

  photonics-08-00292




photonics-08-00292







Photonics 2021, 8(8), 292; doi:10.3390/photonics8080292




Review



Status of Leaky Mode Holography



Daniel E. Smalley 1,*, Sundeep Jolly 2, Gregg E. Favalora 3 and Michael G. Moebius 3





1



Department of Electrical and Computer Engineering, Brigham Young University, Provo, UT 84602, USA






2



MIT Media Lab, Massachusetts Institute of Technology, Cambridge, MA 02139, USA






3



The Charles Stark Draper Laboratory, Inc., Cambridge, MA 02139, USA









*



Correspondence: smalley@byu.com







Received: 30 May 2021 / Accepted: 14 July 2021 / Published: 21 July 2021



Abstract

:

It will soon be a decade since leaky mode waveguide devices were presented as a solution for holographic video displays. This paper seeks to provide a brief, topical review of advances made during that time. Specifically, we review the new methods and architectures that have been developed over this period. This work draws primarily from papers seeking to present dynamic holographic patterns using mode coupling from indiffused waveguides on lithium niobate. The primary participants during this time period have been groups from the Massachusetts Institute of Technology, Brigham Young University, and Draper. We also describe the challenges that remain. The body of work reviewed speaks to the need for further development, but it also reaffirms that leaky mode waveguides continue to hold a unique place within spatial light modulation for holographic video displays.
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1. Introduction


When leaky mode modulators for holovideo were first introduced in Nature in 2013 [1] (see Figure 1), they were contrasted with the pixelated spatial light modulators that dominate the field of spatial light modulation for holographic video. Pixelated spatial light modulators introduce quantization error and superfluous orders by attempting to approximate a space-continuous holographic fringe pattern with a discretized pixel grid. By breaking the confines of pixelated structure, leaky mode electroholographic modulators provided an analog solution to an analog problem and promised greater flexibility to the display designer. Like bulk-wave acousto-optic modulators, leaky mode devices provide smooth sinusoidal waves with no pixelation. Furthermore, they have the additional advantage of occurring in a waveguide that gives them a host of advantages inherent in waveguides, such as polarization rotation, increased angular deflection, frequency multiplexing of color, dense packing of acoustic channels, wafer-based fabrication processes, and a dramatic reduction in cost per MHz of bandwidth. The waveguide-based approach is important because it draws on the variety of tools and techniques developed over decades in the realms of surface acoustic wave technology and waveguide optics.



1.1. Historical Context


Leaky mode modulators for holographic video were most strongly influenced by the work of Proklov and Korablev, who described collinear arrays for integrated spectrum analyzers [2], and by Tsai et al., who extended leaky mode systems by cascading Bragg [3] and leaky mode interactions to create a 2D scanner [4]. Tsai’s work led researchers at MIT to attempt to use this second degree of freedom to eliminate the need for problematic fast horizontal scanning mirrors [5]. However, the two interactions in a cascaded system tend toward wider transducers that are less efficient. The cascaded effort was abandoned at MIT, but the silver lining to that failure was the realization that the vertical scan was far superior to the horizontal Bragg scan in several ways. The most important of these was that one could easily make channels with very long interaction lengths (the length guided light propagates while interacting with surface acoustic waves) and then tightly pack these channels next to each other to form an extremely high bandwidth modulator. Because bandwidth is a quintessential limitation of holovideo, this platform was potentially transformative. Further investigation of this interaction, both in the literature and through direct experimentation, revealed additional unique advantages of great interest to holographic video applications.




1.2. Operation


Leaky mode modulators operate by the interaction of light and sound in an anisotropic waveguide. An example of a typical leaky mode optical path is shown in Figure 2a below. In this particular arrangement, the light of TE polarization enters a proton exchanged waveguide via input grating (or via evanescent prism coupling [6,7]). The guided light encounters a counter-propagating surface acoustic wave (SAW), generated by an interdigital transducer (IDT) [8], that couples the guided light from a discrete TE guided mode to a spectrum of TM-polarized leaky modes. The leaky mode light exits the far face of the device. The leaky mode light can be scanned by varying the spatial frequency of the SAW. Furthermore, superpositions of SAWs give rise to arbitrary holographic fringe patterns that map to optical wavefronts that can be scanned, focused, diverged, or presented for display. Leaky mode devices are then multiplexed to form displays (see array example in Figure 2b). Variations on this arrangement are presented in the following subsections.




1.3. Variations


There have been a number of variations of the device described above, but all such instantiations have had the following fundamental ingredients: an input coupler, an anisotropic waveguide, and an interdigital transducer (IDT). Input coupling has been accomplished by prism coupling (into general devices) [11], prism coupling into leaky mode devices [1,12], and grating or grating-and-fiber coupling into leaky mode devices [13,14]. Anisotropic waveguides for electroholographic display have been indiffused in both z-cut x-propagating and x-cut y-propagating lithium niobate substrates using any one of several proton exchange techniques [15]. Waveguide depths have been designed to accommodate one or many, guided to leaky mode transitions [16]. IDTs have typically been patterned from aluminum layers with a possible titanium adhesion layer [17]. The output light has exited either from the edge of the device [1,14], or from the bottom [18], or top (IDT-bearing) surface [12].




1.4. Advantages


Leaky mode modulators were initially presented as having three primary advantages over pixelated spatial light modulators: (i) greater angular deflection, (ii) polarization rotation, and (iii) wavelength division multiplexing of color (see Figure 3) [1]. Qaderi et al. also showed that polarization rotation and the lack of superfluous zero and higher orders made it possible to tile or stack devices in ways that would not be feasible with spatial light modulators [13]. Edge-stacked displays involving scores of devices would later be built to take advantage of this feature to create larger display areas [9,14].



This was also used to create combinations with twice the aggregated angular output [13]. The tunability of waveguide parameters, such as waveguide depth and the ability to select from among several potential guided-to-leaky interactions, made it possible to realize waveguide devices that modulated red, green, and blue within a band that matches the output of GPU RAMDACs (see Figure 4) [16]. In this way, a single color of a single GPU output can control the RGB output of a single leaky mode channel, paving the way for straightforward parallelization.



Leaky mode modulators have provided a path for large, high-bandwidth displays. Typically, displays are intended for applications that require a visually contiguous display area in the centimeter to meter length range and a usefully broad field of view (FOV). In holographic displays, these have historically been difficult to satisfy simultaneously. The space-bandwidth product of the spatial light modulator determines the étendue, or spatioangular distribution, provided at the display output [19] (see [20] for related discussion in metasurface hologram systems). In time-multiplexed configurations, spatial light modulators can effectively address a higher viewer-perceived étendue. For a pixelated modulator, the number of addressable pixels, and their associated update rate, dictates the spatio-temporal bandwidth product (STBP). Relative to their pixelated counterparts, anisotropic leaky mode devices can have dramatically higher spatio-temporal-bandwidth. As an example, considering a typical 1080p liquid-crystal-on-silicon modulator with an update rate of 60 Hz has an STBP of ~125 Mpixel/s—a single-channel leaky mode modulator, driven with a GPU having a 400 Mpixel/s clock rate, has an STBP of 400 Mpixel/s. Multi-channel architectures can have dramatically higher STBP, as the single-channel STBP is multiplied by the number of channels being driven in parallel. Parallel architectures provide a path for large holographic video display bandwidths, which typically approach 1 Tpixel/s for displays on the order of 1 m2.



Noting that full-color holographic displays using pixelated modulators usually necessitate the use of color-field-sequential techniques (effectively cutting down their STBP by a factor of three), leaky mode modulators have an additional advantage when driven using frequency-division multiplexing: full-color operation does not decrease their effective STBP, allowing for higher addressable étendue, without the need for additional spatiotemporal bandwidth for color operation. That is to say, that STBP is dependent on space and time but not on frequency. Therefore, by multiplexing in frequency, we leave STBP unaffected.




1.5. Limitations


Leaky mode devices have limitations. As of this writing, they are only able to deflect light along one axis, resulting in images that are horizontal parallax only (HPO). Unlike in-guide Bragg deflection, which has a bandwidth limit measured in the GHz and is limited by the acoustic loss [21], leaky mode transitions are limited by the bandwidth of guided to leaky mode regions that have a frequency spread typically measured in the tens of MHz [22]. Leaky mode displays ultimately require numerous analog input waveforms in the RF regime, which, in the early days of this technology, are proving more cumbersome than well-established compact digital data interfaces and chipsets [16]. Coupling efficiency is also relatively low, both because it is difficult to achieve diffraction efficiency above 10% [23] (though high efficiencies have been reported [24,25]), and because it is desirable to have uniform efficiency across the interaction length, which keeps efficiency low by design. Many of these limitations are the subjects of ongoing research.





2. Theory


Leaky mode devices are often initially described by k-vector analysis (See Figure 5). The process of mode coupling is a phase-matching problem to the first approximation. The spatial frequency of the acoustic wave may add or subtract to the spatial frequency of the guided wave, resulting in a spatial frequency that corresponds with a leaky mode, as shown in Figure 5a. This analysis can predict center frequencies of operation but not bandwidths; for that analysis, mode wavenumber, as well as mode shape, must be taken into account to calculate the frequency-dependent mode coupling coefficients. Coupling efficiency is sensitive to the power density overlap of the optical and acoustic waves, as well as the index profile of the waveguide in depth.



The mode calculations for leaky mode modulators were described by Matteo et al. [22]. The technique described is a special case of mode coupling, in which a discrete guided mode is coupled to a spectrum of leaky modes (Figure 5b) [16,26]. The guided to leaky mode coupling coefficient is given by Matteo and plotted as a function of frequency in Figure 6. Be warned that the coupling coefficient is highly sensitive to small changes in the index profile with depth. Furthermore, the index profile may be a step-like profile, gradient profile, or a hybrid of both, dependent on the waveguide fabrication process. Finally, the coefficient is a non-trivial function of the SAW’s interaction with a crystal lattice that is locally depleted of its piezoelectric properties [22]. Achieving accurate results for the frequency response of a given device usually requires significant characterization of the index profile and careful modeling of the guided and leaky mode shapes informed by direct waveguide measurements.




3. Design and Fabrication


The leaky mode device design process typically includes selecting a (i) substrate, (ii) proton exchange technique, and (iii) IDT design. In this section, we also make reference to supplementary proton exchange techniques.



3.1. Substrate Selection


Leaky mode substrates are typically chosen to be x- or z-cut congruent lithium niobate wafers (see Figure 7) [27]. However, stoichiometric and Mg-doped substrates may also have benefits. Mg-doped substrates could also hold promise for higher optical damage thresholds, which may be especially important for full-color systems that include energetic blue light [28,29].



For edge-emitting devices, thick substrates are available from 1 mm thick (Gooch and Housego) up to 5 mm (Del Mar Photonics). For surface exit devices, 100 μm thin substrates may be had from (Casix) and smart-cut layers down to 500 nm on a variety of substrates (NANOLN).



Leaky mode coupling occurs when guided light interacts with surface acoustic waves in x-cut, y-propagating or z-cut, x-propagating crystal. Note that crystalline orientation is usually defined as normal to wafer flats. In both cases, the guided mode is primarily polarized along the extraordinary axis. z-cut substrates will have guided modes that are TM polarized (which complicates prism coupling), and x-cut substrates will support TE guided modes.



x-cut devices enjoy a seven-fold higher electromechanical coupling coefficient (3.58 × 10−2 for x-cut, y-propagating vs. 0.53 × 10−2 for z-cut, x-propagating) [30]. We have also observed significantly lower charging due to the pyroelectric effect in x-cut substrates than z-cut [31,32]. In most cases, waveguides in x-cut crystal will be aligned with the crystal y-axis or vary adiabatically about the y-axis to avoid variations in guided mode properties or loss of mode confinement. x-cut devices using prism coupling can utilize standard 90-degree rutile with extraordinary axis in the TE direction.



z-cut devices have isotropic waveguiding properties in the wafer plane, allowing off-axis propagation, but TM-TE mode coupling only occurs for x-propagating interactions. On a practical note, z-cut wafers will accumulate a significant amount of charge during photoresist bake steps, and the electrical discharge can expose photoresist.




3.2. Choice of Proton Exchange


Proton exchange may be used to create anisotropic waveguides in lithium niobate. The simplest form of proton exchange can be performed by simply immersing lithium niobate in a proton donor, such as benzoic acid. Many variations of proton exchange have been described in the literature, including pure proton exchange (PE) [33], annealed proton exchange (APE) [23], dilute-melt proton exchange (DPE) [29], titanium indiffused proton exchange (TIPE) [34], soft proton exchange (SPE) [35], high-temperature proton exchange (HTPE) [36], reverse proton exchange (RPE) [37], high index soft proton exchange (HISoPE) [38], and high vacuum proton exchange (HiVac-VPE) [15].



The parameters of most importance for leaky mode operation are: high index contrast, low optical propagation loss, and high electromechanical coupling coefficient. The third of these parameters is less important if the IDT is fabricated on an unexchanged region. A wide variety of proton exchange techniques have been described in the literature. A few of particular interest to leaky mode electroholographic modulators are plotted on the graph in Figure 8 below.



Published works on leaky mode electroholographic modulators that discuss fabrication techniques have primarily employed DPE benzoic acid melt with a dilution of 1% lithium benzoate for high index contrast and relatively low loss [13,16,39]. However, a loss of 1 db/cm may be too great for applications with long interaction lengths, and other candidate exchange techniques are being explored.




3.3. Choice of IDT


IDTs also come in many configurations, including uniform, chirped, and slanted [8]. To our knowledge, all published leaky mode electroholographic modulators have utilized chirped IDTs because they provide control over coupling efficiency and bandwidth in a narrow channel. Care must be taken to carefully match IDTs to the drive impedance (typically 50 Ω). Matching may be accomplished by attaching a matching network or by designing the ratio of the IDT width, height, and finger pair number to achieve a 50 Ω design.





4. Metrology


4.1. Prism Coupling


The primary tools for measuring and analyzing leaky mode devices are prism couplers and m-lines [7]. Prism couplers may include Metricon prism couplers, used to determine waveguide index, thickness, and sometimes loss, though the loss may also be measured photographically in beta-phase waveguides [40]. In addition to commercial couplers, the authors have developed and refined a semiautomatic characterization apparatus (Figure 9a) to create ‘data maps’ (Figure 9b), which illustrate leaky mode output as a function of frequency and output angle [41]. This prism coupler plots output power as a function of output angle and input frequency. Their utility is described in Gneiting et al. The plots create opportunities to visualize key metrics such as frequency response, point spread function, and linearity.




4.2. SAW Visualization


It is helpful to be able to detect and visualize the surface perturbations created by the SAWs as they propagate across the devices. The literature suggests optical methods such as laser scanning performed by Hinkov, laser doppler vibrometry, and electron beam scanning [42,43,44,45].





5. Methods


5.1. Etendue Expansion


In many direct-view and heads-up display systems, diffractive waveguides provide étendue (pupil) replication, which is accomplished via the use of exit pupil expander grating configurations [46,47]. Leaky mode modulators are also amenable to such a scheme and can be monolithically integrated alongside passive grating components for exit pupil expansion and pupil replication.




5.2. GPU Matching


Deep waveguides may support many guided-to-leaky mode transitions. These transitions may be selected by one’s choice of wavelength, input mode, and SAW frequency range. For prism-coupled inputs, the guided mode may be selected by the angle of light entering the prism. McLaughlin et al. showed that for a 0.5 μm deep, beta-phase waveguide, a transition may be found for red, green, and blue light that abut in frequency space and fit within the 200 MHz bandwidths provided by the analog supported by modern GPUs and their associated RAMDACs [16].




5.3. Surface Emission


Surface-emitting devices, which have been demonstrated in top-emitting (IDT face) and bottom-emitting varieties, have many attractive features as described by McLaughlin [18] (see Figure 10a) and Jolly [48], with the first monolithic demonstration (using prism coupling) in [12,49]. A surface exit allows for decoupling of interaction length from the substrate thickness and the abutting of tiles to create large displays. In addition, the SAWs propagate with limited attenuation for centimeter length scales, enabling the stroboscopic illumination of holographic row-segments as hypothesized in [48], and demonstrated in [12,49]. Their behaviors as “electronic linear holograms” are useful for the significant reduction in the number of electronic interconnections, as compared to displays composed of arrays of edge-emitting devices. However, surface exit negates one of the primary advantages of leaky mode devices: the magnification of the angular deflection from glancing scatter from the SAW grating. Furthermore, it is necessary to have a structure, such as a surface or a volume grating, to redirect light and overcome total internal reflection. The spatial frequencies of such a structure make the modulator behave as if it were illuminated from the surface normal—a state associated with dramatically reduced angular deflection. This reduction is shown graphically using k-surfaces in Figure 10b. Proposed approaches to ameliorate this reduction include wavelength-coded boresight multiplexing [50], the use of light field expansion optics [51], and the use of induced diffractive structures [52].




5.4. Induced Diffractive Structures


Jolly et al. and Smalley et al. proposed methods to overcome this reduction by the use of femtosecond laser-induced reflective and diffractive structures, respectively. In the diffraction case, induced gratings form a Dammann grating to split the leaky mode outputs into several diffractive orders (see Figure 11 and Figure 12c) [52,53]. If the position of the user’s eye is known, and the illumination can be strobed, then it has been shown in simulation that these orders can be stitched together (Figure 12a,b) to form a large total field of view of approximately 51 deg (Figure 11a,b), or view-angle depending on whether the user is fixed or moving.



In contrast to surface gratings, embedded volume gratings have the potential advantages of improved efficiency, reduced leakage when operated in reflection mode, and less scattering of ambient light (useful for direct-view and near-eye displays). Such embedded volume gratings have been demonstrated in lithium niobate with Bragg-like diffraction and are amenable to device-level integration with leaky mode modulators (see Figure 13) [53].




5.5. Stacking


In the absence of internal diffractive gratings, leaky mode devices produce a single bilateral output. This singular output makes it possible to stack and tile devices for physical multiplexing. The simplest version of this was performed by Qaderi et al. (see Figure 14) [13], who placed two such devices back to back to achieve a doubling of output angle.





6. Architectures


6.1. Scanned Aperture Displays


Scanned-aperture holography was introduced by the Spatial Imaging Group at MIT in the early 1990s. Their approach adapted the Scophony projection system, utilizing a bulk-wave acousto-optic modulator (AOM) imaged through a demagnifying telescope, with scanning optics at the Fourier plane (Figure 15) [54,55,56,57]. After several generations of AOM displays, the first completed leaky mode holographic video displays in scanned-aperture systems were the Mark IV and Mark V on the MIT/BYU holovideo roadmap. These displays used leaky mode devices to dramatically consolidate the optics and electronics of scanned-aperture holographic video to enable a monitor form factor [1].




6.2. Near Eye Displays


Most near-to-eye holographic displays that have been presented in the literature employ LCoS spatial light modulators [58,59,60], which in addition to suffering from the bandwidth limitations described earlier, also often require complex optical geometries to enable see-through operation with reasonable form-factor for head-mounted operation. Leaky mode devices, by contrast, simply require external laser sources and drive electronics and can enable vastly simplified architectures for near-eye holographic display.



The use of sequential IDTs per waveguide channel (see Figure 16) can be used to expand the effective eye box dimensions, or alternatively, can additionally provide for stitching of the overall perceived field-of-view by selectively engineering the output angular range of sequentially-placed gratings paired per IDT. Such a scheme can provide for large fields-of-view and comfortable eye box dimensions when used in near-to-eye instantiations.



Single-chip, near-eye devices have been demonstrated for small numbers of points by McLaughlin et al. [18]. His device employed a pulsed illumination source to obviate the need for descan optics. In this work, he was able to refocus a virtual line from 4 to 10 feet by varying the chirp rate of the surface acoustic wave pattern (Figure 17).




6.3. Direct View Displays


Leaky mode electroholographic modulators also show promise for enabling direct-view 3D displays and are envisioned to span handheld, desktop/tabletop, cockpit/dashboard, and other application-specific form factors. Two architectures are described here: arrays of edge-emitting modulators packaged into light field projection modules (LFPMs) and tiled arrays of surface-emitting linear holographic modulators. Current areas of fruitful exploration are ongoing increases in emitter density and the reduction of the size, weight, and power (SWaP) of the surrounding electronics and illumination.



Edge-emitting LFPMs were developed at Draper as a building block for displays that scale in area as LFPMs are positioned in arrays. Referring to Figure 18, Figure 19 and Figure 20, an array of 10 LFPMs was arranged in a metal chassis on a 2 mm pitch. Each sub-2 mm thickness LFPM included: a 1 mm-thick SAW modulator flip-chip bonded to a signal routing printed circuit board using a standard pick-and-place machine and manual adhesion and an array of gradient index (GRIN) rod lens modules that guide 637 nm illumination into the modulator’s optical waveguides. Both narrow modulator facets are polished, and the exit facet is angled to center the trajectory of the “ray” corresponding to the central angular operating point. A light field conditioning stage follows the output, including a linear polarizer, vertical diffuser, a grille of contrast-enhancing mm-scale horizontal apertures, and an approximately 7x FOV-expanding columnar microtelescope array. To our knowledge, the system provided the first demonstration of a solid-state leaky mode holographic 3-D display. In response to input waveforms, the system projects simple real imagery (where the exit rays converge) or virtual imagery (from the apparent location of diverging rays) [9,14,61].



Unlike traditional spatially multiplexed autostereoscopic displays, such as lenticular displays, edge-exit leaky mode modulators produce numerous independently controllable “views” per output channel. According to theory [4,62], 50–200 resolvable ray directions are feasible with typical choices of wavelength, substrate, and interaction length. This suggests that edge-emitting arrays enable the reconstruction of holographic imagery with excellent depth of field.



However, in elementary constructions, each edge emitter requires its own input waveform. This is likely to become an obstacle to low SWaP, high resolution arrayed edge-emitter displays. However, one can construct a surface-emitting modulator by increasing the length of an edge-emitting modulator and adding optical features that allow the modulated light to exit to the air. As described in the historical context section above, such surface-emitting modulators carry information-bearing SAWs for many millimeters. This is a path to SWaP reduction: each IDT can drive centimeter-scale lengths of a linear hologram, providing an order-of-magnitude reduction in the number of electronic interconnects.



See Figure 21, which depicts an architecture that would employ an array of surface-emitting leaky mode modulators to provide a desktop or tablet display. As in [18], a substrate—singly or in tiles—oriented plane-parallel to the user carries rows of horizontally-propagating holographic fringes that, when illuminated stroboscopically, project holographic imagery.



The front-surface-emitting leaky mode modulator depicted in Figure 21b was fabricated with techniques amenable to mass production and demonstrated, as described in [12,49]. In this demonstration, input illumination was prism-coupled into a y-propagating optical waveguide below the surface of an x-cut lithium niobate substrate, whose chirped IDTs were wirebound to a printed circuit board. The modulated leaky mode signal traversed the substrate, encountered the back surface, and was redirected toward the front surface by a subwavelength silver/hydrogen silsesquioxane (HSQ) grating at a trajectory suitable to overcome total internal reflection and exit the experimental device. The modulator was demonstrated to map the timing and frequency of input waveforms into light that exits with controllable trajectory and origin, such as a series of nine <1 mm regions of “tones” and spaces, as an example of a simple line segment of holographic elements (hogels). For a 26 MHz input drive signal span, the device provided an addressable subtense in air of 0.3°. This modest result is expected to increase two orders of magnitude when chained with a wider drive bandwidth, time-multiplexed chromatic boresight steering, and light field expansion optics [50,51,63].





7. Discussion


The primary challenges facing researchers in leaky mode electroholography include: overcoming the reduction in angle from surface emission, providing on-chip light distribution, improving diffraction efficiency, maximizing interaction length, dealing with ultra-fast refresh rates, and driving multiple RF Channels, SWAP reduction. Additional optical, reflective, and diffractive layers seem well-positioned to increase the view angle in surface-emitting devices. Solutions from the field of waveguide optics may be used to help address the on-chip light plumbing now needed. A number of proton exchange modifications are being explored to maximize diffraction efficiency and lower noise. Ultrafast refresh rates should be a feature, not a bug. To that end, we need researchers to develop a way to make leaky mode images persistent. Now that light modulators are capable of achieving holographic bandwidths, it remains to be seen if computation can also support this bandwidth. An OSA incubator was convened for this purpose, and several standards groups have tried to attack the challenge of computation for large displays.




8. Conclusions


Leaky mode research is sprawling and diverse in character. The flexibility and cross-disciplinary nature of leaky mode electroholographic devices provide an exciting platform for experimenting with new optical and computational approaches. Plenty of low-lying fruit remains for new researchers hoping to contribute to the development of this unique holographic technology.
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Figure 1. Images from a scanned, leaky mode electroholographic modulator. Reprinted with permission from [1]. 
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Figure 2. (a) Detailed cross-sectional illustration of an edge-exit leaky mode modulator in an arrangement in which a waveguided illumination counter-propagates with respect to holographic fringes induced by the IDT in response to an applied electrical waveform. Reproduced with permission from [9]. (b) Illustration of several leaky mode devices in an array. See also [10]. 
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Figure 3. (a) Leaky mode output as seen without (left) and with (right) a polarizer to illustrate polarization rotation of mode-coupled light. (b) Deflection of light through a fixed grating for normal and collinear illumination. The left shows a comparison graph for illumination angle vs. illumination input angle. The right shows a K-vector picture of deflection angle for normal vs. collinear deflection—collinear is much larger. (c) (left) Frequency response for red, green, and blue light in a leaky mode modulator. (Right) Demonstration of frequency control of color output in a leaky mode modulator. Figures reproduced with permission from [1]. 






Figure 3. (a) Leaky mode output as seen without (left) and with (right) a polarizer to illustrate polarization rotation of mode-coupled light. (b) Deflection of light through a fixed grating for normal and collinear illumination. The left shows a comparison graph for illumination angle vs. illumination input angle. The right shows a K-vector picture of deflection angle for normal vs. collinear deflection—collinear is much larger. (c) (left) Frequency response for red, green, and blue light in a leaky mode modulator. (Right) Demonstration of frequency control of color output in a leaky mode modulator. Figures reproduced with permission from [1].



[image: Photonics 08 00292 g003]







[image: Photonics 08 00292 g004 550] 





Figure 4. Frequency (left) and output angle (right) for an RGB leaky mode modulator with mode coupling transitions chosen to abut in frequency and to overlap in angle (the corresponding setup is shown in Figure 9a). Reprinted with permission from [16] © The Optical Society. 
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Figure 5. (a) Leaky mode modulator light path (left) and the associated K-vector picture (right). (b) Illustration of the transition from discrete guided modes to a spectrum of leaky modes. Reprinted with permission from [16] © The Optical Society. 
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Figure 6. The radiation decay coefficient as a function of frequency for an x-cut leaky mode modulator. Reproduced with permission from [22] © IEEE. 
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Figure 7. Cut and propagation direction for leaky mode coupling: (left) x-cut, y-propagating and (right) z-cut, x-propagating. 
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Figure 8. Visualization of extraordinary index contrast vs. loss for selected proton exchange techniques [15]. 
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Figure 9. (a) Semiautomatic characterization apparatus. (b) Output of a semiautomatic characterization apparatus for leaky mode devices. Reprinted with permission from [41] © IEEE. 
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Figure 10. (a) Leaky mode near-eye display with edge exit (top) and fabricated bottom surface exit (middle). Proposed example of monolithic near-eye display (bottom). (b) K-vector picture of output from an edge-emitting device (above) with no grating and a bottom-exit device with a large fixed grating (below). The output angle in the latter case is dramatically reduced. Reprinted with permission from [18] © The Optical Society. 
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Figure 11. (a) Path for leaky mode light through laser induced grating to create multiple output orders. (b) Stacked viewzones for a large aggregate eye box. (c) Each order is canted at a different angle. Each order stacked creates a large aggregate field of view. Simulation results of an angular field of view of greater than 52 degrees for multi-order, leaky mode output. Reprinted with permission from [52]. 
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Figure 12. (a) Multi-order outputs for a fixed grating SAW simulation. (b) viewzones for a multi-order output. (c) Diffracted orders from a laser-induced grating in the bulk of lithium niobate. Reprinted with permission from [52]. 
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Figure 13. Femtosecond laser-induced Bragg structures in lithium niobate. Reprinted with permission from [48]. 
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Figure 14. Stacked leaky mode modulators from Qaderi et al. Reprinted with permission from [13] © The Optical Society. 
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Figure 15. The Mark II (left) and Mark IV (right) scanned aperture holographic video displays [1]. 
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Figure 16. (a) One cell of a cascaded IDT configuration for front-emitting leaky mode devices, in which guided-mode light that remains undiffracted after interaction with a surface acoustic wave remains available for interaction with and diffraction via surface acoustic waves generated by additional IDTs placed on the same waveguide. (b) RF driving scheme for a multi-channel, multi-hogel instantiation of a leaky mode device, in which RF outputs per channel and hogel are sequentially triggered via the GPU clock signals. Reprinted with permission from [48]. 
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Figure 17. Near-eye guided wave device (a) schematic (b) aperture at 0, 4, and 10 ft. (c) Point spread function of virtual point. Reprinted with permission from [18]. 
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Figure 18. (a) An LFPM is a <2 mm-thin edge-emitting device intended to be arrayed into electroholographic light field projection systems, such as displays. This first-generation LFPM has a leaky mode modulator (b) that is flip-chip bonded to a circuit board. It also includes a backlight subassembly shown in the detail at (c), in which eight gradient index (GRIN) rod lenses (d) with integrated illumination fibers have been aligned to simultaneously excite the same waveguide mode in 8 modulator channels at a 2 mm pitch. Reproduced with permission from [9]. 
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Figure 19. A solid-state leaky mode electroholographic display has an array (a) of LFPMs on a 2 mm pitch inside a chassis (b). To project a virtual (i.e., physically inaccessible) scene primitive at (c), the display emits diverging rays. To project a real scene primitive at (d), the display emits converging rays. Reproduced with permission from [9]. 






Figure 19. A solid-state leaky mode electroholographic display has an array (a) of LFPMs on a 2 mm pitch inside a chassis (b). To project a virtual (i.e., physically inaccessible) scene primitive at (c), the display emits diverging rays. To project a real scene primitive at (d), the display emits converging rays. Reproduced with permission from [9].
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Figure 20. (a) The demonstration edge-emitting array 3D display was used to create test imagery composed of a single vertical line segment at a horizontal and depth location as entered by the user. Rays converge above the location of a physical reference point—a screw head. (b) Top view. (bottom) Appearance of the holographic scene from three horizontally different viewpoints, in which the image location remains above a screw head used as a physical reference object; the image appears fixed with respect to the viewer. Reproduced with permission from [9]. 
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Figure 21. (a) An envisioned architecture for an electroholographic display using top-surface-emitting leaky mode modulator projects imagery into a display volume that straddles the device. (b) Cross-sectional view of a top-surface emitting leaky mode modulator. SAWs modulate waveguide light into a diffracted signal that propagates to a back surface grating and upwards through the device into air. Its addressable angular subtense can be increased by methods cited in the text. Reprinted with permission from Optics Express [12]. 
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