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Abstract:

To reduce thermal resistance and improve heat dissipation in surface-emitting quantum cascade lasers

(QCLs), we investigated their structure in which a diamond submount is inserted between a mesa and a CuW
mount. From the results of the thermal flow simulation of three-dimensional models of the QCLs, the thermal
resistance of the QCL without the diamond submount was 8.5 K/Wand that of the QCL with the diamond
submount was 5.2 K/W. From the structure function obtained using the static method, the thermal resistance
of the QCL without the diamond submount was 8.5 K/W and that of the QCL with the diamond submount
was 6.3 K/W. From the measured output range of the QCLs, the measurement output power of the QCL
without the diamond submount was 265 mW and that of the QCL with the diamond submount was 290 mW.
The reduction in thermal resistance and the improvement in laser output were confirmed to be due to the

diamond submount.

1 INTRODUCTION

A quantum cascade laser (QCL) is an n-type
semiconductor laser that emits light in the infrared
region (Faist et al., 1994). Since its emission
wavelength is in the infrared region called the
molecular fingerprint region, the QCL can measure
many gases with high sensitivity. From its merits, it
is expected to be applicable to the detection of trace
substances and distant gases. In the detection of trace
substances, the amount of laser light absorbed is
measured and a long optical path is necessary for laser
light propagation. In the detection of distant gases, a
high-output laser is required because the reflected
light is detected during laser light propagation.
Evans et al. have developed a watt-order laser
oscillation as a high-power laser (Evans et al., 2007).
This laser is an edge-emitting device in which the
direction of the laser light excitation coincides with
that of laser light emission. In contrast, a surface-
emitting QCL that emits laser light from the surface
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in the vertical direction of the device through a
photonic crystal (PhC) was previously developed
(Colombelli et al., 2003). By widening the area of the
excitation part called the mesa, we can expect
improvements in beam quality and heat dissipation.

In our previous study, we developed surface-
emitting QCLs and confirmed single-mode laser
oscillations (Saito et al., 2021, Yoa et al., 2022). In
addition, to evaluate the heat dissipation of these
QCLs, we measured their thermal resistance using the
structure function (Takagi et al., 2019). Furthermore,
we constructed a three-dimensional (3D) thermal
flow simulation model and evaluated the thermal
resistance of these surface-emitting QCLs (Takagi et
al., 2022)

In our current study, we have developed a
prototype of a surface-emitting QCL with a diamond
submount and demonstrated the reduction in thermal
resistance quantitatively. We report these results and
the improvement in laser output.
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2 3D THERMAL FLOW
SIMULATION OF
SURFACE- EMITTING QCL

2.1 Surface-Emitting QCL

Figure 1 shows the structure of the surface-emitting
QCL in which (a) is a cross-sectional view, (b) is a
view from above, and (c) is a bottom view. A mesa
that emits laser light and a dummy ridge were formed
on an InP substrate with a thickness of 600 um. In the
mesa area, an InP film was formed on an active layer
(laser excitation portion) that excites a laser, and a
photonic crystal was formed on the InP film. Au
electrodes for current supply was formed on the
opposite side of the InP substrate. A CuW mount was
mounted on the mesa and dummy ridge sides of the
InP substrate, resulting an epi—side—down structure.
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Figure 1: Surface-emitting QCL. (a) Cross-sectional view,
(b) top view, and (c) bottom view.

2.2 3D Simulation Model

A simulation model was constructed by inputting the
3D structure and physical property data of the
surface-emitting QCL. The thermal flow analysis
software STEAM (MSC software) was used as the
simulator. The analysis is based on a natural
convection model, in which the laser excitation
portion is overheated and natural convection
occurs (Ho et al., 2008). The equation for gas flow is

ap (v, d(pv,) 8(ov,)
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where p is the density and ¢ is the time. vy, v, and v. are

the velocities in the X, y, and z directions,
respectively. Moreover, the formula for heat transfer is
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where u is the temperature, which is a function of the
position and time, o is the specific heat, K is the
thermal conductivity, and F is the external heating
value per unit time, which is a function of the position
and time.

Figure 2(a) shows a photograph of the surface-
emitting QCL prototype fabricated on the basis on the
design in Fig. 1. Corresponding to Fig. 1(b), it can be
observed that a mesa and a dummy ridge are formed
on the InP substrate. Figure 2(b) is a simulation model
of the QCL on an InP substrate, showing the outline
of the InP substrate, mesa, dummy ridge, and Au
electrodes on the back surface.
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Figure 2: Surface-emitting QCL device: (a) photograph and
(b) simulation model.

The InP substrate in Fig. 2(a) was mounted on a
CuW mount with an epi-side—down structure. Figure
3(a) shows a 3D model of the QCL on a CuW mount
without a diamond submount. Figure 3(b) shows 3D
model of the QCL mounted with a diamond
submount. Diamond has a high thermal conductivity
and was reported to reduce thermal resistance in light
emitting devices (Bezotosnyi et al., 2014). In the
simulation model, the diamond submount was placed
on the CuW mount and The InP substrate was placed
on the diamond submount with an epi—side—down
structure. The thermal conductivity of the diamond
submount was set at 2000 W/mK.

Other physical property values in this 3D model
are as follows. The thermal conductivities of the CuW
mount, InP, SiO,, Ti, Au, and Cu was 157 W/mK, 68
W/mK, 1.38 W/mK, 21 W/mK, 296 W/mK, and 403
W/mK, respectively. The thermal conductivity of the
Au-buried PhC part was determined from the volume
ratio of photonic crystal and InP cradding. In the laser
pumping part, Alps3slngze2As and Gag 331Ing gs0As thin
films were alternately laminated. From the
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references, the  thermal  conductivity  of
Al s38Ino362As thin film was 10.0 W/mK (Kll’l’l et al.,
2002), and that of the Gag33i1IngeeoAs thin film was
5.6 W/mK (Adachi, 1985). From the film thicknesses
of both thin films, the thermal conductivity of the
laminated thin film was calculated to be 7.5 W/mK.
Regarding the temperature boundary conditions, the
temperature of Peltier cooler was fixed at 0°C at the
mount, and the ambient temperature of the surface-
emitting QCL is set at 30°C. The temperature increase
was calculated assuming that the power from the
power source is supplied to the laser pumping
section.

Air: 25[°] Air: 25
InP substrate AU electrode Diamond Au electrode
AusSn submount AuSn

Peltier: 0 [°] Peltier: 0 [°]

(a) (b)

Figure 3: 3D model for thermal flow simulation. (a) QCL
without diamond submount and (b) QCL with diamond
submount.

2.3 Simulation Results

The temperature distribution of the surface-emitting
QCL was calculated with an input power of 10 W to
the laser excitation portion. Figure 4(a) shows the
temperature distribution of the QCL without a
diamond submount, and Fig. 4(b) shows that of the
QCL with the diamond submount. The temperature
distribution in the central cross section of the surface-
emitting QCL is also shown. The temperature of the
Peltier cooler was fixed at 0°C, and that of the CuW
mount was also near 0°C owing to its high thermal
conductivity. The temperature is high in the laser
excitation portion where the power was supplied and
the portion in the mesa around the excitation portion.
The temperature increase at an input power of 10 W
was determined to be 82.63°C in the QCL without a
diamond submount and 52.47 °C in the QCL with a
diamond submount. The temperature increase was
suppressed by using the diamond submount.

In Fig. 4(a), the isotherms under the mesa are
semi-circular, and heat is concentrically transmitted
around the mesa. On the other hand, in Fig.4(b),
owing to the high thermal conductivity of the
diamond submount, the heat spreads horizontally and
is transmitted vertically through the CuW mount. To
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investigate the thermal flow in more detail, we
calculated the heat flux of the surface-emitting QCL.
Figure 5(a) shows the distribution of thermal flux
vectors of the QCL without a diamond submount, and
Fig. 5(b) shows that of thermal flux vectors of the
QCL with a submount. In Fig.5(a), the heat is mainly
directed from the mesa, while in Fig 5(b), a horizontal
thermal flux vector is generated in the diamond
submount. From the temperature distribution in Fig.
4 and the thermal flux distribution in Fig. 5, we
consider that heat is transmitted horizontally by the
diamond submount, thereby reducing the thermal
resistance.
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Figure 4: Simulation results of temperature distributions.
(a) QCL without diamond submount and (b) QCL with
diamond submount.
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Figure 5: Simulation results of heat flux. (a) QCL without
diamond submount and (b) QCLwith diamond submount.
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Next, we calculated the temperature increase with
respect to the input power. The obtained results are
shown in Fig.6. The temperature increases at 10 W
show a thermal resistance of 8.26 K/W in the QCL
without a diamond submount and a temperature
resistance of 5.25 K/W in the QCL with a diamond
submount. As the input power increases, the
temperature difference between the QCLs with and
without a diamond submount increases. This shows
that the diamond submount is more effective under
high input power operating conditions.
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Figure 6: Relationship between input power and mesa
temperature.

3 THERMAL RESISTANCE
MEASUREMENTS OF
SURFACE-EMITTING QCLS

3.1 Static Method and Structure
Function

In this study, a statics method was applied to the
thermal resistance measurements of the surface-
emitting QCLs. In the statics method, after heating
devices, thermal resistance is measured from the
voltage—current characteristics obtained during
cooling. The measurement method has short
measurement time and high reproducibility.
T3Ster (Siemens AG) was used for the
measurement. Since the resistance of a
semiconductor device changes with temperature,
the temperature change is proportional to the
voltage change across the device when a constant
current is allowed to flow. In the statics method,
this voltage change ATsp [mV] is measured and the
temperature change A7Z; [K] of the device is
obtained as (Székely, 1997)

ATj = K- ATsp, 3

where K is a coefficient called the K-factor. A
surface-emitting QCL was set in the thermostat of
T3Ster, and the K-factor was measured by
changing the thermostat temperature from 20°C to
70°C. As aresult, the K-factor was determined as —
0.022772. K/V.

T3Ster was used to measure the structure
function by the statics method. The CuW mount
was cooled to 20°C and heated by supplying
approximately 1.6 W of power to the QCL. After
stopping the heating power supply, the temperature
of the QCL during cooling was measured to obtain
a cooling curve. Assuming that the thermal
resistance and thermal capacity of the elements
constituting the QCL are Ry and Ca, respectively,
the time constant T during cooling is expressed as

T= Cip " Rep. 4)
3.2 Measurement Results

Surface-emitting QCLs of the same lot were
mounted with and without a diamond submount.
Figures 7(a) and (b) show the QCL mounted
without a diamond submount and the QCL
mounted with a diamond submount, respectively.
The CuW mount and surface-emitting QCL were
soldered to the diamond submount with indium.

Diamond submount

Surface- Surface-

emiting QCL emiting QCL
(o) E ]

(a) (b)

Figure 7: Photographs of the mounted surface-emitting
QCLs: (a) without and (b) with diamond submount.

Figures 8(a) and (b) show the cooling curves of
the QCLs without diamond submount and with the
diamond submount measured by the static method,
respectively. Figures 9(a) and (b) show the
structure functions of the QCLs without and with
the diamond submount obtained from the cooling
curves shown in Fig. 8, respectively. In the flat area
above 8.5 K/W in (a), the thermal resistance value
fluctuates when the mounting method of the
surface-emitting QCL is changed during
measurement. Therefore, the thermal resistance
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over of the flat region was considered to be the
thermal resistance between the surface-emitting
QCL and the T3Ster cooler. We estimated a typical
value of 8.5 K/W for the total thermal resistance of
surface-emitting QCLs. Similarly, the thermal
resistance of the QCL in (b) was estimated to be 6.3
K/W.
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Figure 8: Cooling curves of QCLs (a) without and (b) with
diamond submount.
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Figure 9: Structure functions of QCLs (a) without and with
diamond submount (b).

4 LASER OSCILLATION

To investigate the effect of the diamond submount,
the laser power was measured. The QCL operating
conditions were a frequency of 100 KHz, a duty of
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1%, and a cooling temperature of 77 K. Figure 10
shows the measurement results. Although increases
with the supply current, the laser output stops
increasing at around 12 A for the QCL without a
diamond submount. In contrast, the QCL with a
diamond submount increases in the output even at a
current of 17 A. The maximum output power within
the measured range was determined 265 mW for the
QCL without a diamond submount and 290 mW for
the QCL with a diamond submount. This indicates
that the diamond submount improved the heat
dissipation and output of the QCL.
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Figure 10: Output powers of QCLs without and with
diamond submount.

S5 CONCLUSIONS

To reduce thermal resistance and improve heat
dissipation in surface-emitting QCLs, we investigated
their structure in which a diamond submount is
inserted between a mesa and a CuW mount. From the
thermal flow simulation of 3D models of the QCLs,
the thermal resistance of the QCL without the
diamond submunt was 8.5 K/W and that of the QCL
with the diamond submount was 5.2 K/W. From the
structure function obtained using the static method,
the thermal resistance of the QCL without the
diamond submount was 8.5 K/W and that of the QCL
with the diamond submount was 6.3 K/W. The
simulation results and structure function of the QCL
with the diamond submount show that the reduction
in thermal resistance is caused by the diamond
submount. From the measured output range of the
QCLs, the maximum output power of the QCL
without the diamond submounit was 265 mW and that
of the QCL with the diamond submount was 290 mW.
The reduction in thermal resistance and the
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improvement in laser output were confirmed to be
due to the diamond submount.
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