled coalescence process. For example, AlGaN quasi-epilayer templates have been obtained through coalescing AlGaN nanowires grown by selective area epitaxy on Ti-patterned GaN template [55]. This could open up an important approach to grow nearly defect-free III-nitride device layers on lattice matched template.





3. Mg-Doped InN Nanowires


Mg-doped InN nanowires have been investigated previously [68,69]. Nevertheless, these Mg-doped InN nanowires have remained n-type. Recently, with an improved MBE growth process and a careful tuning of the growth parameters of Mg-doped InN nanowires on Si substrate, direct evidence for p-type doping, including a direct measurement of p-type conduction [43], and electroluminescence from InN p-i-n photodiodes [70], has been provided. In this section, these recent progresses are discussed.



3.1. Mg-Dopant Incorporation


Prior to nanowire growth, a thin In seeding layer is deposited. At elevated growth temperatures, the In seeding layer turns into In droplets, which can enhance the formation of Mg-doped InN nanowires. The typical growth parameters include a nitrogen flow rate of 1 sccm, a nitrogen plasma power of 350 W, an In flux of 6 × 10−8 Torr, and a substrate temperature of 480 °C. Mg fluxes are in the range of ~1 × 10−11 to 3 × 10−10 Torr [43,71].



Figure 2a shows the SEM image of Mg-doped InN nanowires. It is seen that hexagonal-shaped nanowires are formed. Figure 2b shows a high-resolution transmission electron microscopy (TEM) image taken from the root region of a single nanowire. The crystalline plane can be clearly observed. The growth direction is along c-axis, marked by the arrow. Detailed high-resolution TEM studies further suggest that such nanowires are free of stacking faults and misfit dislocations [43,71].



The incorporation of Mg dopants is confirmed by photoluminescence experiments. Figure 3a shows the power-dependent photoluminescence spectra measured from Mg-doped InN nanowires with a Mg cell temperature of 190 °C (Mg flux is around 1 × 10−11 Torr) [71]. It is seen that besides the near band edge emission peak around 0.67 eV, another low-energy peak around 0.61 eV is measured (e.g., under an excitation power of 9 mW). The energy separation is about 60 meV, which is consistent with the Mg activation energy in InN, indicating that the low-energy peak is due to the Mg-acceptor related radiative recombination. In addition, as the excitation power reduces, the low-energy peak gradually dominates the emission spectra; and under the lowest excitation power (0.1 mW) only the low-energy peak is measured. This further confirms that the nature of the low-energy peak is an acceptor related recombination.



The excitation power dependent integrated intensity (IPL) and peak energy (EPL) are further extracted. The superscripts L and H denote the low-energy peak and high-energy peak, respectively. As illustrated in Figure 3b, both IPLL (in red triangles) and IPLH (in blue circles) increase as the excitation power increases. However, IPLL increases faster at low excitations, followed by a saturation trend at high excitations. This is in contrast to IPLH, which rises slower at low excitations and faster at high excitations, with no sign of saturation. This difference is attributed to the redistribution of hole population in the Mg-acceptor energy levels and valence band [71,72]. Moreover, as illustrated in Figure 3c, at low excitations both EPLL (in red triangles) and EPLH (in blue circles) exhibit a blue-shift of 12 meV and 7 meV, respectively, and then stay nearly constant at high excitations. Detailed analysis indicates that the low-energy peak and high-energy peak are due to neutral donor-acceptor pair recombination (D0A0) and recombination associated with valence band tail, respectively [71].



The near-surface Fermi-level of Mg-doped InN nanowire samples with different doping levels is measured by X-ray photoelectron spectroscopy (XPS) [43]. The signal is collected from nanowire sidewalls on as-grown nanowire ensembles. Moreover, the scans are also compared to Si substrate background signals, to exclude artifacts. Statistically, a variation of the near-surface Fermi-level is measured as the Mg cell temperature changes from 190 to 240 °C (Mg flux varies from ~1 × 10−11 to 3 × 10−10 Torr). As illustrated in Figure 4a, for low Mg-doped samples the near-surface Fermi-level is similar to what is measured in nearly intrinsic InN nanowires, i.e., ~0.4–0.5 eV above the valence band maximum; and for the sample with the highest Mg doping it is reduced to ~0.1 eV above the valence band maximum. These results indicate that with Mg doping the near-surface region can be converted to p-type, which is in clear contrast to the previously reported Mg-doped InN epilayers, wherein the surface electron accumulation and Fermi-level pinning in the conduction band are commonly observed [19,21,24,25].



To understand the Mg incorporation into InN nanowires, first principle calculations have been performed [43]. As shown from Figure 4b, the Mg formation energy is noticeably lower at the surface compared to that in the bulk. The reduction of Mg formation energy can therefore enhance Mg-dopant incorporation. Such an effect is attributed to the reduced lattice strain imposed by surface dopants compared to bulk dopants. A similar effect has also been measured in other semiconductor nanowires [42,45,46,47,73]. The Mg incorporation into InN nanowires thus can be understood through two competing processes: (a) Mg surface desorption at elevated growth temperatures; and (b) enhanced Mg incorporation, due to the lowering of Mg formation energy. These two factors together can largely explain the Mg-doping concentration dependent near-surface Fermi-level in Mg-doped InN nanowires [43].




3.2. Direct Evidence for p-Type Doping


3.2.1. A Direct Measurement of p-Type Conduction


p-Type conduction is directly measured from single Mg-doped InN nanowires with a back-gate field-effect transistor configuration [43,74]. The device schematic is shown in Figure 5a. The corresponding SEM image is shown in Figure 5b. The source-drain current (ISD) vs. the source-drain voltage (VSD) under different back-gate voltages (VGD) is shown in Figure 5c. It is seen that the channel conduction (ISD/VSD) increases as a more negative VGD is applied. This increase in channel conduction with increasingly negative back-gate voltage provides unambiguous evidence for p-type conduction. In addition, the conduction minimum occurs at a slightly positive VGD (marked by the arrow in Figure 5d), indicating a p-type conduction at zero back-gate voltage. The field-effect hole mobility is further derived to be 100 cm2/Vs from transfer characteristics (ISD–VGD dependence), which agrees very well with the ensemble Monte Carlo calculation [75]. With this hole mobility, the hole concentration (at VGD = 0 V) is further estimated to be 5 × 1015 cm−3.




3.2.2. Electroluminescence from InN p-i-n Photodiode


Direct evidence for p-type doping into InN is further provided by the measurement of electroluminescence from InN p-i-n photodiodes [70]. Schematic of a single InN nanowire p-i-n LED is shown in Figure 6a. The electrical injection is realized from two metal contacts, which are fabricated through standard e-beam lithography and metallization processes. An SEM image of a fabricated device is shown in Figure 6b.



The I-V characteristics in a semi-log scale are shown in Figure 6c. The large reverse bias current is mainly due to the presence of current leakage channel [70]. Shown in the inset of Figure 6d is the electroluminescence spectrum measured under an injection current of 0.5 mA. An emission peak around 0.71 eV is clearly measured, which corresponds to a wavelength of 1.75 μm. The integrated intensity vs. injection current is shown in Figure 6d. It is seen that the light intensity increases linearly with the increase of injection current.



There are a couple of factors that lead to the realization of p-type InN using nanowire structures:




	
Due to efficient strain relaxation in nanowires, the density of defects (e.g., stacking faults, misfit dislocations) is drastically reduced. Moreover, the formation of nitrogen-vacancy related defect donors can be suppressed, due to the use of nitrogen-rich conditions.



	
The In-substitutional Mg formation energy is reduced in InN nanowires, which can enhance Mg incorporation.



	
Previous studies on the correlated surface charge properties and morphology of InN nanowires indicate that InN nanowires with tapered morphology tend to have high background electron concentration and surface electron accumulation, due to surface defects [44,76,77]. In this regard, maintaining excellent hexagonal-shaped morphology is another important factor to realize p-type InN nanowires.











4. Mg-Doped AlN Nanowires and Their Applications in Deep UV Optoelectronics


Previously, Mg-doped AlN nanowires synthesized by chemical vapor deposition (CVD) and arc discharging have been reported [78,79,80,81,82]. The properties of these Mg-doped AlN nanowires, however, are largely determined by various defect energy levels in the ultra-wide-bandgap AlN, e.g., only defect-related optical emission can be measured [78]. Recently, with the use of MBE, Mg-doped AlN nanowires with excellent optical and electrical properties are obtained [42,83,84,85,86], which represents a critical step towards AlN nanowire-based deep UV optoelectronic devices. In this section, we discuss recent progress made on Mg-doped AlN nanowires grown by MBE, and their applications to deep UV LEDs and lasers.



4.1. Mg-Dopant Incorporation and p-Type Conduction


To promote nanowire formation, a spontaneously formed GaN nanowire template is grown first [42,84,85,86]. Detailed studies further indicate that the growth condition of such GaN nanowire templates plays an important role on the formation of the AlN nanowire segment on top [42,53,84,85]. Moreover, to reduce Mg surface desorption, a relatively low substrate temperature is used. The typical growth condition includes a nitrogen flow rate of 1 sccm, a nitrogen plasma power of 350 W, and a substrate temperature of 800 °C. Al and Mg fluxes are in the range of 2–6 × 10−8 Torr and 3 × 10−9 to 9 × 10−8 Torr, respectively [42,84,85]. Under optimized growth conditions, relatively uniform Mg-doped AlN nanowires can be obtained, as shown in Figure 7a. Photoluminescence spectra measured from Mg-doped AlN nanowire samples with different doping concentrations are shown in Figure 7b. It is seen that as Mg-doping concentration increases (from the top spectrum to the bottom spectrum), another low-energy peak, which is separated from the band edge emission peak by 0.5 eV, is measured. This energy separation is consistent with the Mg activation energy in AlN [39], confirming the incorporation of Mg dopants into AlN nanowires.



The electrical transport properties of Mg-doped AlN nanowires have also been investigated by back-gate field-effect transistor configuration [87], as shown in Figure 8a. An SEM image of a fabricated single nanowire device is shown in Figure 8b. VGD dependent ISD vs. VSD is shown in Figure 8c. It is seen that ISD/VSD exhibits a clear increase as a more negative VGD is applied, suggesting a p-type conduction. The transfer characteristics at VSD = 0.2 V are shown in Figure 8d. It is seen that ISD reaches a minimum at VGD = 0.2 V, indicating a p-type conduction at VGD = 0 V.



By further analyzing transfer characteristics, field-effect hole mobility can be derived [87]. Shown by the blue squares in Figure 9a (in conjunction with Figure 8d), at room temperature hole mobility is 0.67 cm2/Vs, corresponding to a free hole concentration of 5 × 1015 cm−3 (illustrated by blue squares in Figure 9b). With the increase of Mg-doping concentration, the room-temperature hole mobility is reduced to 7.7 × 10−4 cm2/Vs (illustrated by red circles in Figure 9a), corresponding to a free hole concentration of 6 × 1017 cm−3 (illustrated by red circles in Figure 9b). These free hole concentrations are considerably higher compared to the previously reported values from Mg-doped AlN epilayers grown by MOCVD (on the order of 1010 cm−3) [39]. The temperature dependent hole mobility and hole concentration can be explained by conduction occurring in both valence band and Mg-impurity band [87]. Similar temperature dependence has also been previously measured in GaN [88].



There are two important factors that contribute to such unusually high free hole concentration/efficient p-type conduction in the ultra-wide-bandgap AlN:




	
AlN nanowires possess drastically reduced defect density. This is, first of all, due to efficient strain relaxation in nanowires. On top of this, other impurities, such as carbon, can be further minimized with the use of plasma-assisted MBE, compared to CVD or MOCVD. Additionally, such nanowires are formed under nitrogen-rich conditions, wherein nitrogen-vacancy related defects (donors) can be minimized.



	
Similar to Mg doping in InN nanowires, the Al-substitutional Mg formation energy is also drastically reduced in AlN nanowires, thereby leading to significantly enhanced Mg-dopant incorporation [42]. This could lead to two mechanisms that enhance p-type conduction. Firstly, the formation of the Mg-impurity band enables the impurity band conduction, which requires much less activation energy for conduction compared to the energy needed to generate a valence band hole. Secondly, due to the band tailing effect and broadened Mg energy levels associated with the enhanced Mg-dopant incorporation, a portion of Mg dopants could have reduced activation energy, which further improves p-type conduction in the valence band.









4.2. AlN Nanowire-Based Deep UV Optoelectronic Devices


The large operation voltage of AlGaN quantum well deep UV LEDs [5,7,10], and moreover, the difficulty to obtain lasing shorter than 336 nm through direct electrical injection with AlGaN quantum wells [6], are partially attributed to poor p-type doping in Al-rich AlGaN alloys. As shown above, with the MBE-grown nanowire structures, Mg dopants can be efficiently incorporated; and free hole concentrations up to 6 × 1017 cm−3 have been derived in AlN nanowires, which are orders of magnitude higher compared to the previously reported p-type AlN epilayers grown by MOCVD [39]. This essentially removes the p-type doping challenge in Al-rich AlGaN alloys, and represents an important step towards electrically-injected AlGaN deep UV lasers and deep UV LEDs with high electrical efficiency. In this section, we discuss the first AlN nanowire LEDs and lasing through direct electrical injection with AlGaN nanowires in the deep UV band.



4.2.1. AlN Nanowire LEDs


The device structure consists of n-GaN, AlN p-i-n homojunction, and p-AlGaN contact layer [42,84], as illustrated in Figure 10a. Figure 10b shows the I-V characteristics of AlN nanowire LEDs measured at different temperatures, with the inset showing the room-temperature I-V characteristics in a semi-log scale. The turn on voltage is around 5.5 V, which is consistent with the bandgap energy of AlN. Moreover, at 20 A/cm2, the forward voltage is only 7 V, which corresponds to an electrical efficiency of 86% for a photon energy of 6 eV. This electrical performance is drastically improved compared to the previously reported planar AlN LEDs [39], which is attributed to the significantly enhanced Mg-dopant incorporation in nanowire structures and the resultant efficient p-type conduction, as discussed previously. Recently, AlGaN ternary nanowire deep UV LEDs with excellent electrical performance have also been demonstrated [42,89,90,91].



Electroluminescence is measured at both room and low temperatures, as shown in Figure 10c,d, respectively. The spectra are collected by an optical fiber from the device top. Compared to emission peak around 207 nm at room temperature, the emission peak at low temperature is blue-shifted to 204 nm, due to the increase of bandgap energy. A negligible shift of the emission peak wavelength is found in both temperatures, consistent with exciton emission.




4.2.2. Electrically-Injected Deep UV Lasers


By exploiting the light localization effect in randomly arranged AlGaN nanowires, lasing phenomenon by direct electrical injection has been demonstrated for the first time in the deep UV bands [50,92,93,94]. The layer-by-layer structure in each individual nanowire is shown in Figure 11a, which consists of the n-GaN contact layer, n-AlGaN cladding layer, AlGaN active region, p-AlGaN cladding layer, and p-GaN contact layer. Shown in Figure 11b is the simulated in-plane electrical field distribution for a TM polarized light at 240 nm using the RF module of Comsol Multiphysics 4.3b. It is seen that strong light confinement can be realized [94]. On the other hand, the optical confinement in the vertical direction is realized through the effective refractive index variation along the nanowire growth direction (c-axis). Due to the inversely tapered morphology, the effective index is larger near the nanowire top, which gives light confinement, as illustrated in Figure 11c.



Electrically-injected devices are fabricated using standard photolithography and metallization techniques. The light emission is collected by a deep UV objective from the device top surface, spectrally resolved by a high-resolution spectrometer, and detected by a charge-coupled device (CCD) camera. Figure 12a illustrates lasing at 239 nm: under a low injection current, only a very broad emission spectrum is measured. With the increase of injection current, a sharp peak centered at 239 nm appears. The light intensity vs. injection current is shown in Figure 12b, which exhibits a distinct lasing threshold at 0.35 mA. Shown by the inset of Figure 12b, the s-shaped light intensity vs. injection current in the logarithmic scale further confirms the lasing. Figure 12c shows the linewidth reduction from 1.7 nm to 0.9 nm near the threshold. A non-lasing cavity mode around 267 nm is also analyzed. Shown by the open black circles in Figure 12b, the intensity stays nearly constant above the threshold, further supporting the lasing at 239 nm.



With changing cavity design and alloy composition, lasing at different wavelengths can be obtained, as shown in Figure 13. The observation of lasing with AlGaN nanowires through electrical injection is attributed to a few key elements: (a) nanowires with much reduced defect density; (b) efficient p-type doping in nanowire structures; (c) quantum confinement of charge carriers due to the formation of atomic-/nano-scale AlGaN clusters; (d) surface passivation by Al-rich AlGaN shell, and (e) high Q optical cavity.






5. Conclusions and Future Prospects


In this article, we review recent advances on Mg-doped InN and AlN nanowire structures grown by MBE, including direct evidence for p-type doping in Mg-doped InN nanowires and high free hole concentrations in Mg-doped AlN nanowires. These achievements in p-type doping are attributed to the much reduced defect density and enhanced Mg-dopant incorporation in nanowires, as well as the negligible level of impurity incorporation with the use of plasma-assisted MBE. With addressing these enduring p-type doping challenges, devices that were not possible previously are demonstrated, such as InN p-i-n LEDs and electrically-injected AlGaN deep UV lasers.



The p-type InN and AlN nanowires discussed so far are formed on Si substrate. In fact, a number of recent studies indicate that the MBE-grown III-nitride nanowires could be substrate independent [95,96,97,98,99], i.e., the MBE-grown III-nitride nanowires can be essentially formed on any substrate. For example, GaN, InGaN/GaN dot-in-a-wire, and InN nanowire structures have been demonstrated on silicon oxide [95,99,100,101]. Moreover, their optical qualities seem to be not compromised, e.g., InN and GaN nanowires grown on silicon oxide show similar photoluminescence characteristics compared to the nanowires grown on Si [99]. Recently, visible and UV LEDs with InGaN and AlGaN quantum wells/quantum disks have been demonstrated on metal substrates [102,103,104,105,106]. III-nitride nanowire structures on graphene have also been investigated. These non-conventional MBE-grown III-nitride nanostructures could not only provide versatile playgrounds to study the fundamentals of MBE growth, but also open up new avenues for device applications, including infrared, deep visible, and deep UV LEDs and lasers, as well as solar fuel devices and systems. Further combining with the improved scale-up capability of MBE reactors today, it is thus believed that MBE, together with III-nitride nanostructures, could be a game-changer for a number of optoelectronic devices in the future.
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Figure 1. (a) Schematic of the selective area epitaxy process on Ti-patterned GaN template; (b) Scanning electron microscopy (SEM) image of GaN nanowires produced by selective area epitaxy [55]. 
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Figure 2. (a) SEM image of Mg-doped InN nanowires; (b) High-resolution TEM image taken from the root region of a single Mg-doped InN nanowire. The arrow denotes the growth direction [43]. 
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Figure 3. (a) Power dependent photoluminescence spectra of Mg-doped InN nanowires measured at 7 K; (b,c) Extracted integrated intensity and peak energy for two peaks as shown in (a). Red triangles are for the low-energy peak, and blue circles are for the high-energy peak. Dash lines are guide-for-eye [71]. 
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Figure 4. (a) Near-surface Fermi-level (EF) measured by XPS for Mg-doped InN nanowire samples with different doping concentrations; (b) First principle calculation of the In-substitutional Mg formation energy. The Mg position index is defined in such a way that at surface the index is 2, and towards the bulk, the index increases. A lower Mg formation energy at surface is clearly seen compared to bulk [43]. 
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Figure 5. (a) Schematic of Mg-doped InN nanowire back-gate field-effect transistor; (b) The corresponding SEM image. A 3rd electrode is used to estimate the contact resistance; (c) ISD vs. VSD under different VGD; (d) Transfer characteristics measured at VSD = 0.05 V. The line is a linear fit. The arrow marks the conduction minimum [43]. 
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Figure 6. (a) Schematic of a single InN nanowire p-i-n LED; (b) SEM image of a fabricated device; (c) The I-V characteristics measured at 77 K; (d) Integrated light intensity vs. injection current measured at 77 K, with the inset showing a spectrum measured at an injection of 0.5 mA. The line is guide-for-eye [70]. 
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Figure 7. (a) SEM image of Mg-doped AlN nanowires; (b) Photoluminescence spectra of Mg-doped AlN nanowire samples measured at 20 K. As the Mg-doping concentration increases, Mg-acceptor related radiative recombination becomes more pronounced (from the top spectrum to the bottom spectrum) [85]. 
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Figure 8. (a) Schematic of Mg-doped AlN nanowire back-gate field-effect transistor; (b) The corresponding SEM image; (c) ISD vs. VSD under different VGD measured at 500 K; (d) The corresponding transfer characteristics with VSD = 0.2 V. The line is a linear fit [87]. 
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Figure 9. (a,b) Hole mobility and concentration vs. temperature for Mg-doped AlN nanowires with different doping concentrations. The lines are linear fits [87]. 
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Figure 10. (a) Schematic of AlN nanowire LEDs; (b) I-V characteristics measured at different temperatures, with the inset showing the room-temperature I-V characteristics in a semi-log scale; (c,d) Emission spectra measured at room temperature and 77 K, respectively [84]. 
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Figure 11. (a) Schematic of light localization effect in randomly arranged AlGaN nanowire structures; (b) In-plane electrical field distribution for a TM polarized light at 240 nm; (c) Out-of-plane electrical field profile and the effective refractive index variation along the nanowire growth direction (c-axis) [94]. 






Figure 11. (a) Schematic of light localization effect in randomly arranged AlGaN nanowire structures; (b) In-plane electrical field distribution for a TM polarized light at 240 nm; (c) Out-of-plane electrical field profile and the effective refractive index variation along the nanowire growth direction (c-axis) [94].
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Figure 12. (a) Lasing spectra at 239 nm measured from randomly arranged AlGaN nanowire structures; (b) Light output vs. injection current for the lasing peak and a non-lasing cavity mode from the boxed region in (a). The inset shows the light output vs. injection current for the lasing peak in the logarithmic scale; (c) Linewidth of the lasing peak vs. injection current [94]. 
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Figure 13. Lasing by direct electrical injection measured from AlGaN nanowire structures with different alloy compositions and cavity designs [50,92,93,94]. 
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