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Abstract — We show experimentally that wavefront - the direction, spectral composition and phase profile
of light emission - stimulated by free electron injection into plasmonic and dielectric media can be
controlled with high finesse using holographic nanostructures.

I. INTRODUCTION

Controlling the emission of light from nanoscale sources is a challenge of growing technological relevance in
photonics, optoelectronics and bioscience. Here, we demonstrate that by locating such sources within an
engineered nanostructural environment one may convert the typically highly divergent output radiation pattern
into virtually any desired wavefront with controlled directionality, divergence, spectral composition, and phase
profile (Fig. 1).

Photonic crystals [1], surface waves [2], optical nanoantennas [3], and photonic metamaterials [4] can provide
some measure of control over the coupling of light from the nanoscale into well-defined free-space modes but
are typically constrained to manipulating the direction and polarization of emitted light. In this work, we propose
a flexible means of precisely controlling the wavefront of light emanating from a singular nanoscale emitter.

Fig. 1. (a) Artistic impression of wavelength, direction and divergence controlled far-field light emission from an electron
impact (transition radiation) point-source on a holographically nanostructured surface. (b) Scanning electron microscope
image of a holographic structure to generate a low-divergence 800 nm output beam at § = 30° to the surface normal. (c)
Angular distribution of 800 nm light emission generated by electron-beam impacting the centre of the hologram in panel (b).

Il. METHODS, RESULTS & DISCUSSION

Our source is the impact point of a free electron beam on a surface. Such impacts generate transition radiation
with a dipolar emission distribution and, in plasmonic media, surface plasmons with cylindrical symmetry
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propagating away from the impact point (the latter only contributing to free-space light emission in the presence
of a decoupling structure such as a grating). The holographic interference pattern required to generate a given
far-field output wavefront is obtained computationally using the near-field distribution of an electric dipole
above the surface (mimicking the free-electron impact source) as a reference beam.

Holographic nanostructures are fabricated by focused-ion-beam milling and their electron-induced radiation
emission performance is studied in a scanning electron microscope (operating in fixed-spot mode with a spot
size of 50 nm, electron energy of 30 keV, and beam current ~10 nA) equipped with angle-resolved
cathodoluminescence imaging capability [4]. Figure 1b shows a nanostructure realized in an optically thick gold
film, designed to produce a minimally divergent, radially polarized beam with an output polar angle 8 = 30° at a
wavelength of 800 nm. Figure 1c presents the 800 £ 20 nm light emission distribution for electron injection on at
the centre of the holographic mask, showing strongly directional emission at = 30° (Fig. 1b) as intended by
design. The intensity profile of the output beam as a function of polar angle is presented in Fig. 2.
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Fig. 2. Intensity of 800 nm light emission from the plane-wave generating hologram (Fig. 1b) as a function of polar angle.

Holographic patterns can be engineered to produce complex wavefronts such as high topological charge
optical vortex beams, as illustrated in Fig. 3, and may be designed for a wide variety of metal, semiconductor
and dielectric substrate media (in the case of metals such as gold, the surface plasmons generated by electron
impact make a significant contribution to the emission but are not essential to the emission control paradigm).

Fig. 3. (a) SEM image of a holographic nanostructure to generate an 800 nm output beam with vortex phase-profile with
topological charge of 6 at & = 30° to the surface normal. (b) Angular distribution of a light emission generated by electron-
beam impacting the centre of the hologram in panel (a) showing the characteristic ring shaped intensity profile of an optical
vortex beam.
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IV. CONCLUSION

We have shown that the wavefront of light emission from single nanoscale emitters can be manipulated by
design using holographic nanostructures. The concept is demonstrated in application to light emission induced
by the impact of free-electrons on surfaces, with structures engineered to produce directional, low-divergence
beams, including optical vortex beams, at selected wavelengths as opposed to the broadband divergent emission
ordinarily generated. It may equally be applied to nano-scale sources such as quantum dots and fluorescent
molecules in a variety of photonic and spectroscopic applications.

ACKNOWLEDGEMENT

This work was supported by the Engineering and Physical Sciences Research Council, UK [grant
EP/G060363/1], the Singapore Ministry of Education [grant MOE2011-T3-1-005], the China Scholarship
Council and Longwen Scholarship [State Key Program for Basic Research of China, grant Y3K2110DNO].

REFERENCES

[1] P. Kramper, M. Agio, C. Soukoulis, A. Birner, F. Miller, R. Wehrspohn, U. Gosele, V. Sandoghdar, “Highly
directional emission from photonic crystal waveguides of subwavelength width,” Phys. Rev. Lett., vol. 92, p. 113903,
2004.

[2] H.J. Lezec, A. Degiron, E. Devaux, R. Linke, L. Martin-Moreno, F. Garcia-Vidal, T. Ebbesen, “Beaming light from a
subwavelength aperture,” Science, vol. 297, p. 820, 2002.

[3] A.G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R. Quidant, N. F. van Hulst, “Unidirectional emission of a
quantum dot coupled to a nanoantenna,” Science, vol. 329, p. 930, 2010.

[4] G. Adamo, J. Y. Ou, J. K. So, S. D. Jenkins, F. De Angelis, K. F. MacDonald, E. Di Fabrizio, J. Ruostekoski, N. I.
Zheludev, “Electron-Beam-Driven Collective-Mode Metamaterial Light Source,” Phys. Rev. Lett., vol. 109, p. 217401
2012.



