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Abstract

:

We propose the use of an n-doped periodic AlN/GaN quantum cascade structure for the optical up-conversion of multiple near-infrared (near-IR) photons into deep-ultraviolet (deep-UV) radiation. Without applying an external bias voltage, the active region of such a device will (similar to an un-biased quantum cascade laser) resemble a sawtooth-shaped inter-subband structure. A carefully adjusted bias voltage then converts this sawtooth pattern into a ‘quantum-stair’. Illumination with λ = 1.55 µm radiation results in photon absorption thereby lifting electrons from the ground state of each main well into the first excited state. Three additional GaN quantum wells per period then provide by LO-phonon-assisted tunneling a diagonal transfer of these electrons towards the ground level of the neighboring period. From there, the next near-infrared (near-IR) photon absorption, electron excitation, and partial relaxation takes place. After 12 such absorption, transfer, and relaxation processes, the excited electrons have gained a sufficiently high amount of energy to undergo in the final AlN-based p-type contact layer an electron-hole band-to-band recombination. By employing this procedure, multiple near-IR photons will be up-converted to produce deep-UV radiation. Since for a wavelength of 1.55 µm very powerful near-IR pump lasers are readily available, such an up-conversion device will (even at a moderate overall conversion efficiency) potentially result in an equal or even higher output power than the one of an AlN-based p-n-junction light-emitting diode. The proposed structures are therefore very interesting for applications such as ultra-high-resolution photolithography or printing, water purification, medical equipment disinfection, white light generation, or the automotive industry.
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1. Introduction


Deep ultraviolet (deep-UV) light (also called UV-C radiation) is of crucial importance for many applications in environmental and life sciences. Up to now, different approaches to generate such short-wavelength radiation have been reported. Among them are frequency-doubling of blue InGaN-based laser diodes [1], cathodoluminescence on Y2O3 [2], or an electric discharge through [Ar]-gas striking a graphene/hexagonal BN/graphene heterostructure [3]. Since the direct generation of spectrally narrow deep-UV radiation using semiconductor-based light-emitting diodes (LEDs) still suffers from issues such as low doping, high contact resistance, or poor efficiency, alternative methods such as up-conversion of multiple near-IR photons for the subsequent emission of a single deep-UV photon are being actively investigated [4,5,6]. Such up-conversion processes have already enabled a variety of interesting applications ranging from bio-imaging [7] or solar energy conversion [8] to high-density optical storage [9].



Very promising semiconductor materials for such deep-UV applications are AlN and GaN. This is not only because of the 2014 Physics Nobel Prize in this area [10,11] or the III-nitrides’ great radiation hardness, chemical inertness, and mechanical stability. Rather, it is also due to their potential as opto-electronic materials of choice for the entire visible wavelength range [12]. By using inter-subband (ISB) transitions in AlN/GaN-based multi-quantum well structures, it is even possible to access the near-IR wavelength range [13,14]. For these reasons, III-nitride semiconductors have become very interesting for ultrafast detector applications in both the mid- and the near-IR or in free-space optical telecommunications.



In the present publication, however, we will discuss a completely new device idea—taking advantage of optically up-converting near-IR light into deep-UV light. The resulting short-wavelength radiation can—for instance—be used for the sterilization of medical equipment [15], water purification [16], deep-UV lithography [17], or high-density optical data storage [18].




2. Experimental Setup


For the fabrication of the envisaged devices, the following layer structure is proposed. On top of a high-quality AlN/sapphire template [19], a fully relaxed 2 µm-thick n-doped AlN:Si layer (ND = 5 × 1017 cm−3) will be grown. The latter serves both as a quasi-substrate and a lower contact material. It will be overgrown by the active region which consists of a 12-period superlattice containing relaxed AlN barriers and strained GaN quantum wells (QWs). The layer structure of one period—starting with a barrier layer—corresponds to the following sequence: 15/15/15/15/15/15/20/15 Å. Boldface numbers denote AlN barriers, roman numbers stand for GaN QWs; and n-type modulation-doped layers ([Si], ND = 2 × 1018 cm−3, EA = 25 meV) are marked by underlining. The final top contact layer consists of 200 nm fully relaxed, p-doped AlN:Be (NA = 3 × 1017 cm−3, EA = 37 meV), and it will be prepared by metal modulated epitaxy (MME) [20]. The entire SL will thus essentially have the lattice constant of relaxed AlN.



Using an ultraviolet HeCd-laser (P = 100 mW, λHeCd = 325 nm), a second-order diffraction grating with a period of Λ = (1.55 µm/2.3) = 674 nm is holographically defined by two-beam interference. After photoresist exposure and development, the resulting pattern is metalized (Pt/Pd/Au 10/10/200 nm)—followed by metal lift-off. Using the grating’s metal stripes as an etch mask, the semiconductor surface is then dry-etched using Cl2/H2-based reactive ion etching with an inductively coupled plasma (ICP-RIE) [21]. The etch depth will be 100 nm—i.e., about halfway through the p-type contact layer. A small portion of such a grating looks typically like the example in the SEM image shown in Figure 1. In order to achieve a very strong diffraction, an enhanced coupling strength grating with a low-index liner and a high-index cover layer may be used [22].



In a next step, square-shaped mesa structures with a side length of 200 µm and a height of 1.2 µm are defined using, again, ICP-RIE. Such a mesa is schematically presented in Figure 2.



P-type contact metals (Pt/Pd/Au 10/10/200 nm) will then be lift-off deposited on the shoulders of the square mesas. The resulting ‘contact contour’ provides a common electrical connection to all grating lines of a given mesa structure and assures a sufficiently large top contact area. The relatively high p-type doping of the upper contact layer guarantees a good Ohmic contact. The n-type lower contact metal layers—to be deposited on the dry-etched areas outside the mesas—consist of Ti/Al/Ni/Au (10/10/10/200 nm). These contacts will then be annealed at 825 °C for 1 min.




3. Proposed Operation of the Device


When applying zero bias voltage, the conduction band structure schematically appears sawtooth-shaped. There, the label ‘g’ denotes the first main well’s ground state while ‘e’ is its first excited state. Labels with primes (such as g’, g’’, …) indicate levels in the second, third, … main QW. In order to operate this device, a total voltage of 6.2 V (corresponding to an electric field of 413 kV/cm) will be applied between the top and the bottom contact layers of the mesa. This results in a stair-like conduction band structure; as shown in Figure 3. The above voltage will be carefully adjusted in order to result in a sufficiently small forward current (<1 mA)—indicating a slightly incomplete level alignment and a missing anti-crossing of the relevant energy levels ‘e’ and ‘1′ (see Figure 3). In order to provide the small amount of remaining electric field, the mesa under investigation will be illuminated vertically from above using light with a wavelength of 1.55 µm. The second-order grating diffracts this vertically incoming radiation into the directions parallel to the mesa surface. Due to subsequent light propagation in the horizontal direction, strong inter-subband absorption will take place in the 1.5 nm wide, n-doped GaN ([Si], ND = 2 × 1018 cm−3) QW layers.



As shown schematically in Figure 3, the absorbed near-IR radiation efficiently lifts electrons from the ground level (labelled level ‘g’) into the excited QW state (labelled level ‘e’). From there, the electrons have two possibilities to proceed. They will either drop back vertically into level ‘g’ or transfer—in a second step—towards the neighboring QW (labelled level ‘1’). Due to the specifically designed multiple LO-phonon resonances of the quantum stair, this process is extremely efficient and assumed to have a higher probability than the vertical one back to level ‘g’.



Therefore, those electrons which perform the above two-step process with absorption in the main QW and LO-phonon-induced transfer into well ‘1’ are very likely to further transit through the adjacent ‘quantum stair’. In this case, they will finally end up at the ground level of the next active region period (g’), from where they will be excited again. This way, they travel through the entire structure and they gain a certain amount of energy for each traversed period. At this point, the probability of such a multiple excitation process will be estimated.



After each optical excitation of 800 meV, the electrons will lose some of their acquired energy by undergoing three subsequent relaxations. This energy loss corresponds to three GaN-based LO-phonon energies (3 × 92 meV = 276 meV), thus roughly one-third of the initial energy of 800 meV. Since these optical pumping and decaying processes take place simultaneously in each of the 12 active region periods, a successive climbing across the entire quantum stair — at least of a certain fraction of the entire electron population—will occur. Obviously, we note that 12 × (0.8 − 0.276) eV = 6.288 eV is just slightly above the AlN bandgap of 6.2 eV. As this climbing constitutes the exact opposite of the ‘normal’ quantum cascade current flow, we will—as a net effect—see a slight reduction in the injection current.



How are we going to prevent the electrons from making a ‘too early’ recombination—i.e., already after two or three instead of 12 periods? Simply by growing only one single p-doped layer: namely the final layer of the structure. Therefore, the electrons have to reach the last (thin) QW layer of the structure. From there, the 12th optical absorption lifts the electrons onto a sufficiently high level to undergo afterward the desired inter-band recombination in AlN.



Concerning the efficiency of such a device, the following reasoning applies: an optical input power of 1 W will first be diffracted and lead to an ideal diffraction efficiency of 50% (i.e., 500 mW). This amount of power will be available for inter-subband excitation and carrier transport. By further admitting that—by a specific design exploiting a LO-phonon resonance as presented in reference [23]—a ‘two-step excitation/transfer’ towards level ‘1’ is (due to its shorter lifetime of τe1 = 0.3 ps) about three times as probable as a vertical transition back to level ‘g’ with τeg = 0.8 ps [24], we estimate a power of 375 mW going towards the ‘forward direction’ while only 125 mW will go towards the ‘backward direction’. This situation is equivalent to the one of a quantum cascade detector: While both the (‘inefficient’) vertical and the (‘desired’) diagonal excitation will be designed to have roughly the same probability of 50%, the diagonally excited electrons will be rapidly transferred by LO-phonon-assisted tunneling into the next well of the quantum stair. The carriers then swiftly reach the ground state of the following period, where they will be excited again. After 12 such excitations, we therefore obtain 1 W × (0.375 W/1 W)12 = 7.7 µW reaching the p-contact layer of the structure. With a roughly 80% conversion efficiency towards the deep-UV wavelength range, we estimate that a total power of 6 µW of deep-UV radiation at a wavelength as short as 200 nm will be generated in such a device. This value needs to be compared for instance with an AlN LED at λ = 210 nm emitting 0.02 mW (Taniyasu et al. [25]), an AlGaN LED at λ = 231 nm emitting 3.5 mW (Knauer et al. [26]), or an AlGaN LED at λ = 304 nm emitting 40 mW (Khan et al. [27]). From this short list, it becomes clear that going to an even shorter wavelength results in a rapidly decreasing output power.



Finally, as is quite generally the case for light-emitting diodes, the output will at first follow the torus-shaped radiation pattern typically seen in AlN (mainly horizontal radiation). However, it will then be efficiently diffracted towards a roughly vertical direction by the diffraction grating already used for the optical input.




4. Prospective Results


In order to measure this power with a sufficiently high signal-to-noise ratio, the incoming infrared radiation will be chopped at a frequency of 10 kHz. Although this could be done mechanically by a rotating chopper wheel, it is more efficient to perform this task electrically by directly applying a pulsed input signal between the top and the bottom contacts of the mesa. Between two electrical pulses, the conduction band structure is thus unbiased. During the electrical pulses, however, it looks biased like in Figure 3. Therefore, this structure changes periodically between its flat and its stair-like configuration. The resulting small difference in the injection current can be detected best using a sensitive lock-in technique. The latter typically allows the measurement of 1 % of the mean measurement values. In this case, this would be on the order of 1% × 6 µW = 60 nW.



Given the previously calculated 6 µW of deep-UV power for a near-IR input power of 1 W, a linear efficiency curve can be assumed in a first approximation. Figure 4 therefore presents the deep-UV output intensity as a function of near-IR optical input power.



Although the achievable output power of the proposed device with 6 µW seems to be relatively modest, one sees easily that this up-conversion has the potential for more interesting power levels. In addition, despite the fact that with AlN-based p-n-junction devices output powers approaching the 1 mW range have been achieved at a wavelength of 230 nm, going to an even shorter wavelength range will be fundamentally difficult. It is clear, however, that many interesting applications crucially rely on the additionally available photon energy corresponding to a wavelength of 200 nm instead of 230 nm. In any case, the device proposed here constitutes a useful intermediate approach until p-n-junctions in AlN are up to the point. Already at a modest device performance, more than 6 µW of deep-UV optical output power can be generated. In addition, the presented up-conversion approach is particularly interesting due to the fact that very powerful λ = 1.55 µm pump lasers are easily available. Finally, the optical excitation and relaxation scheme shown here is relatively simple and straightforward to implement.




5. Conclusions


In the present publication, we have outlined, conceived, and analyzed a new type of optical up-conversion device for the generation of deep-UV radiation. The proposed III-nitride semiconductor structure is based on carefully designed inter-subband transitions in a regular, chirped AlN/GaN-based superlattice. Using this structure, it will be possible to up-convert near-IR radiation into the deep-UV wavelength range. Although such multi-stage up-conversion processes are in general limited in their efficiency, the generated output power will in this case take advantage of the specific design. It uses LO-phonon-induced, mainly diagonal transfer of the excited charge carriers toward the ground state of the next period, thereby prolonging their lifetime quite considerably. In addition, the generated output power will obviously profit from readily available, watt-level optical input intensities in this important telecom wavelength range. Finally, thanks to better crystal growth, fabrication, and processing techniques—along with a higher level of characterization technology—considerable improvements are to be expected in the very near future.
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Figure 1. Scanning electron microscopy (SEM) image of a second-order diffraction grating for vertical coupling. The period of this grating is Λ = 674 nm, as shown by the scale bar. The metal layers are identical to the p-type metallization used for the contacts. 
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Figure 2. Schematic drawing of the square-shaped AlN/GaN-based inter-subband mesa with a diffraction grating on top. Metallization allows electrical contact at the top and the bottom of the mesa. 
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Figure 3. Conduction band structure under an applied bias voltage of 6.2 V on 12 periods—corresponding to an electric field of 413 kV/cm. QWs/barriers 1, 2, 3, 4 correspond to one SL period. Excitation through photon absorption (vertical red arrows) and partial relaxation (oblique blue arrows) are schematically shown. The vertical transition energy in the main QW measures 800 meV (λ = 1.55 µm). The green arrow marks the interband transition in the deep-UV. 
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Figure 4. Calculated output intensity at an energy corresponding to the AlN bandgap of 6.2 eV (λ = 200 nm) as a function of optical illumination at λ = 1.55 µm. For the available range of input intensities, no pronounced saturation effects are to be expected. 
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