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Abstract—We report direct measurements of the optical gain profile for a vertical cavity surface emitting laser (VCSEL) epitaxial
structure, by characterising the transverse electric (TE) in-plane net modal gain using the segmented contact method.
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I. INTRODUCTION

A large growth in the vertical cavity surface emitting laser (VCSEL) market, particularly in sensing applications, is expected to
continue over the next few years [1]. In addition, VCSELSs which meet stringent specifications are required for certain applications
such as miniaturised atomic clocks [2]. A key factor to consider is the detuning of the gain peak with the cavity resonance.
Understanding the gain peak profile and its alignment with the target cavity resonance is important, so that a VCSEL epitaxy design
can be optimised to reduce threshold current and improve efficiency and device yield. However, there is currently no direct way to
characterise the gain profile in VCSEL structures. The highly reflecting distributed Bragg reflectors (DBR), forming the vertical
cavity, make it difficult to suppress lasing and apply single pass gain measurement techniques in the vertical direction. The short,
inherently single longitudinal mode, cavity of the VCSEL means the Hakki-Paoli technique [3] is not possible. Test wafers can be
grown with a nominally identical active region and without the DBR layers, but this cannot be used to evaluate the actual wafer used
to fabricate operational VCSEL devices and is not as useful from a manufacturing perspective.

Here, a stripe-length method [4], typically used on edge-emitting laser structures, is utilised to investigate the optical gain
characteristics of VCSEL material by measuring the transverse electric (TE) in-plane modal-gain as a function of carrier injection for
a range of operating temperatures. For both the vertical lasing mode of the VCSEL and the TE polarised in-plane mode, the electric
field direction is in the plane of the quantum wells, so assuming an in-plane symmetric active medium, the dipole matrix element
which determines the optical gain for each mode will be approximately identical, and the modal gain will be related by differences in
the confinement factor of each mode. The photon momentum should be small compared to the crystal momentum, so any differences
arising from an orthogonal propagation direction will be negligible.

Il. EXPERIMENT

To demonstrate the methodology required to successfully characterise VCSELSs by this approach we utilise two nominally
identical VCSEL epitaxial structures designed to emit at 894.6nm, for use in caesium-based miniaturised atomic clocks. These
structures differ by the use of either an in-phase top mirror layer or an anti-phase top mirror layer. The anti-phase top mirror layer
increases the mirror loss, increasing the required threshold gain for lasing.

A schematic diagram of the segmented contact stripe is shown in figure 1. We make use of a fast-fabrication approach, whereby
segmented Cr-Au p-contacts, 300um long and 100um wide with 6um gaps, were patterned and annealed onto the sample surface. The
GaAs cap and top DBR pairs surrounding the contacts were consequentially etched to electrically isolate each section using the p-
contact metal as the mask.
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Power-current characteristics were recorded (figure 2 a and b respectively) for the resonant vertical cavity and the single pass in-

plane cavity and demonstrate the value of the anti-phase top mirror design in suppressing vertical lasing. Such structures are used for
the measurements of the in-plane gain using the segmented contact approach. Figure 3 shows the measured TE in-plane net modal
gain, at room temperature, for current densities between 0.3-0.6kA/cm2. We compare these results and similar data taken as a function

of

temperature with the measured threshold current density and lasing wavelengths to demonstrate the utility of this method for

characterising full VCSEL structures.
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Figure 3. In-plane modal gain curves of the anti-phase top mirror device for different  Figure 2. P-I curves of light emitted in the (a) vertical and (b) in-plane
current densities (solid lines) and the zero-bias absorption curve (dashed line) at a  direction.
temperature of 20.8°C.



