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ABSTRACT

Nonradiative power dissipation within and near the active
region of a high power single mode slab coupled optical
waveguide laser is directly measured by CCD-based
thermoreflectance, including its variation with device bias. By
examining the high spatial resolution temperature profile at the
optical output facets, we quantify heat spreading from the
source in the active region both downward to the substrate and
upward to the metal top contact.

NOMENCLATURE

Kin Thermal conductivity (W/cm-K)

P Nonradiative recombination power (W)
Heat power per unit length (W/cm)
Reflectivity

Temperature (K)

Thermal diffusivity (cm?/s)
Thermoreflectance coefficient (1/K)
Device bias frequency (1/s)
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INTRODUCTION

High power laser diodes have many different kinds of
applications such as laser imaging, pumps for solid state lasers,
and optical communication. For optical communication, laser
light at 1.55 pum is desired because of the low loss in silica-
based optical fibers at this particular wavelength. Furthermore,
in order to maintain a high quality optical beam over a long
distance with high bitrate, single mode fiber is desired.
Different laser structures which have high single-mode output
power have been developed, such as tapered structures and
broad stripe structures. Both types suffer from low efficiency of
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coupling into single-mode fiber. For broad stripe lasers, the
main limitation decreasing the coupling efficiency is the high
aspect ratio of the mode. Recently, a new class of
semiconductor laser has been developed known as the slab
coupled optical waveguide laser (SCOWL)." SCOWL is a high
power single mode laser diode which can directly butt couple
to an optical fiber by taking advantage of its almost circular
single mode optical output. While these structures have
demonstrated extremely high coupling efficiency, their
performance and reliability as lasers as well as optical
amplifiers is tied to their operating temperature.> High-
temperature effects such as decreased efficiency and defect
generation are important not only in SCOWL devices but also
in high-power lasers generally.

In the present work, we study the temperature distribution
on a SCOWL output facet using high resolution CCD-based
thermoreflectance. By examining the two dimensional
temperature map, we can accurately locate heat source
locations and power dissipation mechanisms at the device facet.

Various temperature measurement techniques, such as
photoluminescence,’ Raman scattering,* and single-spot
thermoreflectance,” have been applied to measure the facet
temperatures of laser diodes under bias. For photoluminescence
and Raman scattering techniques, the temperature resolution is
limited by the resolution of the spectrometer which is used to
measure the spectrum shift due to device surface temperature
change. Single-spot thermoreflectance, in general, has high
temperature and time resolution but requires a precise x-y
translation stage or scanning optics to generate a 2D map of
device temperature.
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CCD-based thermoreflectance is a promising temperature
measurement approach for microscale electronic and
optoelectronic devices due to its high resolution and relatively
short experiment time. The working principle of
thermoreflectance is to measure the change in reflectivity 4R of
the sample surface due to temperature variation AT by the
equation

18R

AT =« (@h)

where x is known as the thermoreflectance coefficient and
depends on both the illuminating wavelength and the sample
material. In general, the thermoreflectance coefficicent has an
order of magnitude ~10°-10° K* for metals and
semiconductors. It can be found for a given sample by
calibrating the thermoreflectance signal AR/R  with
measurements taken over a broad area with a
microthermocouple.

FIG. 1. shows the schematic of the experiment setup. A
blue LED with X = 470nm illuminates the laser through a high-
power objective (100x, NA=0.55), using a 45 degree mirror to
image the laser facet directly. The reflected image is captured
by a 12 bit CCD camera. In order to prevent the
thermoreflectance signal from being contaminated by the laser
light, a high optical density (OD6) filter is installed on the
microscope to filter out the A=1.55pum SCOWL emission. The
device is mounted on a temperature-controlled stage which is
maintained at T = 20°C. As shown in FIG. 1, the CCD camera
is triggered on each of the rising edges of a 40Hz signal, and
the SCOWL is biased by a sine wave at 10Hz; four pictures are
taking during each bias period of the SCOWL. The
thermoreflectance signal 4R/R can be written as a combination
of these four images®:

AR ”\/(|0_|2)2+(|1_|3)2
R 20, +1,+1,+1,)

The amplitude of the device temperature variation can then be
determined by multiplying the thermoreflectance signal by the
reciprocal of the thermoreflectance coefficient. Since the
thermoreflectance signal is continuous across the InP and
InGaAsP, we can approximate the thermorefectance
coefficients of these two materials as nearly the same, using k =
2.2x10™* as calibrated with a microthermocouple. The spatial
and temperature resolution of the thermal image are 500nm and
0.5K respectively.

The detailed structure of the 1cm-long SCOWL is shown
in FIG. 2(a). The dotted square in FIG. 2(a) corresponds to the
region of the 2D temperature map shown in FIG. 2(b). In FIG.
2(b) we can see significant heating near the active region. The
dotted line in FIG. 2(b) is the mid-plane cross section slice
plotted in FIG. 3.
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FIG. 1 Schematic of the experimental setup.
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FIG. 2 (a) SCOWL structure and (b) 2D temperature map of the SCOWL
at 1=2.4A.
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The temperature profile of a laser diode in a semi-infinite
and low bias frequency approximation can be written as’

Tn=3| 1 (Vi@ a)r) @)
ke i/ @) | K i@/, )

where ¢ is the heat power per unit length, ry is the radial size of
the heat source, ks, and « are the thermal conductivity and
diffusivity of the laser structure, w is the laser bias frequency,
and K, and K; is the zero and first order of second kind
modified Bessel function. The normalized experimental result
and analytical solution of the device mid-plane cross section
temperature at 1=1.2A are plotted in FIG. 3. By normalizing
and fitting the analytical temperature profile with the
experimental temperature profile at low bias level, we obtain
the thermal diffusivity of the laser as 0.628 cm?/s, which is
similar to prior measurements of InGaAsP-based lasers.?

In order to determine the origins of the heat source
mechanisms measured in the device, we lower the bias
frequency of the device to 5Hz and leave the camera taking
pictures at 40Hz. The second harmonic temperature variation
due to Joule heating (I°R) is expected to occur at 2x5Hz
=10Hz. The first harmonic thermoreflectance signal (which
contains both nonradiative recombination and Joule heating
components) is much stronger than the second harmonic signal
as shown in FIG. 4., suggesting that Joule heating does not play
a major role in the heating shown in the highly magnified 2D
temperature map.
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FIG. 3 Experimental and theoretical solution of the normalized
temperature profile at I=1.2A. The analytical solution is obtained using
Qncasse = 6.28 x 10° m’/s.

3

First harmonic
——-S5econd harmonic

ARIR

0.5} 1

—
£ oy ".\"-—h"v"h‘"ﬂ"—ﬁﬁ-—"‘l"‘-‘ﬁl-—--'-r--v

02 3 4 5 6 7 8

®nm

FIG. 4 First and second harmonics of the thermoreflectance signal at
I=6A. The second harmonic thermoreflectance signal is much weaker
than the first harmonic, suggesting that Joule heating is negligible in the
device.

Auger recombination in the InGaAsP active region and
carrier leakage from the active region have been considered to
be the main efficiency loss mechanisms in InGaAsP laser
diodes.”*® In addition, optical absorption as well as Shockley-
Reed-Hall and surface recombination mechanisms can
contribute to efficiency loss. The temperature variations at the
active region and the p-InP cap for different device currents are
plotted in FIG. 5(a). In order to quantitatively verify the power
dissipated as nonradiative recombination (P.,) at the active
region, a 1-dimensional thermal circuit is used to determine the
upward and downward heat flows. In the thermal circuit shown
in FIG. 5(b), Z,, and Zgown, are the upward and downward
thermal impedances respectively and are given by

L
‘0 A
p—InP
and
In(4h/w
Zdown :% (4)

where h, w, and | are the thickness, width, and length of the
device, L is the height, and A is the cross-sectional area of the
p-InP. FIG. 5(c) shows the calculated Py, at different currents.
It can be observed that the nonradiative power dissipation
increases with increasing input current. From FIG. 3(a) we can
see that there is a significant temperature gradient between the
active region and the p-InP cap layer. This suggests that
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FIG. 5 (a) Temperature variation at the active region and the p-InP cap
at different current levels. (b) Schematic of the thermal circuit; zy, = 0.59
K/W and Zgw = 2.1 K/W are the upward and downward thermal
impedances. (c) Nonradiative recombination power and total input
power plotted as a function of current.

only considering the heat flux downward from the active region
will underestimate the nonradiative recombination power; for
accurate estimation of the nonradaitive heating within the
active region of the device, it is necessary to also consider the
heat flux flowing upward from the active region into the p-InP
and top metal contact. It also implies that the surface
temperature of the top metal contact is actually lower than the
true active region temperature by a significant amount (>20%),
especially at high bias levels. This is important because the
laser active region temperature (which sets the performance
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characteristics of the device) has in the past been approximated
by top contact measurements.*?

In conclusion, we demonstrate that by using a high
resolution CCD-based 2D thermoreflectance method we can
measure nonradiative recombination power within a laser
directly by determining the temperatures of the p-InP cap,
active region, and substrate. We find that approximating the top
metal contact temperature as the active region temperature can
cause errors of more than 20%; a high resolution temperature
map is needed to obtain this value accurately.
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