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48 W Continuous-Wave Output From a High-
Efficiency Single Emitter Laser Diode at 915 nm

Yuxian Liu

Abstract—Improving the power and efficiency of 9xx-nm
broad-area laser diodes has a great help in reducing the cost
of laser systems and expanding applications. This letter presents
an optimized epitaxial structure with high power and conversion
efficiency. Laser diodes with 230 um emitter width and 5 mm
cavity length deliver continuous-wave output power up to 48.5 W
at 48 A, 30 °C, the highest power reported for 9xx-nm single
emitter lasers so far. The slope efficiency is as high as 1.23 W/A
due to a low internal optical loss of 0.31 em—! and a high internal
efficiency of 96%. The maximum power conversion efficiency
reaches 72.6% at 15.3 W and 67.3% at the operating power of
30 W under a heatsink temperature of 25 °C. Life test results
show no failure in 1000 hours for 55 laser diodes.

Index Terms— Semiconductor laser, laser diode, high power,
high efficiency, 915 nm.

I. INTRODUCTION

IGH power 9xx-nm laser diodes (LDs) are widely used

as pump sources for fiber lasers and light sources for
direct-diode systems in various industrial applications [1], [2],
[3], [4]. 915 nm pump LDs are the major choice for fiber
lasers because of their broad absorption band for Yb-doped
fibers [1], which has a big advantage for working conditions
in a large temperature range. A high-performance laser system
with an output power of 1-10 kW needs a large quantity
(100 to 1000) of pump LDs. The cost of these systems relies
dramatically on the LDs, which gives a stringent requirement
for the performance, quality, and reliability of the LD chips
[5], [6]. LDs with more than 30 W output power com-
bined with power conversion efficiency (PCE) above 65%
can provide a cost-effective high-power laser module. The
output power is mainly limited by the catastrophic optical
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mirror damage (COMD) [7], catastrophic optical bulk damage
(COBD) [8], thermal rollover, and other nonlinear phenomena
[9]1, [10], [11]. Various methods have been applied to eliminate
these problems in a few decades. Particularly, progress in
epitaxial growth technologies, facet cooling [12], [13], [14]
and passivation technologies [1], [15] have greatly improved
COMD and COBD power levels [5], [16], [17], [18]. Innov-
ative or optimized epitaxial structures have shown advantages
for a continuous power increase of GaAs-based LDs [10],
[19], [20], [21], [22], [23], [24]. A 9xx-nm high-power LD
with 230 um emitter width was reported to achieve 45 W
at 25 °C [25]. Improving the operating power and PCE of
the LDs can reduce the cost of the laser systems. Hence,
higher slope efficiency and rollover power level, together with
a low operating voltage, are critically important to achieve
high output power and efficiency.

This letter presents an optimized epitaxial structure with
ultralow optical loss (0.31 cm™') and high slope efficiency
for power-efficient LDs. The maximum achievable CW laser
power reaches 48.5 W at 48 A, 30 °C. The maximum PCE
of 72.6% is achieved at 15.3 W when the operating power is
30 W at 27.5 A with PCE higher than 67% at 25 °C.

II. SIMULATION AND DESIGN

The front facet optical output power Py, at room tempera-
ture can be expressed as [1], [23]:

(1 — Rp) /2
Pour = 75 (I - Ith) 2 (1)
(I —Rp)/ %2+ (1 —Rp)
o, hv
— = 2
s nlai +om g @

where 7 is the slope efficiency, Iy, is the threshold current, #;
is the internal quantum efficiency, aym = —(1/2L) In(RrRB)
is the mirror loss (i.e., output coupling) with cavity length
L, front facet reflectivity Rp, and back facet reflectivity Rp,
o; is the internal loss, hv is the photon energy, and q is the
electron charge. Using a combination of numerical simulation
and laser design parameters, we analyze the influence of the
laser’s internal characteristics on its output power. The laser
has a 5 mm cavity length, 98% back-facet reflectivity, 2%
front-facet reflectivity and an emission wavelength of 915 nm.
Figure 1 (a) shows the calculated slope efficiency versus
internal optical loss for various internal efficiency values in
the range of 90% to 100%. Both low internal optical loss
and high internal quantum efficiency significantly improve
slope efficiency. To ensure slope efficiency of higher than
1.20 W/A, optical loss of less than ~0.50 cm™! is required
even for internal efficiency of 100%. The circle in this figure
shows the experimental result to be discussed in section III.
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Fig. 1. Calculation results for (a) the slope efficiency versus internal optical
loss for various internal efficiency values, and (b) the laser output power
at 30 A versus slope efficiency for various threshold current values.

Figure 1(b) shows the calculated output power at 30A as
a function of slope efficiency (assuming it is constant) for
various threshold current values. It indicates that the slope
efficiency substantially impacts the output power compared
to the threshold current. Hence, internal optical loss and
internal quantum efficiency are critical parameters to achieve
high output power at high current levels. Considering the
thermal rollover under high current operation with internal
efficiency less than 100%, the internal optical loss should
be much lower than 0.5 cm™' based on our calculation
results. Therefore, the epitaxial structure design should have
a significantly low optical loss to achieve high efficiency for
high-power operation.

The internal optical absorption loss can be approximately
expressed as the sum of the absorption loss of each layer, j,
in the vertical epitaxial structure:

ai=ZFj(annj +oppj) 3)
J

where I'j is the optical confinement factor; n; and p; are the
electron and hole carrier concentrations, respectively. o, and
op are the free carrier absorption coefficients for electrons and
holes, respectively. The absorption coefficients are assumed to
be equal to the GaAs bulk material as o, = 4 x 1078 c¢m?
and op = 12 x 10718 cm?, respectively [21].

GaAs-based epitaxial structure is optimized by considering

the following key factors:

1) A novel asymmetric structure with thin p-waveguide
and thick n-waveguide layers is designed to locate most
of the optical mode on the n-side and minimize the
optical loss due to the low free carrier absorption loss
of the electrons. In the meantime, thin p-waveguide and
p-cladding layers reduce the series resistance, leading to
low thermal resistance and bias-driven leakage currents.

2) The doping level is optimized to minimize the overlap of
high doping and high mode intensity for lower internal
optical absorption loss but balanced to avoid high series
resistance.

3) A modest optical confinement factor of QW is employed
to suppress COMD at a high power with high I'qw and
avoid high optical loss caused by high carrier density in
the quantum well with low I'qw.

4) The AlGaAs compositions are adjusted to avoid high-
order mode lasing in the vertical direction.

5) A compressively-strained QW lasing at 915 nm is used
to achieve high gain. A suitable QW barrier is introduced
to improve the internal quantum efficiency and temper-
ature stability by reducing the carrier leakage from the
QW. The compositions of the QW and barrier materials
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Fig. 2. Simulation result for the refractive index profile of the epitaxial

structure and the vertical near-field profile.

for high-quality growth are also considered to achieve
high internal quantum efficiency and low internal optical

absorption loss.
Figure 2 illustrates the calculated refractive index profile

and the fundamental mode’s intensity. The vertical near-field
profile of the fundamental mode is divided into five parts.
The optical confinement factors (i.e., I') are correspondingly
(1) 6.5% for n-cladding, (2) 78.4% for n-waveguide, (3) 2.6%
for the region with QW (I'qw = 0.63%) and QW-barrier,
(4) 12.4% for the p-waveguide, and 0.17% for the p-cladding.
The optical confinement factor ratio of p-region to n-region
is as low as 14.8%, resulting in an extremely low optical
absorption loss of 0.32 cm™! based on the simulation.

The epitaxial structure is grown by MOCVD on a GaAs
substrate. To make a laser diode, the ridge is firstly formed
by wet etching. Then an insulating layer is deposited by
plasma-enhanced chemical vapor deposition (PECVD), fol-
lowed by a window opening for current injection. P-metal
and n-metal depositions are carried out on the top and bottom
surfaces of the wafer, respectively. The wafer is finally cleaved
into bars and a facet-passivation technique is employed to
improve the COMD level. Lasers with various cavity lengths
are left uncoated to determine the internal parameters of the
laser diode. For performance measurements, the front and back
facets are coated with anti-reflective and high-reflective films,
respectively. Finally, the bars are cleaved into single devices,
mounted in a p-side down configuration with hard solder on
high thermal conductivity AIN submounts bonded on top of
Cu heatsinks. Single emitters are designed with a 5 mm cavity
length and 230 um waveguide width targeting high output
operation power.

III. RESULTS

Firstly, uncoated devices with 200 u¢m stripe width and four
different cavity lengths from 2 mm to 3.5 mm were measured
under pulsed operation with a low duty cycle (pulse width
of 100 us, repetition rate of 100 Hz) to extract the internal
parameters of the epitaxial structure. The dependencies of the
inverse differential quantum efficiency (1/74) on the cavity
length (L) and the logarithm of the threshold current density
(In(Js)) on the inverse cavity length (1/L) are shown in
Fig. 3(a) and 3(b), where each data point represents one chip.

Assuming uncoated facet reflectivity as Rr = Rp = 0.3 and
using linear fitting of the results [23], the internal efficiency
ni, internal optical losses aj, transparency current density
Jir, and modal gain coefficient I'Gy are extracted to be
96%, 0.31 cm™!, 77.36 A/em?, and 8.67 cm™!, respectively.
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Fig. 3.  Experimental results under pulsed operation for (a) the inverse
differential quantum efficiency versus cavity length and (b) the natural
logarithm of threshold current density versus inverse cavity length.
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Fig. 4. Power, voltage and efficiency versus current curves at 25 °C under
CW operation.

The calculated experimental value of the 0.31 cm™! for the
internal optical loss agrees well with the simulation result
of 0.32 cm™!. The low transparency current density shows
high material quality, and a relatively low modal gain with
the calculated confinement factor of 0.63% gives a Gg value
of 1376 cm™!.

Figure 4 demonstrates the power, voltage, and PCE curves
of a typical single emitter under the CW operation at 25 °C.
The laser output powers were measured with a calibrated
thermopile sensor (F150-BB-26) and Ophir NOVA II power
meter. A recorded high power of 40.8 W is achieved at 40 A
(Higher current is limited by the temperature control capability
of the TEC at 25 °C) without sudden catastrophic failure
and thermal rollover of the output power. The maximum
PCE is as high as 72.6% at 14 A with an output power of
15.3 W. The slope efficiency and threshold of the devices
are 1.23 W/A and 1.5 A obtained by linear fitting of LI
curve between 2 and 10 A, respectively. The series resistance
is 9.4 mQ by linear fitting of the VI curve between 6 and
30 A. 32.4 W output was achieved at 30 A with a high slope
efficiency of 1.15 W/A between 1.6 and 30 A, which coincided
nicely with the calculated value of 32.7 W presented in
Fig. 1(b). A high PCE of more than 67% is achieved up
to 30 W at 27.5 A.

Figure 5(a) shows the vertical and lateral far-field profiles at
the operating power of 30 W. The vertical far-field divergence
angle with 95% power intensity is nearly 46°. The lateral far-
field angle with 95% power intensity is as low as 8.1° at 30 W.
Figure 5(b) illustrates the measured lateral divergence angle as
a function of current at 25 °C. The lateral divergence angle
increases almost linearly from 4 to 30 A, most likely due to the
low thermal lensing and high PCE. The lateral far-field angle
is less than 9° even at 30 A, which shows high brightness and
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Fig. 6.  Testing data under CW operation: (a) L-I curves at 25, 35, and

45 °C (the inset shows the optical spectrum at 30 A, 25 °C), (b) threshold
current and slope efficiency versus heatsink temperature (dots represent the
measurement data and lines are the fitting curves).

is beneficial to achieving high coupling efficiency. Figure 5(b)
inset shows the near-field profile at 10 and 20 A under 25 °C
(test current is limited by the current source). The near-field
profiles are relatively uniform, and the near-field width with
95% intensity (Wosg,) is approximately 225 um at 10 and
20 A.

Figure 6(a) shows the L-I curves up to 34 A before apparent
power rollover under CW operation at 25, 35, and 45 °C. The
inset shows a typical optical spectrum at 30 A with a lasing
wavelength of around 915 nm. The maximum output at 35 and
45 °C still maintains high power levels, which are more than
34 and 32 W, respectively. Temperature-dependent parameters
To and T; can be obtained by:

T — Ths
15(T) = 1 (Ths) exp(———) )
T — Ths
Ta(T) = Tn(Ts) exp(— =) 5)

where Tps is the heatsink temperature. To and T; are the
characteristic temperatures for the threshold current and slope
efficiency, respectively. Figure 6(b) shows the change of
threshold current and slope efficiency as a function of heatsink
temperature using linear fitting from 2 to 10 A and 10 to
25 A, respectively. The Ty and T; characteristic temperatures
are 152 K and 567 K for the heatsink temperature range
of 25-45 °C.

We have explored the power limitation for the laser diodes
further, although the TEC is limited to control the temperature
at 25 °C beyond 40 A operation current because of the
significant heat dissipation. Figure 7(a) presents the CW L-I
curves of 10 single emitter lasers up to 53 A, demonstrating
relatively similar output power levels. Although the heatsink
temperature was set as 20 °C, it increased with the current
and reached around 30 °C at the maximum current. All the
LDs show power rollover around 49 A without catastrophic
optical damage (COD) and reach the rollover output power
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to rollover (the inset shows the spectra at 5/15/25/35/45 A); (b) Accelerated
lifetime test 55 laser diodes at 33 A and 40 °C with 32 W output power.

of more than 47 W. The maximum power is 48.5 W at 48 A
(at 30 °C), which is expected to be higher if the heatsink could
be well controlled at 25 °C. Figure 7(a) inset shows the spec-
tral characteristics of the LD from 5 to 45 A with 10 A steps.
The calculated current drift coefficient is about 0.36 nm/A.
The full width at half-maximum (FWHM) of the spectra is
broadened from 1.3 nm at 5 A to 4.2 nm at 45 A, possibly
due to the thermal effects and carrier non-pinning [11]. The
spectra are compatible with the broad absorption band of
Yb-doped fibers in 915£10 nm.

Life tests were also implemented to investigate the long-
term operation condition since reliability is crucial to evaluate
the success of epitaxial design and fabrication process. Fifty-
five chip-on-submount devices were used for the accelerated
lifetime test under a constant injection current of 33 A at a
heatsink temperature of 40 °C. The output power is 32 W,
and the junction temperature is estimated as 98 °C. As shown
in Fig. 7(b), 1000 hours of accelerated life testing have been
completed without failure. The output power of all the devices
has less than 3% variation during the reliability test, which
confirms the high reliability of these devices at high currents.

IV. CONCLUSION

We have presented a high output power and high conversion
efficiency laser diode operating at 915 nm by investigating
the influence of the laser’s internal parameters on its output.
The asymmetric epitaxial structure is optimized to achieve
low optical loss while considering high internal efficiency,
low series resistance, and modest optical confinement factor.
Experimental results show an internal optical loss of
0.31 cm~! and internal efficiency of 96%. Laser diodes with
230 pum emitter width and 5 mm cavity length have Ty and
T characteristic temperatures of 152 and 567 K, respectively.
Under CW operation, the maximum power conversion effi-
ciency is 72.6% at 15.3 W, and the maximum output is 48.5 W
at 48 A (at 30 °C), the highest power reported for a 9xx-nm
single emitter laser. At the operating power of 30 W at 25 °C,
the power conversion efficiency is 67.3%, and the lateral far-
field angle with 95% power content is around 8°.
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