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Abstract: We demonstrate wavelength tuning of a micro-fluidic dye ring laser. Wavelength
tunability is obtained by controlling the liquid dye concentration. The device performance is
modelled by FEM simulations supporting a ray-tracing view.

©2006 Optical Society of America

OCIS codes: (140.2050) Dye Lasers; (140.3410) Laser Resonators

1. Introduction

Integration of light sources onto lab-on-a-chip micro-systems are of great interest for future lab-on-a-chip
applications [1]. For applications where tunable light in the visible range is preferable, e.g. for on-chip spectral
analysis of chemical samples, dye lasers are of particular interest. Recently, there has been an increasing effort in
realizing micro-fluidic dye lasers by glass [2] or polymer microfabrication [3,4].

Here, as in [2—4], a planar ring cavity consisting of two isosceles dielectric triangles and a micro-fluidic channel
is considered. Fig. 1(a) shows a microscope image of the fabricated polymer device.

The micro-fluidic dye ring laser was first demonstrated in [3]. Here, we demonstrate tunability of the laser
wavelength by varying the dye concentration (Rhodamine 6G dissolved in ethanol), and the device is modelled by
finite-element simulations.

In the simulations, we study the full-wave nature of the TE cavity modes in the 2D geometry shown in Fig. 2(a)
using the finite-element method (FEM) and compare the results to a plane-wave model. In the plane-wave view
often used to explain the function of the laser [2—4], the cavity relies on total internal reflection of plane-waves at the
interfaces between the glass/polymer triangles and the surrounding air at an incidence angle of 45°. Our simulation
supports this picture and we explain the cavity modes as standing waves in the cavity.

2. Experimental concentration tuning of the laser wavelength
By varying the dye concentration in the micro-fluidic channel, see Fig. 1(a), we demonstrate tuning of the over-all
laser wavelength from 565 nm — 569 nm, see Fig. 1. The laser is pumped by a frequency doubled Nd:YAG laser at
532 nm (5 ns pulse length, 10 Hz repetition rate). For details on the fabrication and characterization of the laser, we
refer to [3].

This tuning effect was investigated for Rhodamine 6G solutions by Peterson et al. in 1971 [6] and can be used
for real-time tuning of the laser wavelength by integration of a micro-fluidic mixer on the chip [4,7].
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Fig. 1 (a) Microscope image of the fabricated polymer device (SU-8 polymer). The triangles have a base-line of 500 pm.
(b) Laser output spectra with Rhodamine 6G dissolved in ethanol in the micro-fluidic channel as the active medium.
(¢) Tuning of the laser wavelength between 565 — 569 nm by varying the dye concentration.
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3. Numerical simulation

In order to gain further understanding of the laser resonator, we have modelled the electric field in the cavity by
FEM simulations. The electric field in the cavity is governed by the wave equation V x V x E(r) = n*(r) &* E(r)
where E is the electric field, » is the refractive index, and k = @/ ¢ is the wavenumber.

We have solved the wave equation in the frequency domain for TE modes in the planar geometry shown in Fig.
2(a), i.e. E(r)= E/r)e.andr =x e, +y e, by applying a FEM technique. A point-source has been inserted in the
cavity at point A, see Fig. 2(a), to excite the electric field in the cavity. The light in the cavity is coupled to the
adjacent polymer region (waveguide) by evanescent-field coupling. The output power P, at a certain excitation
wavelength (k value) is calculated by integration of the time-averaged power through the liney, see Fig. 2(a). We
refer to [5] for details.

A simple plane-wave ray-tracing argument predicts cavity resonances for integer values of the mode index m,
defined as m(k) = k Ly / 21 + ¢ / 2r [5] where Ly, is the round-trip optical path length, i.e. Ly = 2n1,(, +2n,¢ ,, and ¢
is the phase picked up by a plane wave at total internal reflection at the polymer/air interface at an incidence angle of
45°.

The results show excellent agreement with the plane-wave prediction from m ~ 10 and up, see Fig. 2, thus our
simulations support a ray-tracing view of the cavity resonances. Unlike for dispersion-guided resonances in a square
2D photonic-crystal [8], we are able to explain the spectrum in terms of standing waves with a mode spacing of

Ook=2n/Ly.
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Fig. 2 (a) The geometry used in the FEM simulations of the cavity modes. ¢, / ¢,= 0.2, n; = 1.59, n, = 1.43 (typical values). Near the

geometry edges perfectly matching layers (PML) absorb the field and prevent reflections. The dashed line indicates a typical optical path.

(b) The output power P, in the adjacent polymer region (waveguide) calculated for each k value with the excitation source at point A,

see Fig. 2(a). The plane-wave model predicts resonances for integer values of m.

(¢) Norm of the electric field at the resonance at m = 27.1355.
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