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Abstract: One of the persistent obstacles for high-power laser diodes (LDs) has been the
catastrophic optical mirror damage (COMD), which limits the operating power level and lifetime
of commercial high-power LDs. The output facet of LD reaches a critical temperature resulting in
COMD, which is an irreversible device failure. Here, we fabricate multi-section LDs by tailoring
the waveguide structure along the cavity that separates the output facet from the heat-generating
lasing region. In this method, the LD waveguide is divided into electrically isolated laser and
window sections along the cavity. The laser section is pumped at a high current to achieve high
output power, and the window is biased at a low current with negligible heat generation. This
design restricts the thermal impact of the laser section on the facet, and the window section allows
lossless transport of the laser to the output facet. The lasers were operated continuous-wave up to
the maximum achievable power. While standard LDs show COMD failures, the multi-section
waveguide LDs are COMD-free. Our technique and results provide a pathway for high-reliability
LDs, which would find diverse applications in semiconductor lasers.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The deployment of laser diodes (LDs) has increased drastically in the last two decades due to
demands in industrial, consumer, and medical applications among many others [1–3]. GaAs-based
high-power LD has become an established technology for most of these applications. Although it
has the highest electro-optical conversion efficiency among all light sources [4–6] with record
output power levels [7,8] and high brightness [9,10], the most fundamental issue limiting the
output power and reliability is still catastrophic optical mirror damage (COMD) that occurs at the
output facet of the laser. Hence, it has been studied extensively [11–13]. COMD not only limits
the LD’s performance but also directly affects fiber and solid-state lasers that rely on high-power
LDs as pump sources. For this reason, a method for solving COMD in LDs directly improves the
performance, reliability, and cost of modern high-power fiber, direct-diode, and solid-state lasers.

It has been well-understood that heat adversely affects the performance and lifetime of
semiconductor devices, which is unquestionably valid for high-power LDs as well. Despite the
high efficiency of the LDs, there is still a large amount of heat generation. The self-heating of the
LD raises its cavity temperature and additional heat generation mechanisms on the facet (e.g.,
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non-radiative recombination, optical absorption by surface states) cause the facet temperature
to be even higher than the cavity [14]. When the facet reaches a critical temperature (Tc= 120-
160°C), it triggers a feedback mechanism that leads to device failure [6]. Many successful
methods have been reported in the literature to alleviate this issue. These approaches can be
summarized under two categories: (a) reducing the overall temperature (i.e., cavity temperature)
of the laser device, and (b) increasing the optical strength of the laser output facet. LD cavity
temperature can be reduced by improving the power conversion efficiency or packaging. To
enhance the optical strength of the facet, numerous methods have been developed, such as the
current blocking layer near the output facet [15], non-absorbing mirror (NAM) [16,17], quantum
well intermixing [1,18,19], passivation of air-exposed surface states [20], and ultra-high vacuum
(UHV) passivation [21]. Implementing such approaches mitigate the facet heat sources. Thus,
reduced facet temperatures were achieved and resulted in enhanced COMD levels [22,23]. Even
though record high performance LDs have been demonstrated [4,5], COMD is still a key failure
mode for commercial high-power LDs. Innovations are desired to obtain COMD-free chips.

The attempts described above mainly concentrated on reducing the heat generation by the facet
so that the facet temperature is not much higher than LD cavity [13,14]. In this approach, the
facet temperature can be made equal to the laser cavity in the best case. However, the self-heating
of the laser generates high heat-load, and it is the dominant source of heating for the laser facet.
Effective thermal isolation of such a heat source from the output facet would result in lower facet
temperatures. We have previously developed a multi-section waveguide technique to separate
the laser heat from the facet [24,25]. The method is illustrated in Fig. 1. The LD waveguide
is divided into two electrically isolated sections along the cavity: laser and window. The laser
section is forward-biased at a high current (Ilas) to achieve laser output, and the window is also
forward-biased but at a low current (Iwin). Adding a long enough window section provides
effective thermal decoupling of the self-heating in the laser section from the output facet. Then,
forward-biasing the window above its transparency current eliminates the laser output power loss
and heat generation due to absorption in this section. Hence, multi-section waveguide design
restricts the thermal impact of the laser section on the facet, and a window section allows lossless
transport of the laser power to the output facet. This approach led to facet temperatures lower
than the laser cavity for the first time [20,21].

Fig. 1. Schematic description of the multi-section LD.

In this work, by utilizing the multi-section waveguide method (Fig. 1), we fabricated and carried
out detailed characterization of the devices, investigated their optimum working conditions (i.e.,
similar output power with much lower facet temperature compared to the standard LDs), and
demonstrated elimination of COMD in LDs. Both standard and multi-section LDs with various
window lengths are processed together on the same wafer. We characterized the performance,
cavity, and facet temperature of all designs. For the designs with optimum characteristics, we
performed failure tests and compared them to the standard LDs. We show that the standard LDs
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have COMD failures as expected, but the multi-section waveguide LDs are COMD-free and show
only bulk failures.

2. Experiment

2.1. Device fabrication

In this paper, we employed a high-efficiency GaAs-based epitaxial structure with a single quantum
well (QW) active region [26,27]. Figure 2 shows the process flow schematic of the multi-section
laser. (a) A wet chemical etching process was applied to form a ridge waveguide structure with
10 µm wide and 0.8 µm deep trenches along the cavity. (b) Then, 20 µm wide and 0.35 µm deep
trench is formed perpendicular to the cavity to divide the waveguide into two sections along the
cavity. (c) A dielectric film was deposited as an insulating layer. (d) A current injection region
pattern was formed by selective etching of the dielectric film. (e) Ti/Pt/Au layers were evaporated
as p-contact followed by lift-off between the two sections. (f) After wafer thinning, n-metal was
deposited on the bottom of the wafer. The wafer was cleaved into bars, where high reflectivity
(95%) and low reflectivity (1%) films were coated on the back and front facets, respectively.
The bars were cleaved into single emitters and soldered on AlN heat sinks as p-side up. The
LD has electrically isolated laser and window sections along the cavity, as described in Fig. 1.
It is important to note that laser and window sections are optically connected and the shallow
isolation trench does not introduce any interface between the two sections and losses for the
optical mode. Fabricated GaAs-based 915 nm LDs have 100 µm waveguides with a total cavity
length (laser and window sections) of 5.0 mm. Five designs with Lwin= 0, 250, 500,1000,1500
µm are fabricated to study the multi-section LDs systematically.

 
 
 
 

Fig. 2. Schematic of the multi-section LD fabrication process.

2.2. Facet temperature measurement system

Thermoreflectance (TR) is a well-established surface temperature measurement method [28–30].
It is based on the dependence of the relative change in reflectivity due to temperature change, and
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given as:
∆R
R
=

(︃
1
R
∂R
∂T

)︃
∆T = κ∆T (1)

where R is the reflection coefficient, ∆R/R is its relative change, ∆T is a temperature change, and
κ is the TR coefficient, which depends on the material and optical parameters of the TR setup
such as illumination wavelength, and numerical aperture (NA) of the objective [31]. Figure 3
illustrates the TR system utilized to measure the facet temperature of a LD. An LED at λ=
470 nm is used as the probe signal to illuminate the LD facet. The LED light passes through a
condenser lens, a beam splitter (BS), a dichroic mirror (DM), and a 50x (0.6 NA) near-infrared
(NIR) objective. The DM is chosen to reflect (99%) the LD emission and transmit the LED light.
The LED light reflected from the LD facet is collimated by the objective and focused onto a
camera sensor by imaging optics (f= 200 mm lens) that provides a field-of-view larger than the
emission area of the LD. Before the imaging optics, an additional filter (OD 6: optical density of
6) is placed with a band-pass around the LED wavelength to eliminate any residual LD emission.
Exploiting our setup, we were able to achieve a spatial resolution of ∼0.5 µm and temperature
resolution of ∼0.5 K. The reflected beam from the DM is coupled into an integrating sphere to
track LD power and wavelength, where they are used to measure junction temperature of the LD
(i.e., laser temperature).

Fig. 3. The schematic of the thermoreflectance setup.

The LD is mounted on a carrier with a thermo-electric cooler (TEC) underneath to control the
heatsink temperature of the cooling system. During the TR measurements, the LD is driven by
square wave currents at a frequency of 5 Hz (i.e., 100 ms pulse width with 50% duty cycle). It is
confirmed that such long pulses lead to a facet heating profile equivalent to continuous wave
(CW) pumping. In multi-section lasers, Iwin current is injected using a CW current source. The
camera is triggered by 10 Hz square waves to collect images at the falling edge of the signal. For
every cycle of the current pulse, one image is obtained when the laser is ON and one when the
laser is OFF. The ∆R/R is calculated from every pixel of the images since they provide the facet
reflectivity change. These images are averaged over a large enough number of cycles (i.e., 1600
times in our measurements) to cancel the camera noise effects and obtain a converged image of
the reflectivity change. First, the TR setup is calibrated to acquire ∆R/R versus LD temperature
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(Eq. (1)) by varying the heatsink temperature with small steps over an extensive temperature
range, which resulted in TR coefficient κ of our setup as (1.8± 0.1)×10−4 K−1.

3. Results

We explored five LD designs with Lwin= 0, 250, 500, 1000, 1500 µm for their electro-optical
performance and temperature characteristics. First, LDs were characterized with Iwin= 0 mA and
then investigated for their Iwin dependent behavior. Finally, we focused on the best performing
multi-section LDs with Lwin of 500 and 1000 µm and implemented failure tests compared to the
standard LD (Lwin= 0 µm).

The measured CW L-I data in Fig. 4(a) show that the output power reduces with longer Lwin,
even a rollover for Lwin= 1500 µm after ∼9 A. Figure 4(b) compares the slope efficiency and
the threshold current (Ith) of the LDs. The slope decreases almost linearly with longer Lwin,
confirming that the longer unpumped window length will introduce more absorption losses. The
Ith increases slowly for Lwin from 0 to 500 µm, which is caused by the competition of lower Ith of
shorter cavity length but higher loss due to unpumped window. When Lwin increases further
to 1000 and 1500 µm, Ith increases significantly, indicating that the loss increase influence is
stronger compared to the shorter cavity length advantage.

Fig. 4. Experimental results under CW operation at 25 °C. (a) Power vs. current curves for
different Lwin structures. (b) Threshold current and slope vs. Lwin.

Figure 5 presents the temperature characterization results of the multi-section and standard LDs
with Iwin= 0. Figure 5(a) illustrates the structure of the multi-section LD, and the enlarged image
corresponds to the waveguide temperature map of the laser with Lwin= 1000 µm. Figure 5(b)
shows the facet temperature maps of all the designs for a high operating current of Ilas= 10 A
with Iwin= 0. The facet gets cooler with longer Lwin due to the separation of the heat-generating
laser region from the facet. The heat spreads from the active region down toward the heatsink.
The slight asymmetry of the temperature maps between the right and left sides is due to the
cooling configuration of the test setup. Figure 5(c) presents the laser temperature (Tlas) versus
Ilas. Here, Tlas is the junction temperature of the LD and calculated using:

Tlas = Ths + (Rth) · (Pheat) (2)

Pheat = Ilas · Vlas − Pout (3)

where Ths is the heatsink temperature (25°C in our setup), Rth is the thermal resistance, Pheat is
the waste heat, and Vlas is the LD voltage. The thermal resistance (Rth) values are similar for 0 to
1000 µm long windows, which is 7.0± 0.2 K/W, but it increases to 7.7 K/W for Lwin of 1500µm
(not shown). Figure 5(c) shows that Tlas increases with current more for the longer Lwin designs.
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This is due to the lower power/efficiency (see Fig. 4(a–b)) and smaller area of the laser section
with the longer Lwin LDs leading to higher Tlas.

Figure 5(d) shows Tfac as a function of the distance from the top of the LD to the GaAs
substrate (solid lines) and the Tlas (dashed lines). For Tfac, temperature values are average along
the 40 µm width of the waveguide center. The peak in the temperature occurs around the quantum
well active region and the surrounding layers, which is limited by the spatial resolution of the
TR setup. This peak is attributed to the self-heating of the LD, non-radiative recombination
mechanisms and facet absorption of the output light. There is a dip positioned around 6 µm
from the surface, which coincides with the substrate-epi interface. The dip is an artifact caused
possibly by optical scattering in the substrate-epi interface and thermal expansion due to a large
composition difference between the substrate and initial epitaxial layers resulting in a false
reflection signal. Comparing Fig. 5(b) and 5(d), it is essential to note that the heated area gets
smaller with Lwin even though the peak Tfac roughly coincides for Lwin= 0, 250, and 500 µm.
Hence, one can conclude that Lwin reduces the impact of heat on the LD facet even for the shortest
Lwin investigated here.

As demonstrated in Fig. 5(d), the average and peak temperatures of the facet are lower than
that of the standard LD (i.e., Lwin= 0) for all multi-section LDs. More importantly, even the
peak Tfac is lower than Tlas of any designs for Lwin of 1000 and 1500 µm. Comparing these two
designs show that the peak Tfac values are comparable for both, which indicates that Lwin of 1000
µm is long enough to isolate the laser section heat from the facet. Due to this advantage, we
select Lwin= 500 and 1000 µm for further investigation compared to standard LD as a reference.

Fig. 5. Comparison of temperature characteristics for all multi-section LDs at Ilas = 10 A
and Iwin= 0. (a) LD structure and the enlarged image corresponding to the heated region of
the facet for Lwin= 1000 µm. (b) Temperature distribution maps. (c) Output power and Tlas
as a function of Ilas. (d) Tfac vs. distance from the top surface and Tlas for Ilas = 10 A.
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In the above results, Iwin= 0 mA led to optical absorption losses due to the unpumped window
section. In addition to the power degradation (Fig. 4(a)) of such configuration, the optical
absorption of the window generates heat. The window section needs to be electrically pumped to
overcome power losses and heating. Iwin= 200 and 400 mA are selected as appropriate current
levels for Lwin= 500 µm in order to get comparable output power to the standard laser. Similarly,
Iwin= 400 and 800 mA are set for the LD with Lwin= 1000 µm. Figure 6(a) demonstrates the
L-I-V and power conversion efficiency (PCE) characteristics of the Lwin= 500 µm LD with
Iwin= 0, 200, 400 mA under CW operation at 25 °C. The power increases with higher Iwin due to
lower threshold and improved slope efficiency. The slope efficiency increase with higher Iwin
is due to lower absorption loss. The maximum PCE at Iwin= 400 mA is 64.6%, which is 6%
and 3.3% larger than Iwin= 0 mA and Iwin= 200 mA, respectively. Similarly, Fig. 6(b) shows the
L-I-V and PCE characteristics of the Lwin= 1000 µm design with Iwin= 0, 400, 800 mA under
CW operation at 25 °C. The power of the LD with Iwin= 800 mA is 9.2 W at 10A, which is 1.3 W
and 0.4 W larger than Iwin= 0 mA and Iwin= 400 mA, respectively. In Fig. 6(b), the L-I curve of
LD with Iwin= 800 mA shows two different slopes switching around Ilas= 900 mA. The window
section current is above the estimated threshold for its length with Iwin= 800 mA, and the laser
section acts as an absorber when Ilas =0 mA. When the laser section is pumped, the lasing is
obtained at Ilas∼500 mA, which corresponds to the estimated transparency current of the laser
section. This indicates that only the window section starts lasing and the higher slope of the
L-I curve is due to the short cavity length of the window section (i.e., high gain saturation due
to the smaller pump area of the window section). At Ilas∼900 mA, the laser section reaches its
lasing threshold, and both sections contribute to lasing, resulting in a lower slope (i.e., lower gain
saturation since both sections are above the lasing threshold). The L-I curve does not indicate
any bistability between current increase and decrease. In these tests, Iwin is used to recover the
absorption losses without generating heat. Hence, the Iwin limit is set by comparing the facet
temperatures that we will discuss in the next part.

Fig. 6. The CW L-I-V and PCE vs. Ilas test results of LD at 25°C for (a) Lwin= 500 µm
and (b) Lwin= 1000 µm.

Figure 7 compares Tfac of LDs with Lwin= 500 and 1000 µm at Ilas= 4 A. Injecting Iwin reduces
the facet temperature for both LDs at both Ilas values. This result agrees with Fig. 6 since
improved output with Iwin injection reduces the heat generation of the laser and window region,
resulting in lower temperatures. The output power and Tfac results confirm that pumping the
window section at proper Iwin conditions provides effective recovery of the power degradation
and further cooling of the LD facet.
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Fig. 7. Facet temperature comparison of multi-section LDs at Ilas= 4 A for (a) Lwin = 500
µm with Iwin = 0, 200, 400 mA, and (b) Lwin= 1000 µm with Iwin= 0, 400, 800 mA.

Next, we implemented high current test and failure analysis for the LDs based on the above
results. Figure 8 demonstrates the CW L-I curves up to Ilas= 20 A, and Fig. 9 presents the
laser facet image and top view of the laser cavity electroluminescence (EL) for the failed LDs.
Figure 8 demonstrates the test results of three LDs with different Iwin to see how the multi-section
designs affect the performance and COMD threshold at high current. The TEC temperature
is set as 20°C for the test to reduce the thermal effects caused by the epi-up assembly. The
maximum power and corresponding current of the Lwin= 0 µm design are 13.1 W and 14.5 A,
respectively. A COMD point is apparent in the epitaxial layer, as shown in Fig. 9(a1). The top
EL image in Fig. 9(a2) demonstrates that the dark line defects (DLDs) extend from the “COMD
point” on the front facet towards the laser cavity, which is a typical COMD behavior [11]. For
Lwin= 500 µm with Iwin= 400 mA, the maximum power (current) is 13.6 W (15.5 A), which is
0.5 W (1 A) higher than that of Lwin= 0 µm LD. Figure 9(b1) shows that the front facet looks
clear without any apparent COMD blister under optical microscopy. The EL image shows that it
is catastrophic optical bulk damage (COBD) in the laser section and separated from the window
section as shown in Fig. 9(b2). The DLDs originate from two points and extend into the laser
cavity. For Lwin= 1000 µm with Iwin= 800 mA, the maximum power is 13.4W at 16 A. The
maximum current of this LD is 1.5 A larger than that of Lwin= 0 µm LD. Then, the output drops
to zero without any sign of COMD. This LD was retested several times, showing no sign of power
degradation. Figure 9(c1–c2) shows the laser output facet and internal structure confirming that
the LD operation is COMD-free. A low current density for the window section is the crucial
point to obtaining low facet temperature. If the current density in the window section is as large
as the current density in the laser section, multi-section LD will operate similarly to LD with no
window section, and facet heating should be identical to standard LD. However, the results in
Fig. 8 show that multi-section LDs can operate with similar output power to standard LD with a
much lower current density in the window compared to the laser section. For example, at Ilas= 15
A for 5 mm LD, laser current density is 3 A/mm; in contrast, for the multi-section LDs, the
current density is 0.8 A/mm, which is ∼4x lower than that of standard LD. This shows the critical
advantage of multi-section LDs, resulting in much lower facet temperatures and COMD-free
operation without penalty on output power. However, multi-section LDs have higher current
densities and higher Tlas for a given Ilas due to the shorter Llas since the total length is the same
for all LDs. The higher current densities of multi-section LDs make them more vulnerable to
COBD as shown for Lwin= 500 µm but COMD-free operation is confirmed for both window
lengths. LDs can be designed to have a fixed Llas section, and Lwin is added as a cooling section,
which would improve their reliability against COBD. Additionally, regular epi-down assembly of
these high-power chips would reduce Tlas even further. This combination would improve the
COBD-free operation range of the multi-section LDs.
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Fig. 8. L-I curves for three different LDs under CW operation at 20°C.

Fig. 9. Optical microscope image of the laser facet and top EL image of the laser cavity
after 20 A, CW, 20 °C overdrive tests: (a1-2) Lwin= 0 µm, (b1-2) Lwin = 500 µm, (c1-2)
Lwin= 1000 µm.
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4. Conclusion

In conclusion, we have addressed the dominant failure mode of LDs and experimentally
demonstrated a high-power edge-emitting LDs with COMD-free operation. In particular, by
introducing a multi-section waveguide with laser and window sections separating the facet
from the high heat-load of the laser, we were able to suppress the laser self-heating effect
on the temperature-sensitive output facet. This, in turn, allows for high-power operation and
dramatically reduced facet temperatures without COMD failure. The characteristics are confirmed
by directly measuring the laser and output facet temperatures and the repeatable failures tests.
These observations agree with the predictions in the literature based on the facet temperature
impact on triggering the COMD failure mechanism. Our work opens the door for exploring the
multi-section waveguide approach in the long-term reliability improvement of semiconductor
lasers with various material systems. It would be worthwhile to investigate the method with
epi-down assembly and long-term reliability studies. In this case, we expect to realize further
cooling of the laser output facet and significant improvement in reliable output power and
lifetime of these devices due to lower thermal resistance with epi-down assembly. An interesting
question we would like to study in the future is “Can this concept be employed to push further the
reliable output power operation limit of all high-power LDs and for different configurations?”. In
particular, it would be interesting to explore multi-section LD design in high-power laser arrays
for improved reliability and on-chip beam combining designs. Multi-section LD would decrease
the cost of sample size and maintenance of the system if it could push further the reliable output
power operation limit of high-power LDs. Considering the slightly complicated operation and
total cost, it is a balance to be considered whether it is a better choice in practice. We plan to
address these questions in our future work.
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