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1. Introduction

Structured surface elements offer the potential for optical functionality in a small volume but their dispersion is a severe drawback for broad-
band imaging. To overcome this problem, surface lenses with heights greater than a wavelength have been used to generate coincident foci for
wavelengths related harmonically [1].

Recently, surface elements have been demonstrated that provide achromatic focusing over a band of wavelengths that are not harmonically
related [2]. Although the experimental results are indisputable, a physical explanation for their behavior is lacking. Without question, the
physical mechanism differs from the one that enables dispersion control by shaping subwavelength features. [3].

I propose a model for the demonstrated behavior based on lens superposition. This model potentially provides insight into the element’s
physical behavior and suggests a simpler design algorithm than that used in Ref. [2].

2. Lens Superposition Model

The model assumes achromatic performance is generated by a coherent summation of the optical phases necessary to focus each wavelength
to f, i.e., a superposition of lenses,

S(r) = exp(jdry0) o)

(1) T el smalosod smn [H20=1] | o (%) [ ()

IS(r)lexp[jy(r)], r=[0,R].

Each lens shares the same quadratic structure defined by the aperture D = 2R and the focal length f. The term Ry is the radial location at which
the geometry is zero for all lenses. This geometric structure is scaled by a wavelength dependent term.

The waveband over which achromaticity is desired is given by a discrete set of K wavelengths. Since the element response is temporally
incoherent, each lens can have a different phase offset ¢z, «.

Note that the superposition is dependent upon relative, not absolute, phase offset. Thus, there exist K — 1 unknown phase values. Since the
radial location Ry is also unknown, the total unknowns is K.

To examine the impact of these unknowns on the superposition S(r), I assumed a 5-mm focal length and 650-um diameter. I considered 7
equally-spaced wavelength between 400 and 700 nm. The radial coordinate was quantized into 250 values separated by 1.30 um. The element
material is maP1200G photoresist.

In general, S(r) is complex, i.e., it has both magnitude and phase. From Eq. (1), when the phase offset for all lenses is zero S(r) =1 at
r = Ro. This is represented in Figs. 1(a) and (b) for Ry = 0. Note that the magnitude ranges between 0 and 1 and the phase in Fig. 1(c) is an
aberrated quadratic phase.

When the phases are random, the deviation in |S(r)| is reduced and the phase y(r) is again an aberrated quadratic phase whose aberrations
differ from those with zero phase. See Figs. 1(e)-(g).

Reducing deviations in magnitude increases light throughput and element efficiency. It stands to reason there exists at least one set of values
Ry and ¢, « that yield a minimum deviation in [S(r)|.

X

3. Proposed Design Algorithm

If fabrication technology were capable of generating a complex transmission simply, evaluating Eq. (1) with the optimal values mentioned
above yields an optimally designed element. Unfortunately, this is not the case. The photolithographic fabrication of surface elements yields
structures that are phase-only. A simple way to generate a phase element from S(r) is to set its magnitude to unity,

Pph(r) = |§E:;‘ ’ (2)
= exp[jy(r)].

If |S(r)| is nearly constant, the error introduced by retaining only phase is minimal.




The fabricated structure h(r) is generated by unwrapping the phase y/(r), converting phase to height, and wrapping the height using the
maximum feature height /.. I assumed /1,4, = 2.60 um and used 650 nm as the reference wavelength to convert phase to height.
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The resulting structures for zero and random phase are represented in Figs. 1(d) and (h).
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Fig. 1. Lens superposition. For zero phase offset, (a) complex-plane representation of S(r), (b) mag-
nitude |S(7)|, (c) phase of S(r), and (d) designed profile i(r). (e)-(h) Same as (a)-(d) except for
random phase offset.

4. Concluding Comments

Preliminary results with random phase values indicate the viability of the design approach. However, the model and design
algorithm have not been fully validated. Optimization of the parameters Ry and ¢g,  to minimize deviations in |S(r)]| is still
under development. We are also exploring the criteria for selecting the wavelength used to convert phase to height.

I acknowledge many useful discussions with Joe van der Gracht, Predrag Milojkovic, Jeremy Teichman, Rajesh Menon,
Rohith Chandresekar, Augustine Urbas, and Markus Testorf while developing the model presented.
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