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Abstract: The spatial distribution of the surface temperature of single and multi-section slotted
semiconductor laser diodes with surface gratings is investigated experimentally with CCD-
thermoreflectance imaging. The lasers are single frequency devices, operating at approximately
1550 nm. High resolution temperature maps of the laser ridge are obtained, with spatial resolution
near 1 um. The temperature profile in the direction lateral to the ridge is presented and a rapid
decay in temperature away from the ridge is observed. Acquisition of the temperature maps
takes about 8 minutes, with three maps required for a 400 pm device. The ridge temperature
rise is shown to be linear with the power consumed by the diode. The temperature profile along
the laser ridge is shown to be uniform within a section of the multi-section laser. The thermal
impedance of the single section slotted laser and the various sections of the multi-section slotted
laser were determined. It was found that the thermal impedance ridge length product (Z;,L) was
40 £ 6 ° C um/mW for all section lengths. Between sections a rapid decay is also observed.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Semiconductor lasers are currently used in a wide range of applications including optical
communications, gas sensing, and as pump and seed lasers. They are complex devices that
require careful design to enable optimum performance. It is well known that temperature rise
from self-heating in laser diodes affects device performance and must be taken into consideration
during device design and subsequent operation. The thermal impedance is an important device
parameter that must be quantified and can be used in design and modelling and to characterize the
expected temperature rise under operation. The thermal impedance is defined as the temperature
rise due to the applied electrical power and can be given by

AT
P dis
where AT is the temperature rise of the laser cavity, and Py is the electrical power dissipated as

heat. The total electrical power consumed by the diode, P, is the sum of the optical power leaving
the diode, P, and the power dissipated as heat in the diode. The dissipated power is given by

Pyis = P—Py. (2)

Zp = (D

The optical power emitted by single mode semiconductor lasers is typically much lower than
the dissipated power. For the devices tested in this work the wall plug efficiency is on the order
of 2% [1]. As such we do not take the optical power into account in this analysis.
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The first measurements of the thermal effects of a laser diode were based on measuring the
laser threshold current or the spontaneous emission. [2,3] Later, Paoli developed a technique for
measuring the thermal impedance using the temperature dependence of refractive index of the
laser cavity. [4] This technique makes use of the lasing wavelength, which above threshold is
linearly dependent on temperature, as a probe of the laser cavity temperature. This technique
allows accurate determination of the laser cavity temperature for single section devices but
leads to difficulties for more complex multi-section lasers. The wavelength shift is a spatially
averaged property and therefore does not provide spatially resolved thermal distribution of the
laser temperature. Thermal imaging is required to determine the temperature of the various
sections of a multi-section laser with the sections under varying bias conditions. Infrared (IR)
imaging allows a determination of a device’s surface temperature, and has been used for IC
devices [5]. This technique, however, has a poor spatial resolution, owing to the use of IR
wavelengths in the 3—10 um range [6]. The feature size in laser diodes can be less than 1 um,
rendering them unresolvable by IR imaging.

Thermoreflectance imaging has been developed for high resolution thermal imaging of
electronic and optoelectronic devices. Thermoreflectance was first used as an imaging technique
with a laser scanning configuration. [7] Later multi-pixel imaging techniques with non-CCD [8]
and CCD techniques were developed [9]. CCD-TR imaging has since been utilized to obtain
spatially resolved thermal profiles and to characterise a wide range of electronic and optoelectronic
devices, including laser diodes [10-21]. In this work, we utilize CCD-thermoreflectance imaging
to directly image the surface temperature of single and multi-section laser diodes and determine
the thermal impedance of the various sections individually. These images can provide valuable
information for laser design purposes. A detailed knowledge of device heating may lead to
improvement in its utilization for wavelength tuning. In operation, many laser diodes use Peltier
devices to control their temperature. For operation without a Peltier device, studies of the thermal
profiles of the laser would be very valuable to control their operation. Our group has utilized
thermal tuning to compensate for ambient temperature change allowing athermal operation over
39 ° C (continuous) and 75 ° C (discontinuous) temperature range and we presented a preliminary
CCD-TR study of the devices used in this paper [1]. In athermal operation, the wavelength of the
diode laser remains unchanged as its temperature is varied. Thermal imaging may also prove
valuable for accelerated aging tests where hot-spots can be easily identified with high spatial
resolution.

2. CCD-thermoreflectance imaging

CCD-thermoreflectance microscopy is a well-established technique for high resolution thermal
imaging. This technique makes use of thermoreflectance, the dependence of the reflectance of a
material on its temperature, to image the surface temperature of a sample. This dependence is
quite weak, typically on the order of 1 part in 10%, requiring advanced detection techniques. In
this work, we utilize a homodyne detection technique whereby the sample is illuminated with a
530nm CW light emitting diode and the sample is self-heated in an on-off fashion by means of
current injection with a square wave of frequency f. The CCD camera is triggered with a signal
of frequency 2f which is phase locked to the heating signal. This has the effect of generating two
images each heating cycle, a hot image and a cold image. The process is run for N cycles and the
hot and cold images are averaged in real time. For each pixel, the temperature difference between
the hot and cold images can be calculated using

_ Ihot - Icold
Kl o

AT 3

where Ij,,; and I, are the pixel intensities of the hot and cold images respectively, and « is the
thermoreflectance coefficient. The thermoreflectance coefficient is dependent on the illumination
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wavelength, the material being imaged and the numerical aperture of the objective lens of the
imaging system. In this work, the material of interest is Au, which coats the upper surface of
the laser diodes and provides one electrical contact to the laser. Au has been shown to have a
thermoreflectance peak at 514 nm [22]. To improve the sensitivity of our system a 3 nm wide
bandpass filter centred at 514.5 nm is placed below the CCD camera. Although the devices
imaged in this work require high spatial resolution, they are also spatially large and a trade-off
must be made between magnification and amount of image stitching required to image the entire
device. We find that a 20 x magnification objective lens with a numerical aperture 0.4 provides
a suitable compromise. A schematic of the setup is displayed in Fig. 2. A Thorlabs 4070M
CCD camera, 530 nm Thorlabs M 530L4 LED with a maximum output power of approximately
400 mW, a GW Instek AFG-2225 Arbitrary Function Generator, and a ILX-Lightwave LDC-3220
current source were used. The heating frequency, f, and the number of frames to capture, N, are
chosen to make a compromise between sensitivity and measurement time. We operate the heating
current at a frequency of 12.5 Hz, resulting in an image capture rate of 25 Hz. To generate a
single temperature map we capture 12,000 frames, yielding a measurement time of 480 seconds.
In order to measure absolute temperature the thermoreflectance coefficient, «, must be accurately
determined. To calibrate the system a thin Au stripe structure, 20 um in width and 50 nm in
thickness, was fabricated on a quartz substrate, a diagram of which is shown in Fig. 1(c). The
calibration sample includes four contact pads to allow current injection and voltage measurement
across the stripe. It has been shown by de Vries, using films ranging from 18 nm to 82 nm in
thickness, that the temperature dependence of the resistivity of thin Au films is independent of
sample thickness and is equal to its bulk value, and so can be utilised as a temperature probe [23].
By rearranging Eq. (3) and comparing the resistivity derived temperature rise to the relative
change in pixel intensity the thermoreflectance coefficient is determined. Here, using a 20x
magnification objective lens with a NA of 0.4, we obtain a value of -1.4x 107* K1

Camera trigger
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Fig. 1. (a) Schematic of the CCD-TR setup. Laser operates at frequency f and camera at 2f.
(b) Representation of the CCD-TR timing sequence. (c) Representation of the gold stripe
calibration sample.
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3. Single section slotted laser diode

Here we investigate a single mode single frequency laser diode operating at 1545 nm, shown
in Fig. 2(a) and (b). Optical confinement is provided by a 2 pm wide and 1.85 um tall ridge
along the length of the device. The ridge is situated in a 24 um wide trench. The lasers contain
a high-order slotted grating, wherein 24 rectangular slots 1.3 um in depth are etched into the
surface of the ridge. The slots act as a Bragg reflector allowing selection of a single cavity mode,
enabling single frequency operation with a high side mode suppression ratio (SMSR). High
order surface gratings avoid the need for epitaxial re-growth, and allow large slot feature sizes for
current injection into the grating region, enabling simple fabrication with high yield. The use of
high order gratings allow optical gain all along the length of the device, which is provided by 5
AlGalnAs quantum wells positioned below the ridge. Figure 2(c) shows the lasing spectrum of
the device operating with a 150 mA CW bias and with the heatsink maintained at 20 ° C. SMSR
of 42 dB is obtained. An LIV plot of this device is shown in Fig. 2(d), again with the heatsink
maintained at 20 ° C. A threshold current of 50 mA is observed. Here, the device facets are
left uncoated and the waveguide is angled at 7 © at the front of the device in order to minimize
reflections from the front facet back into the waveguide.
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Fig. 2. (a) Optical microscope image of the single section slotted laser. Marks on Au
contact pad are minor damage due to probes. (b) 3D representation of the laser. (c) Lasing
spectra and (d) LIV of the single section slotted laser.

Figure 3(a) displays a composite image of the surface temperature of a single section laser
diode under a 250 mA bias current as measured by the CCD-TR technique. The overall image is
composed of three images stitched together. The region close to the ridge is where the temperature
is highest. The short vertical lines seen midway along the ridge indicate the positions of the slots
that form the high-order grating. These lines extend far beyond the ridge and result from the
fabrication process. In the overall image, the region which is clearly outlined by the dashed white
line is where Au has been deposited. Outside this region the temperature measurement is not
valid as the thermoreflectance coefficient is different. Figures 3(b) and (d) show close ups of the
temperature maps of the laser ridge and the slotted region respectively. Conventional microscope
images of the same regions are shown in (c) and (e). The dashed white lined in (b-e) show the
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location of the ridge. These images show that that it is possible to resolve the temperature close to
the ridge, however they also highlight the difficulty of interpreting the image data in the vicinity
of height steps such as the ridge walls and trench walls. Vibrations during the measurement
can cause pixels near vertical steps to experience changes in intensity that dominate over the
thermoreflectance effect leading to nonvalid temperature readings. The small dots visible in both
the thermal and topology images are slight imperfections in the Au.
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Fig. 3. (a) Temperature map of a single section slotted laser diode biased at 250 mA
composed of three images stitched together. Close in of temperature of (b) the ridge and
(d) the slots in (a). Microscope image of (c) the ridge and (e) the slots. In (b-e) the dashed
white lines indicate the position of the ridge. (f) Profile of the temperature on the top of the
ridge along the length of the waveguide. 0 position is at the left hand start of the waveguide.

Figure 3(f) shows the temperature at the top of the ridge along the length of the device from the
back facet to end of the grating. The mean temperature is found to be 60 ° C as indicated by the
dashed red line. In the unslotted part of the profile, a fluctuation of about 2 ° C can be observed.
The fluctuation is due to spatial variations which can be greatly reduced by averaging over an area.
However, here we are interested in the ridge temperature, and averaging laterally is not possible
as the ridge covers only 2 to 3 pixels on the CCD array. Even still, we have chosen a 20 x lens as
the use of a higher magnification lens leads to practical problems of fitting the contact probes
to operate the laser below the objective lens and also requires more images to cover the entire
device. In the slotted region, large variations in the temperature profile are observed. These
are artefacts of the measurement system due to the presence of the slots, not valid temperature
measurements. The vertical step at the slot edge results in a large change in signal.

Figure 4 shows the laser temperature under a variety of bias conditions from 100 mA to 250
mA. The temperature profiles along the non-slotted part of the laser ridge for all bias currents
shown in Fig. 4 are shown in Fig. 5(a). It is clear from these profiles that the temperature does
not vary significantly along the length of the waveguide shown. Figure 5(b) shows the ridge
temperature averaged over the non-slotted region of the laser diode as a function of electrical
power dissipated in the laser. A linear relationship is observed, as is expected from theory. The
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slope gives the thermal impedance, which is 74 ° C / W, close to the 75 ° C/ W the value found
by Mathews et. al. for similar devices [24]. It is desirable to compare the thermal impedance of
lasers of various lengths. Keeping the ridge height and width constant we expect that the thermal
resistance is inversely proportional to length. Thus, it is the product of the thermal impedance
and the length, Z,L that is the parameter of relevance. For this device the current is biased over a
ridge that is 550 um in length, leading to Z;L = 40.7 ° C ym/ mW.
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Fig. 4. Temperature maps of a part of the single section laser under a number of bias
currents. The heatsink is maintained at 20 ° C of all images.
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Fig. 5. (a) Temperature profiles along the non-slotted region of the single section laser under
a number of bias currents with the heatsink maintained at 20 ° C. (b) Mean temperature
change from ambient calculated from the profiles in (a) against the power consumption of
the device. (c) Wavelength drift of the laser as the power consumption is varied.
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The thermal impedance of the single section laser was also determined using the method
developed by Paoli et al. [4]. Figure 5(c) shows the laser wavelength drift with electrical power
giving a slope of 6.2 nm / W. Taking into account the wavelength drift with temperature which
was measured to be 0.1 nm/ ° C, this implies a thermal impedance of 62 ° C/W, which is 84% of
the thermal impedance as measured by thermoreflectance. The authors expect such a disparity
between these two techniques as the thermoreflectance technique measures the temperature at the
surface of the ridge and Paoli’s technique measures the wavelength drift of the optical mode,
which is largely confined to the active region 2 um below the top of the ridge. An experimental
study by Kuntze et. al. shows that the contact resistance at the p+ to p heterojunction can cause
significant power consumption, and thus self-heating, local to the ridge [25]. The difference
between these two measurement techniques may enable a determination of the heating in these
layers.

4. Multi-section slotted laser diode

We also investigate a multi-section slotted laser diode. The device structure is identical to that of
the single section laser with the exception that the top contact is segmented into three sections.
This, with the addition of an isolation slot between each section, ensures electrical isolation
between the sections and allows for independent biasing. Figure 6(a) shows a microscope image
of the three section laser. The laser consists of a gain section, a grating section and an amplifier
(SOA) section, which are 178, 194 and 190 pum in length respectively. As with the single section
laser the grating provides wavelength selective feedback to ensure single frequency operation.
The grating section provides enough reflection to create an optical cavity, which allows the
remainder of the waveguide to be utilized as an SOA. Antireflection coating and a 7 ° bend are
employed to minimize feedback from the SOA into the laser cavity. Theoretical and numerical
analysis of slotted surface gratings can be found in [26-28]. Experimental characterisation of
similar fabricated devices can be found in [1,29-32]. The independent tuning of the laser sections
allows us to deal with mode hops which occur in these DBR-type lasers. The SOA sections can
be independently biased to boost the power output.

Amplidude (dBm)

1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 6. (a) Optical microscope image of the multi-section slotted laser showing the gain,
grating and SOA sections from left to right. (b) Lasing spectra of the laser with 80 mA gain
bias current, 80 mA grating bias current and 20 mA SOA bias current. The peaks at 1512
nm and 1590 nm are due to the adjacent FSR modes for the high-order grating.

Figure 7 displays the temperature map of the three section laser as outlined in section 2 with the
three sections biased independently. The thermal impedance of each section can be determined
independently, as is show in Fig. 8. These are 247 © C/W for the gain section, 179 ° C/W for
the grating section and 220 © C/W for the SOA sections. These values are considerably higher
than for the single section laser as the length of waveguide is considerably shorter. Considering
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the lengths of the sections the thermal impedance length product, ZL, is 44.0 °© C um / mW
for the gain section, 34.7 © C um / mW for the grating section, and 41.6 ° C um / mW for the
SOA section, reasonably close to the single section value of 40.7 ° C um / mW. The maps in
Fig. 7 also show reasonable thermal isolation between the sections. This is further shown in
Fig. 9, wherein the temperature profile along the ridge is plotted with only one section biased. A
small temperature rise penetrates into the adjacent section, however this rapidly decays as the
distance from the biased section is increased. The shaded regions in Fig. 9 indicate the isolation
region between the gain and grating contacts. This region is not contacted with Au and thus does
not provide any temperature information. It is noteworthy that the temperature on the ridge can
exceed 120 °C, far above the 20 °C of the Peltier.

LU L P TR T &

Temperature (°C)

Fig. 7. Temperature map of a three section laser with (top) 80 mA applied to the gain
section, (middle) 80 mA to the grating section and (bottom) 40 mA applied to the SOA
section. Slight temperature rises are seen in the adjacent sections.
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Fig. 8. Average ridge temperature vs power consumption from the (a) gain and grating
sections, and (b) SOA section of the three section device.

The black curve in Fig. 10(a) shows the temperature profile in the direction lateral to the ridge
of the gain section of the multi-section laser biased at 80 mA. Figure 10(b) shows the same profile
viewed closer to the ridge. In both figures, the red curve above the temperature profile shows
the pixel intensity of the hot image scaled to fit onto the plot. This allows easy identification of
the ridge and regions of invalid temperature reading due to the presence of vertical steps which
are shaded grey. It is clear that the surface temperature reaches a maximum at the ridge and
rapidly decays moving away from the ridge. We approximate the temperature decay as single
exponential shown by the blue curve in Fig. 10(a). The equation of fit is given by

—X
T = Ae T +T, )
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Fig. 9. Profile of the temperature change over ambient along the ridge for (a) the gain
section biased and the grating unbiased and (b) the grating section biased and the gain
section unbiased. The shaded region is the isolation region and is not covered with Au,
thus temperature measurements here are not valid. Weak heating is again observed in the
non-biased sections.

where T is the temperature, x is the distance from the ridge and 7 is the decay constant, which is
found to be 14.9 um~'. The amplitude, A is 20.7 ° C and Tj is 25.1 ° C. As would be expected,
Ty is slightly higher than the 20 °C set on the TEC.
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Fig. 10. Temperature Profile in the direction lateral to the ridge of the gain section biased
at 80 mA. The black curve is the temperature profile. The blue curve is an exponential
decay fit. The red curve shows the relative intensity of the microscope image, allowing clear
identification of the ridge. (a) Wide view. (b) Profile close to ridge.

5. Conclusion

We have utilized CCD-thermoreflectance imaging to determine the spatial distribution of the
surface temperature of a number semiconductor laser diodes under current injection. The
technique allows high resolution imaging of the device, easily enabling determination of the
temperature of the 2 um wide laser ridge. We have determined the thermal impedance of the
devices using both the thermoreflectance and the conventional mode tracking techniques. The
difference between the two techniques may elucidate a method to determine the heating local to
the upper layers of the ridge. We have applied the thermoreflectance technique to a multi-section
semiconductor lasers and have determined the thermal impedance of each section independently,
which is not possible with the conventional technique. We have demonstrated the degree of
heating in adjacent sections of the laser and determined that it is minimal for all but the highest
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injection current densities. The technique can be used to inform thermal models of semiconductor
lasers and to measure temperature profiles on a large variety of semiconductor lasers. The
technique should gain wide use in the characterization of semiconductor lasers.
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