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ABSTRACT

High power 780-820 nm diode lasers have been developed for pumping and material processing systems. This paper
presents recent progress in the development of such devices for use in high performance industrial applications. A newly
released laser design in this wavelength range demonstrates thermally limited >25W CW power without catastrophic
optical mirror damage (COMD), with peak wallplug efficiency ~65%. Ongoing accelerated lifetesting projects a time to
5% failure of ~10 years at 5 and 8 W operating powers for 95 and 200 um emitter widths, respectively. Preliminary
results indicate the presence and competition of a random and wear-out failure mode. Fiber-coupled modules based on
arrays of these devices support >100W reliable operation, with a high 56% peak efficiency (ex-fiber) and improved
brightness/reliability.
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1. INTRODUCTION

High power diode lasers at 780-800 nm emission are used for many different applications, including solid-state laser
pumping, Alkali vapor laser pumping, and fiber laser pumping [1-5]. Such devices are also needed for materials
processing area, such as laser marking, welding, and consumer electronics manufacturing. These applications have
increased the output brightness requirements for diode lasers. For example, high-brightness pumps are used in end-
pumped solid state lasers in order to increase overlap of the pump area with the fundamental cavity mode, thereby
increasing the total power scalability. High power and high brightness pump laser sources at 790 nm are especially
needed, for kW-class Tm-doped fiber lasers [4-5]. The developments in the last decade have greatly improved diode
laser performance and reliability [6-16]. For example, wall plug efficiencies in excess of 70% have been reported for
diodes operating in the 9xx nm wavelength range as the result of efforts such as Super High Efficiency Diode Sources
(SHEDS) program funded by DARPA [7]. However, due to high photon energy (and the associated efficiency and
reliability implications) the development of high power/brightness 780-800 nm light sources has lagged.

This paper reports new progress on single emitter broad area devices from 780 nm to 820 nm wavelength region. High
performance high efficiency (HE) diode lasers for rated output powers of 5 and 8 W were developed. Their operation
power, efficiency, temperature performance, beam quality and lifetime will be presented. Failure modes in lifetest will be
discussed and paths for reliability improvement will be addressed. Qualification results of fiber-coupled modules with
these new developed lasers will be presented. Improved efficiency and power has been demonstrated.

2. 780-820 DIODE LASERS WITH HIGH EFFICIENCY (HE) DESIGN

Because industrial application normally require a more balanced laser quality in terms of high power, high brightness,
high efficiency, good beam quality, good temperature performance and required reliability, our newly developed high
efficiency (HE) design of high power lasers at 780 nm to 820 nm wavelength sought to balance the various performance
metrics. The HE design utilized a super large optical cavity (SLOC) structure design, in order to increase both operation
power and reliability by reducing optical power density on the facet. The SLOC design also enables long cavity length
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and lower operation current density by reducing internal loss, to further improve operation power and reliability. This
design also combines a refined layer composition from a hybrid material system and doping concentration tuning to
achieve both good carrier confinement and low voltage defect. The same approach has enabled 9xx nm lasers with >14W

reliable operation [15-16], for devices with 95 pum stripes and 3.8 mm cavity lengths.

The epitaxial structure is grown by low pressure Metal-Organic Chemical Vapor Deposition, and the wafers are
processed for good near field and far field control. All laser devices are passivated (nXLT). Laser bars are cleaved and
low/high reflectivity dielectric mirrors are deposited on front/rear facets. After coating, bars are cleaved into single
emitter chips with 95 pm stripes and 200 pum stripes, 3.8mm cavity lengths. The chips are bonded p-side down with
AusSn solder onto expansion-matched heatsinks. Every single device is subjected to multiple inspection processes, plus a
test, burn-in, and test screening. Calibration of measured power and efficiency is NIST-traceable, and all voltage and
resulted wall plug efficiency reported here were directly measured from the devices, without subtracting package-

associated resistances.

2.1 Diode laser performance

The typical light versus current (LI) and wall-plug efficiency versus current of the HE devices are shown in Figure 1 (a)
and (b), emitting at 808 nm and 790 nm separately, at a test station controlled temperature of 25 °C. There are 10 devices
in each plot, with the same configuration of 95 um stripes and 3.8 mm cavity lengths. The slope efficiencies of these
devices are around 1.29 W/A for 808 nm lasers, and 1.31 W/A for 790 nm lasers. Threshold currents are ~0.7 A. The
peak wall plug efficiency of HE device is ~65%. This high efficiency performance has been optimized for a wide
wavelength range, from 780 nm to 820 nm [14], and is significantly improved over our previous generation product
(58%). At 5 W, the operation current is ~4.5 A and wall plug efficiency is ~64%, comparing favorably to similar
structures designed for operation in the 9xx nm band [15-16]. Typical spectra are shown in Figure 2(a) and (b), for 808
nm and 790 nm separately, as a function of drive currents from 4 A to 8 A. At 5 A (5.5 W) and 25 °C operation, full-
width half-maximum (FWHM) bandwidth is ~1.5 nm and full-width-1/e? (FW1/e?) bandwidth is ~2.4 nm.
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Figure 1: HE Lasers with 95um stripes and 3.8mm cavities, typical continuous wave (CW) optical power and wall-
plug efficiency verses drive current operating at 25 °C for (a) 10 808 nm lasers (b) 10 790 nm lasers
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Figure 2: HE Lasers with 95 um stripes and 3.8 mm cavities, typical spectrum with drive current from4 Ato 8
A operating at 25 °C for (a) 808 nm laser, (b) 790 nm laser

The slow-axis and fast-axis far fields of the HE 790 nm devices (in Figure 1) at 5 A (5.5 W) and 25 C operation are
shown in Figure 3(a). The FWHM and FW1/e? of the device fast-axis far field are about 32° and 54 ° respectively, while
previous generation devices are 36° and 62°, respectively. The FWHM and FW1/e? of the slow-axis far field are about
6.0° and 8.2°, respectively. A typical slow-axis near field intensity profile as a function of position is shown in Figure
3(b). The FWHM and FW1/e? of the slow-axis near field are about 90 um and 97 um respectively.
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Figure 3: HE 790 nm lasers with 95 pum stripe and 3.8 mm cavity (a) typical fast axis and slow axis far fields
operating at 5 A 25 °C (b) typical slow axis near field at 5 A 25 °C

Figure 4(a) contains LIV and wall-plug efficiency data of such HE device, with 200 pum stripes and 3.8 mm cavity
lengths. There are 10 devices in the plot, emitting at 808 nm at a test station controlled temperature of 25 °C. The slope



efficiencies of these devices are around 1.29 W/A, compared to 1.22 W/A of previous generation devices. Threshold
current of the HE device was around 1.6 A. The peak wall plug efficiency of HE the device was about 63%. At 10W
operation condition, the operation current and wall plug efficiency are 9 A and 63% respectively. Thermal rollover
testing was performed on the HE devices. Figure 4(b) shows that the CW roll-over test at 10 °C cold plate control
temperature. Rollover power was found to exceed 25W in all devices, a >20% increase over our previous generation
structure. Catastrophic optical damage was not observed in the test. It is believed that this improvement will translate
into improved device reliability.

20 4 r 70 30 + r 2.0
10 devices 10 devices csseoazIamasRsnt
% r 60 25 -
S15 1 /ﬁ - < 15
<~ < <20 - s
2 T40 x> 2 Py
S 10 ~ .q_c) 915 - 10>
5 0 s S
= o
g L 20 w g 10 -
® 7 808nm gosnm | 0-5
CW,25°C| 10 5 Cw,10°C
| %Oé)um stnp& 200um stripe
-emmcavi 3.8mm cavity
0 T T T 0 0 T T T T T 0.0
0 5 10 15 20 0 5 10 15 20 25 30
Current (A) Current (A)
@) (b)

Figure 4: (a) CW LI and efficiency curves of HE structure devices at 25 °C; (b) CW LIV curves of HE structure
devices at 10 °C, to power rollover;

2.2 Lifetest and reliability analysis

A total of 60 780-820 nm lasers with 95 um stripes and 3.8 mm resonator length have been loaded for accelerated lifetest
at 8 A and 50 °C heatsink temperature (junction temperature Tj~64 “C). As seen in Figure 5(a), 20 ~790 nm devices have
been lifetested for >4000 hours. Only one random failure was observed, however, there is a clear transition to a different
failure rate after ~3000 hours. This failure mode is consistent with an increasing failure rate with time. Wear-out start is
very common in high power 780-820 nm diode lasers. As a comparison in Figure 5(b), 40 ~808 nm devices have been
life-tested for ~3500 hours, with two recent failures at ~3400 hours.
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Figure 5: Accelerated lifetest at 8 A and 50 “C heatsink temperature (junction temperature Tj~64 °C on devices with 95
pm stripes and 3.8 mm cavities. (a) 20 790 nm devices, showing facet wear-out after 3000 hours accelerated lifetest,
equivalent to >15 year at 5 W 25 "C (b) 40 808 nm devices with two failures observed at 3500 h.

The acceleration model that is typically assumed for power and temperature acceleration is a combination of a power law
(which describes the effective acceleration due to increasing optical power of the laser) and the Arrhenius law (which
describes the effective acceleration due to increasing junction temperature of the laser) [14-22]. Equation (1) provides
the acceleration of unreliability as a function of optical power, current and junction temperature, 1 is current, P is power,
T; is junction temperature, m is the acceleration parameter of optical power, n is the acceleration parameter of optical
power, E, is the activation energy and kg is Boltzmann’s constant.

Acceleration Factor oc | "P" exp —E 1)
kg T,

There has been very limited reports on the acceleration parameters from literature, especially for state-of-the-art devices
near 80x nm wavelength [9-22]. In this paper, nominal parameters from literature, m=2 for current, n=2 for power, and
E.=0.45eV for activation energy, were used. The calculated acceleration at 5 W 25 °C (Tj~64 °C) is ~30 times
comparing to 5W 25°C (Tj~38 °C) operation. Using this acceleration, the equivalent time at 5W 25 °C (Tj~38 °C) are
plotted on the 2" x axis for each group in Figure 5(a) and (b). As it is indicated, the 20 devices in Figure 5(a) have been
life-tested well beyond 15 equivalent years at 5W 25 °C (Tj~38 °C) operation.

Both random and wear-out failures with 95um stripes and 3.8mm cavities can be analyzed together in a mixed Weibull
model and/or a Generalized Gamma model [23], and results are shown in Figure 6 with time converted to 5 W 25 °C
(Tj~38 °C) operation. The mixed Weibull distribution is a common model for analyzing the case of more than one failure
mode, as each failure mode can be described with a distinct Weibull distribution. Generalized Gamma distribution is not
very often used for life data analysis but it has the ability to mimic other distributions such as Weibull distribution. There
are a total of 21 failures out of 60 devices on lifetests accumulate so far. Figure 6 has failures as individual dots and the
center fitting curve representing 50% confidence, in (a) mixed Weibull distribution model (two subgroups) and (b)
Generalized Gamma distribution model. Fitting with both models are pretty good. Two-sided 90% confidence bounds
are also shown as two outlining curves around the center-fitting curve, in Generalized Gamma distribution model shown
Figure 6(b). In the regime before wear-out onsite, the failure rate is low and time before 5% failure (B5) is calculated to



be > 9.7 years with 90% confidence, for 5W 25°C (Tj~38 °C) operation. The wear-out onset is also > 10 years of
equivalent at 5 W 25 °C (Tj ~ 38 °C) operations.
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Figure 6: Reliability analysis of lifetests on 95 um stripes and 3.8 mm cavities, (a) Unreliability using mixed
Weibull distribution model (two subgroups), (b) Unreliability with 90% confidence bounds using Generalized
Gamma distribution model

A total of 61 devices with 200 um stripes and 3.8 mm cavities have been tested under accelerated lifetest conditions.
Samples of the accelerated lifetest data of HE devices with 200 um stripes and 3.8 mm cavities are shown in Figure 7. In
Figure 7(a), the 16 780nm devices have been running for about 3000 hours at 12 A and 50 °C heatsink temperature
(Tj~67 °C), without showing wear-out behavior yet. There is also no sign of sudden failure or slow degradation. In
Figure 7(b), the 13 808nm devices have been running passing 9000 hours at 14 A, and 50 ‘C heatsink temperature



(Tj~71 °C), with wear-out behavior at around 4000 hours. There is one single device sudden failure before wear-out.
Using equation (1) and nominal parameters from literature, m=2 for current, n=2 for power, and E,=0.45eV for
activation energy, the calculated acceleration at 12 A 50 °C (Tj~67 °C) and 14 A 50 °C (Tj~71 °C) is ~17 and ~ 38
separately, comparing to 8 W 25°C (Tj~44 °C) operation. Using this acceleration, the equivalent time at 8W 25 °C
(Tj~44 °C) are plotted on the 2" x axis for each group in Figure 7 (a) and (b). As shown, the 13 devices in Figure 7(b)
have been life-tested well beyond 40 equivalent years at 8 W 25 °C (Tj ~ 44 °C) operations.
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Figure 7: Accelerated lifetest on devices with 200 pm stripes and 3.8 mm cavities (a) 16 780 nm devices, at 12 A 50 °C
(Tj~67 °C), with no failure and wear-out onset yet (b) 13 808 nm devices, at 14 A 50 °C (Tj~71 °C), tested to wear-out

The mixed Weibull model is used to analyze the distribution, and the results are shown in Figure 8, with time converted
to 8 W 25°C (Tj~44 °C) operation. There are a total of 14 failures out of 61 devices on lifetests collected so far. The best
fitting is achieved with two subgroups, and two-sided 90% confidence bounds are also shown as two outlining curves
around the center-50%-bound curve. The plots indicate more data at wear-out regime is needed to get better confidence
on fitting in this regime, which could be a result of soft wear-out turn-on in Figure 7(b). In the regime before wear-out
onsite, the failure rate is still low and time before 5% failure (B5) is calculated to be > 7.5 years with 90% confidence,
for 8 W 25°C (Tj~44 °C) operation. And the wear-out onset is also > 11 years of equivalent at 8 W 25 °C (Tj ~ 44 °C)
operations.
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Figure 8: Reliability analysis of lifetest with mixed Weibull distribution model on 200 pm stripes and 3.8 mm cavities,,
(a) Probability with 90% confidence bounds, (b) Unreliability with 90% confidence bounds

Failure analysis was performed on all 35 failures identified so far. Two main failure modes: the COMD failure mode
where failure originates from facet and bulk-defect initiated COD (BCOD) [12-13]. In the random failure regime, both
BCOD (1 failure out of 121) and COMD (1 failure out of 121) have been observed. Failures after wear-out start are
identified to be COMD only (33 failure out of 121). This is different than what we found on 9xx nm lasers, which do not
show any COMD wear-out even with much higher power acceleration and much longer lifetest [15-16]. This also
suggests that lasers with shorter wavelengths are likely more prone to COMD due to higher photon energy. Thus good
facet passivation is essential for high reliability in 780-820 nm devices.



3. HIGH PERFORMANCE FIBER-COUPLED MODULES

High power reliable single emitter lasers are combined into nLight’s compact, passively-cooled Pearl product
architecture [24-28]. Each laser is individually collimated in the fast axis and slow axis and free-spaced coupled into a
single fiber. Pearl modules are not subject to device cross heating and are thus able to operate at a very high power
densities. The optics are designed to efficiently image the diode laser onto fiber, scale high power/ brightness and
maintain high efficiency of the high power single emitter diode lasers. Besides the scaling of power and brightness in
Pearl module, the reliability of the module is also further improved from the high reliable single emitter diode lasers by
effective redundancy. Using P16 (16-emitter) module as an example, module failure is defined as the 4™ sudden failure
of laser happens inside the module (module power drops >20% of the initial power at a fixed current). Then the module
reliability Rmoguie Can be described as a function of laser reliability Riaser as in binomial equation (2).

3
e-R 2
module ; (16 |)'|' Iaser ( Iaser)

Laser FIT at 1000 means laser reliability is >98% by the end of 2 year uninterrupted operation. Using equation (2),
module reliability can be calculated as 99.98% by the end of 2 year uninterrupted operation. This indicates that the
reliability of modules based on reliable high power single emitter diode lasers is also greatly improved. So normally
lasers can be operated with higher power/temperature in a Pearl product architecture with effective redundancy than in a
single-emitter format, for the same reliability requirements. Table 1 listed module reliability for different modules with
different redundancies, with the number of single emitter from 10 to 16, when chip reliability is ~98%.

Pearl™
Reliability redundancy redundancy redundancy

10 emitters 98.38% 99.91%
14 emitters 96.90% 99.75% -
16 emitters 96.01% 99.63% 99.98%

Table 1: Module reliability for different modules with different redundancies, when chip reliability is ~98%.

Fiber-coupled pump Pearl modules from a 200 um core fiber were developed with 10-emitter of 792 nm 95 um diode
lasers, with typical power and efficiency performance shown in Figure 1(a). When operated in CW mode at 30 ‘C, these
modules are capable of coupling over 50 W CW power into a 200 um fiber with an NA of 0.18. Figure 9 (a) shows the
LIV and spectrum characteristics of module performance, with threshold ~0.8 A and slope ~11.4 W/A. The peak
efficiency is ~57% and efficiency at 50 W is around 56%. At 50 W 30 °C, Full Width Half Maximum of the whole
module is 1.5 nm, which is comparable to the single diode at the same working condition. Figure 9(b) shows the LIV and
spectrum of module with 10-emitters of 810 nm 200 um diode lasers, with a NA of 0.17 from a 400 um core fiber. The
module can be tested above 100W and power vs current is still very linear in this range. The threshold is ~1.6 A and
slope ~11.8 W/A. The peak efficiency is ~57% and efficiency at 100 W is around 56%. At 70 W 25 ‘C CW operation,
Full Width Half Maximum of the whole module spectrum is 1.7 nm, and Full Width 1/e”2 Maximum is ~2.6 nm.



70 20 120 7 20
" o / L 18
60 4 100 — eemmamnem T
®« | T - 16
50 4 1 L 14
o 80
12 - 12
e 40 % gL
z 108 Z 60 109
£ 30 2 ] ——
® 1 © |
= s 2 8
40
20 1 6 [ 6
4 4
20
10 - V
2 2
0 . , 0 0 e Ty 0
o 1 2 32 4 5 8 7 001 2 3 456 7 8 9 1011 12
Amps Amps
(@) (b)

Figure 9: LIV and spectrum from (a) 200 um 0.18 NA 792 nm fiber-coupled module tested at 30 °C, CW (b)
400 pum 0.17 NA 810 nm fiber-coupled module tested at 25 °C, CW.

The key parameters are summarized in Table 2. The 10-emitter modules are rated 40 W with a 200 um diameter core
fiber (this architecture utilizes 95 um stripe devices) and 70 W with a 400 um diameter core fiber (this package utilizes
the 200 um stripe lasers). The modules are designed to operate at peak efficiency, which is ~56% regardless of
configuration. This high efficiency is enabled by the excellent (~90%) overall optical-to-optical efficiency offered by
the approach. A 16-emitter module utilizing 200 um stripe devices and coupled to a 400 um core fiber is rated to 120W.

Key Parameters | 200pm | 400pm | 400pum
P10 P10 P16

Rated Power 40W 70W 120W
Peak efficiency ~56% ~56% ~56%
NA <0.22 <0.22 <0.22

Table 2: Module key parameters with HE single emitters

Figure 10 illustrates lifetesting results for four modules operating at 11 A, 36 ‘C. Over 900 hours of failure-free
operation has been recorded to date.
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5. CONCLUSIONS

In summary, we present recent progress in the development of 95 um and 200 pm stripe single emitter broad area diode
lasers at 780-820 nm with high performance and high reliability. Initial performance and lifetest data support 95 um
stripe and 3.8mm cavity length single emitter broad area diode lasers at operation to 5 W. Similarly, 200 pm stripe and
3.8 mm cavity length single emitter broad area diode lasers can be rated to 8W reliable operation. These diode lasers
have demonstrated higher efficiency (65%), higher brightness, narrow spectrum width, improved NF/FF control, than
that of previous generation products. These advancements were enabled by application of design concepts originally
developed for the 9xx nm wavelength band to the 780-820 nm wavelength range. Fiber-coupled modules based on arrays
of these devices support >100W reliable operation, with a high 56% operating efficiency.
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