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In this paper we present a thermal resistance analysis of lasers with different waveguide geometries by
using a finite difference thermal model. The model is able to predict temperature distribution, heat flux,
and thermal resistance. In particular the analysis is focused on the comparison between Shallow-Ridge
and Buried-Heterostructures lasers.

Introduction

The need for high-bandwidth-density photonic devices and circuits is driving photonic
devices with lower consumption and more effective heat-sinking. Photonic integrated
circuits such as the COBRA platform use either deep or shallow ridge waveguides to
define active and passive photonic devices [1]. While this is sufficient to ensure optical
waveguiding, a significant proportion of the charge carriers can laterally diffuse and
recombine without providing optical gain thus reducing the efficiency of the device [2].
Deep etch devices improve confinement, but with a greater sensitivity to surface
recombination and roughness. Buried-heterostructure (BH) lasers offer both charge
carrier and photon confinement [3], [4]. Recently we have been studying the
incorporation of buried hetero-structure (BH) lasers within the COBRA integration
platform [5], [6]. Importantly, BH lasers are expected to enable excellent thermal
performance [7], [8] enabling further performance improvements and energy efficiency.
To date there has been only limited comparative work [9].

In this work, we provide the first quantitative experimental and theoretical
comparison of the thermal behavior of SR and BH lasers. We propose a finite difference
thermal model to predict temperature distribution, heat flux, and thermal resistance (Ri)
inside the laser with different waveguide geometries, and use this to interpret
differences in experimental data.

Heat-spreading

Heating in semiconductor lasers is an important phenomenon that compromises the
performance. When injecting electrical power into a laser, part of the input electrical
power will be dissipated as heat through Joule heating in the resistive p-layers, radiative
absorption, and non-radiative recombination. This will have consequences on the
threshold current and internal efficiency[10] as well as modulation bandwidth and
performance.

In a BH laser, the active layer is embedded in InP (See Fig-1a) providing an
efficient thermal dissipation because the heat can dissipate through both sides, as well
as the top and the bottom of the active stripe thanks to the relatively good thermal
conductivity k of InP (68 Wm™K™) [11]. The SR laser is only partially etched (See Fig-
1b), and due to the relatively poor thermal conductivity of the continuous, quaternary,
active layer stack (5 Wm™K™), the heat-sinking is primarily through the lower side of
the active layer, if top side heat removal is small.
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Fig.1: Cross section of (a) buried heterostructure (BH) and (b) shallow ridge (SR) laser; Red signifies the
quaternary material while blue shows the higher thermal conductivity InP layers.

Numerical model
In order to obtain the two-dimensional temperature distribution cross-section of SR
and BH lasers, the temperature equation below needs to be solved:
0T a°T
2t 37 = 0 (1)
An efficient way to solve this equation is based on a finite-difference method.
The spatial domain is divided in n nodes and, for each node, the heat flow equation is
defined. For the steady state condition, the net heat flux must sum to zero at each node

SO.
—Ti
a+ ) =0 @
7 Rii

where q; is the heat delivered by the node i. When the number of nodes is large, solving
the equation by directly inverting the temperature matrix it is not efficient and an
iterative technique is preferred. For this work we used the so called Gauss-Silted
method [12]. The temperature T; is defined in terms of the thermal resistance and
temperature of the adjacent nodes T; as follow.
_ 4+ X,(T/Ry) 3)
© X(1/Ry)
where R;; is the thermal resistance between the node i and j. In a first step an initial
value of T; is assumed, next the new values of T; are calculated using the updated values
of T;. The process is repeated until |T; . —T; | <&V T;, where n is the required

number of iterations and & is a quality of fit constant specified in this work to be 10°. A
script in Matlab® was implemented to solve the temperature matrix for the laser cross-
section iteratively.

The BH and SR lasers are represented as heat sources in the active core.
Adiabatic boundary conditions are imposed on the side and on the top, and heat loss is
only enabled via the bottom of the 100 um thick substrate. The isothermal condition at
25 °C is imposed at the bottom where the device is in contact with the heat-spreader.
The injected power is 160 mW and the active region width is 2 um. Half of the space
domain is used, exploiting symmetry to improve computational efficiency. Fig-2a and
Fig-2b show the temperature profile for cross-sections of a BH laser and SR laser
respectively.

As the heat source is embedded in InP, the heat can spread in all directions. In
SR laser, the heat flux is mainly from the bottom of the active region. The effective
thermal resistance of the laser is then computed by using the following relation [13]:

Rin = (Ta —T5)/Pin (4)
where T, is the temperature in the active layer and Ts is the temperature of the substrate
imposed by the cooling system, represented here by a 25°C temperature defined at the
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bottom of the substrate. The calculated Ry, for BH and SR is 24 K/W and 90 K/W
respectively.
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Fig-2a Temperature distribution for the simulated shallow ridge (SR) 600 pum long laser
Fig-2b Temperature distribution for the buried heterostructure (BH) 600 pm long laser

Experimental measurements

To verify the model, the thermal resistance Ry, was experimentally measured for SR
and BH lasers of varying all-active cavity lengths. Firstly, the temperature dependence
of the wavelength spectrum was quantified by changing the substrate temperature at
constant injected current. AA/AT was found to be 0.10 nm/K for all lasers. Secondly, by
increasing the injected electrical power, the red shift of a selected longitudinal mode
was measured.
The effective thermal resistance was finally estimated by using the relation below[14]:
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AT
Where Pj, is the injected electrical power and Py is the optical power, negligible
respect to Pj,. [13]
In Fig-3 the computed and measured values of thermal resistance Ry, are plotted
together. The thermal resistance is plotted as a function of laser length for experiment
and theory. In the simulations, all lasers are operated with the same input electrical
power levels of 160 mW. Simulations are performed in length steps of 100 pum. The
increasing thermal resistance with shortened laser length corresponds to the increased
input power density.

The model shows a good agreement with the measurements of BH lasers and also
longer SR lasers. A deviation is noted for shorted cavity length SR lasers. This may be
attributable to the assumption that heat removal is only from the bottom side electrode
and a simplification in the modelled layer stacks. The model can be readily extended to
include top-side cooling via the p-metal connection.

Ren = )

Conclusion

From both the measured values and the numerical model we can confirm the
improved thermal resistance of the BH lasers respect to SR lasers. The improvement is
most striking for longer devices, from order 50 K/W to 30 K/W. The enhanced heat-
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spreading in the InP layers is expected to enable higher efficiency lasers, and when
incorporated within integration platforms, higher performance circuits.
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Fig 3. Thermal resistance as a function of length for BH and SR lasers. Experiment and theory.
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