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Abstract. In this work, we study the characteristics of semiconductor microlasers based on 
the heterostructure with two coupled waveguides intended to improve heat dissipation in cw 
regime. We analysed total output optical loss of the microlasers, their spectral characteristics, 
output power, emission pattern and thermal resistance. We observed that the use of the principle 
of two coupled resonant planar waveguides, active and passive, as well as p-side down bonding, 
significantly reduces the thermal resistance of microlasers and improves their performance. 
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Аннотация. В данной работе исследуются характеристики полупроводниковых 
микролазеров на основе гетероструктуры с двумя связанными волноводами, 
предназначенных для улучшения теплоотвода в непрерывном режиме. Были 
проанализированы полные выходные оптические потери микролазеров, их спектральные 
характеристики, выходная мощность, диаграмма направленности излучения и тепловое 
сопротивление. Отметим, что использование принципа двух связанных резонансных 
планарных волноводов, активного и пассивного, а также соединения p-стороной 
вниз значительно снижает тепловое сопротивление микролазеров и улучшает их 
характеристики. 

Ключевые слова: гибридная интеграция, микролазер, квантовые яма-точки, тепловое 
сопротивление
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Introduction

The self-heating effects of cw-operating diode lasers, associated with the incomplete conversion 
of the supplied electric power into light power, are especially critical for devices with a small 
surface area, such as microdisk lasers [1]. The active region is the main source of Joule heat in 
a semiconductor lasers. Depending on the bonding side, heat can be removed mainly in two 
directions: towards the relatively thin upper epitaxial layers and towards the substrate. One option 
to reduce thermal resistance is to optimize the design of the laser structure. The standard total 
thickness of the upper contact layer, the upper p-cladding layer and the upper part of waveguide 
layer is about 2–2.5 µm. The upper p-cladding layer makes the largest contribution to this 
thickness (about 1.5 µm). It must effectively confine the fundamental optical mode within the 
vertical waveguide. As the cladding layer thickness decreases, the mode begins to penetrate into 
the highly doped upper contact layer, that leads to a catastrophic increase in internal optical losses 
up to the disruption of lasing. The solution to the problem is to use the principle of two coupled 
resonant planar waveguides, of which one is active and another is passive [2]. An active waveguide 
contains an active region and fundamental mode. High-order modes resonantly tunnels into an 
optically coupled passive waveguide. Also, to reduce further the thermal resistance and ensure 
maximum heat dissipation, one can mount lasers on a metal or ceramic heat sink with epitaxial 
layers down (p-side down). 

In this work, we study the characteristics of microlasers developed from the heterostructure 
with two coupled resonant planar waveguides, active and passive. The effect of thermal resistance 
reduction on the output power before and after bonding was investigated.

Materials and Methods

Growth of the laser structure was carried out using metalorganic vapour-phase epitaxy on 
n+-GaAs substrate misoriented by 6o towards [111] direction. The laser structure consisted of 
an Al0.25Ga0.75As n-cladding layer with a thickness of 1.2 µm, a passive n-GaAs waveguide with a 
thickness of 0.55 µm, an n-Al0.25Ga0.75As optical barrier, a main undoped GaAs waveguide with a 
thickness of 1.37 µm, an upper p-Al0.25Ga0.75As cladding layer of 0.5 µm and upper p-GaAs contact 
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Fig. 1. Structure’s refractive index profile and transverse optical modes intensity profiles

layer 0.15 µm thick (Fig. 1). The active region consisted of 5 layers of InGaAs quantum well dots. 
Within the waveguide layer, the active region was shifted towards the upper cladding layer and 
was located at a distance of 220 nm from it. Its location was chosen to be in the minimum of the 
second-order vertical mode. Lasing via the first-order mode (green line in Fig. 1) is suppressed 
due to its resonant leakage into the optically coupled passive waveguide. Thus, we managed to 
locate the active region at a distance of only 870 nm from the top surface of the heterostructure.

To support the effect of optical tunneling between the two waveguides it is necessary that 
the effective refractive indices of the interacting modes coincide, and the distance between the 
waveguides be comparable to the depth of mode penetration into the waveguide cladding. The 
effective refractive index of the mode increases with the thickness of the waveguide and/or the 
contrast of the refractive index between the materials of the waveguide layer and the cladding. 
Therefore, it is possible to design waveguides in such a way that one of the high-order modes of 
the wide, main waveguide will coincide in effective refractive index with the fundamental mode 
of the narrow, additional waveguide. If the active medium is located in a multimode (active) 
waveguide, then a high-order mode resonantly tunnels into a single-mode waveguide and is 
excluded from laser generation due to a decrease in the optical confinement factor, as well as 
additional losses in the passive waveguide. The fundamental mode of the multimode waveguide 
does not change in this case. The advantage of this approach is the possibility of expanding the 
waveguide thickness in the vertical direction and selective suppression of high-order modes, as 
well as a decrease in the thickness of the p-emitter layer.

Laser mesas were formed with a diameter of 30–50 µm using plasma etching through the active 
region to the buffer layer. Metal contacts were formed using AuGe/Ni/Au and AgMn/Ni/Au for 
n- and р-contacts, respectively. Four different types of laser mesas with contacts were formed: 
microdisk lasers (D), microring lasers with 50 and 30 µm outer diameter and 30 µm (assigned 
as RB) and 18 µm (assigned as RS) inner diameter. The Au-Au thermocompression bonding of 
microdisk lasers to the silicon surface was performed using a Finetech FINEPLACERlambda2 
setup. Electroluminescence spectra were recorded using a 20x objective, Horiba FHR 1000 
monochromator and InGaAs CCD (spectral resolution 30 pm) or, for measurements over a wide 
spectral range, a Yokogawa AQ6370C optical spectrum analyser was used. The far field emission 
pattern was obtained using a setup for measuring the spectral-angular dependences of the lasing 
intensity.

Results and Discussion

First, broad-area (BA) lasers with a stripe width of 100 μm and a stripe length (L) of 200–4000 
µm were formed from the grown epitaxial structure. BA lasers operating in the CW-mode at room 
temperature have a lasing wavelength that strongly depends on the stripe length (Fig. 2, a). Such 
a change in wavelength is associated with losses in the laser. We have studied the dependence of 
the differential quantum efficiency on the length of the resonator, and we determined the internal 
optical losses αin, which amounted to only 0.7 cm-1 and a high internal quantum efficiency of 
stimulated emission ηin = 79%. According to the formula αin + (1/L) ln(1/R), where R = 0.3 is the 
facet reflectivity, we calculated the dependences of the total optical losses in a laser depending on 
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Fig. 2. Dependence of the lasing wavelength on the stripe length, inset: dependence of the external 
differential efficiency on the stripe length (a), dependence of the total optical losses on the lasing 

wavelength for BA lasers (b)

the lasing wavelength (Fig. 2, b). From the experimental dependence of the lasing wavelength on 
the total loss we can estimate the total optical loss for microlasers using their emission wavelength.

We have studied, lasing spectra of the microlasers at room temperature without bonding. 
Example of the lasing spectra obtained for microdisk lasers are presented in Fig. 3. With decreasing 
of the microdisk laser diameter we observe the tendency toward a decrease in the lasing wavelength 
and an increase in the threshold current density (Fig. 4), which is explained by an increase in 
losses in the microdisk laser. In accordance with the data of Fig. 2, b and 3, the total optical loss 
for a microdisk laser increases from 13.6 cm‒1 for a diameter of 50 μm to 58 cm‒1 for a diameter 
of 30 μm.

Fig. 3. Electroluminescence spectra for 
microdisk lasers with a diameter of 30, 

40, and 50 µm

Fig. 4. Lasing wavelength and threshold current 
vs microdisk diameter (data was obtained for 

two microlasers of each diameter)

Next we compared the thermal resistance for different types of microlasers with a diameter of 
30 and 50 µm before and after bonding to a Si substrate (Fig. 5). For microlasers with a diameter 
of 30 μm, the thermal resistance was observed at a level of 0.55 K/mW for all types of microlasers 
before bonding. The value of the thermal resistance for a single-waveguide microdisk laser with a 
diameter of 30 μm was obtained in [3] to be 0.59 K/mW, which is slightly larger than the value 
obtained for our microdisk laser with the same diameter. After bonding a decrease in thermal 
resistance by a factor of about 2–3 is observed for all the microlasers. In our microdisk lasers, the 
value of thermal resistance after bonding decreased to 0.22 K/mW, while for a single-waveguide 
microdisk laser, this value decreased to 0.32 K/mW. Based on this comparison, we can conclude 
that the use of the principle of two coupled resonant active and passive planar waveguides makes 
it possible to reduce the thermal resistance of microlasers.

We also studied the dependence of thermal resistance on the microlaser type for lasers with a 
diameter of 50 μm before bonding. Fig. 5, b shows that, the thermal resistance of the microlaser 
increases with a decrease of its area. After bonding, regardless of the type of microlaser, the 
thermal resistance decreases to ~ 0.15 K/mW.
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Fig. 5. Thermal resistance before and after bonding against microlaser type for 30 μm (a) and 50 μm (b)

Reducing thermal resistance improves various characteristics of microlasers. Increase of the 
output power after bonding was observed for all the devices studied. An example of a change in 
the output optical power is shown in Figure 6. Also, a decrease in thermal resistance after bonding 
led to an increase in the output power with the slope of power dependence and increase of the 
bias current of the thermal roll-over. 

Next the far-field emission pattern was obtained for a microdisk laser with a diameter of 50 μm 
at various injection currents (Fig. 7). To study the far-field emission pattern, a different detector 
was used than the detector for collecting the output optical power, thus only a fraction of the 
output signal in a small azimuth angle was collected. We observe an interference pattern with the 
maximum emission power concentrated in the first two fringes with polar angles of 2° and 8°. This 
pattern is due to the interference of the direct and reflected from the planar etched GaAs surface 
output light of the microlaser. The angular position of the fringes depends only on the active 
region height above the bottom GaAs surface [4]. By fitting this dependence with a model that 
represents the output as a Gaussian beam, we can estimate the waist radius to be r0 ≈ 0.9 μm and 
thus the aperture (beam divergence) calculated with a well-known formula is 2α = 2λ/(πr0) ≈ 40°.

Fig. 6. The dependence of the output 
optical power on a threshold

Fig. 7. The vertical far-field emission 
pattern for 50 μm microdisk laser

Conclusion

The total optical loss for microlasers with different diameters was calculated. The intensity 
peak positions on the emission pattern of 50 μm microlaser stayed unchanged with the increase of 
the injection current. The use of the principle of two coupled resonant planar waveguides active 
and passive, as well as p-side down bonding, can significantly reduce the thermal resistance of 
microlasers. A decrease in thermal resistance leads to an improvement in the characteristics of 
microlasers, including an improvement in the maximum optical power.
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