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Overdrive Short Pulse High Peak Power Diode Lasers
Without Catastrophic Optical Damage

Miguel Sdanchez

Abstract—Light Imaging Detection and Ranging (LIDAR) and
Optoacoustic biomedical imaging techniques are applications that
have a specific laser source requirements: short pulses, high peak
power per pulse and high repetition rates. A custom current driver
has been designed to fulfill these requirements and characterized
in order to generate high current short pulses to drive High Power
Diode Lasers (HPDL) beyond their maximum rating value, with
a maximum current capacity of 120 A in a range of less than
10 nanoseconds pulse width, rise times up to 2 ns and a repetition
rate of 1 kHz. Four commercial HPDLs have been driven generating
optical pulses of less than 10 ns and more than four times the
maximum rated optical peak power. A single laser device reached
a maximum peak power of 880.6 W at 6 ns pulse width, demon-
strating stable operation without catastrophic optical damage and
improving the typical operation characteristics of the HPDLs for
high speed short pulse applications.

Index Terms—Diode lasers, laser damage, ultrafast lasers,
semiconductor lasers.

1. INTRODUCTION

EW applications such as Light Imaging Detection and
N Ranging (LIDAR) for autonomous driving and optoacous-
tic biomedical imaging techniques require pulsed laser light
sources with large peaks power and short pulse duration in the
range of few nanoseconds.

LIDAR based on time of flight (TOF) is a procedure for deter-
mine distances to a target using pulsed laser light and an optical
detector that measures the reflected light. Differences in the laser
round trip time is used to make a geographically accurate three-
dimensional (3D) point cloud of an environment. This technique
is extensively used in many fields such as topography [1] speed
detection [2], object detection [3], 3D maps [4] and for au-
tonomous driver assistance systems [5]. Onboard LIDAR system
applications require laser sources compact, reliable and easily
integrated like High Power Diode Lasers (HPDLs). Currently,
the pervasiveness of these 3D mapping sensors in the automotive
industry makes that the mass production capability and the cost
reduction in the overall system other relevant requirements. The
three most decisive parameters of the pulsed laser source for this
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application are the peak power that determines the measurement
distance, the pulse width that limits the spatial resolution and the
repetition rate that defines the image acquisition time.
Optoacoustic imaging techniques, which are also known as
photoacoustic, such as Optoacoustic Tomography (OAT) [6],
[7] and Optoacoustic Microscopy (OAM) [8], [9], are innovative
biomedical imaging that combines the contrast and specificity of
the optical imaging with the resolution of the ultrasound images.
They are based on the optoacoustic effect, that describes the
conversion of pulses of light absorbed by a sample into pressure
waves. The broadband ultrasound waves generated by this effect
can be used, as well, for enhanced ultrasound imaging in the
so-called Laser Ultrasound (LUS) [10], [11]. These optoacoustic
applications use laser sources able to: emit short pulses, less than
one hundred nanoseconds, to generate broadband ultrasound
waves for high-resolution imaging; energies between several
wJ to few ml, to reach 1 to 4 cm penetration depth; and high
repetition rates (kHz) for obtaining real-time images [12].
Solid state lasers, such as Q-switched Nd-YAG lasers, can
provide large amounts of energy (up to hundreds of millijoules
when they are combined with an OPO) and short optical pulses
with a fixed duration of few nanoseconds. Nonetheless, bearing
in mind the laser head and its power supply, they are complex,
ponderous, hardly portable, expensive, depends upon recurrent
maintenance and have low repetition rates in the range of 10 to
100 Hz. Repetition rates can be expanded to tenths of kHz and
the size can be decreased through the use of diode pumped solid
state lasers [13] with a considerable reduction of energy.
Currently, advances in semiconductor laser device construc-
tion technologies are allowing the commercialization of diode
laser devices with high powers and low prices. These HPDLs
can reach output power of hundreds of watts, starting to be
used in applications where the use of solid states lasers was
exclusive, such as materials processing [14], gas detection [15]
and multiple biomedical applications [16]. They are compact,
robust and very cost-effective. Current drivers allow the control
of the pulse peak power, the pulse width, that can vary in
the range from few nanoseconds to few hundred nanoseconds,
and the repetition rate up to several kilohertz. In particular,
to generate short optical pulses and high peak powers with
HPDLs, it is necessary the development of specific high-speed
driver electronics and optimized designs that can bring very high
current pulses (hundreds A to few kA) with fast rise times and
short width pulses in the range of few nanoseconds. However,
the energies reached by current HPDLs are not enough for
short pulse applications showing lower performance compared
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to the solid state lasers. The main factor that limits the peak
power in HPDLs is the effect known as catastrophic optical
damage (COD) [17], a phenomenon by which the laser device is
damaged and its emission power greatly decreases. Typically, the
manufacturers only specify the maximum current of the HPDLs
in normal operation conditions where pulse width is equal to
100 ns and the repetition rate is 1 kHz. These maximum current
specifications are very conservative when the pulse durations are
reduced from the normal operation. Consequently, it is possible
the operation beyond the maximum current specification without
damage.

In this work we have studied and compared the performance
of four HPDLs that have been driven to generate up to 4 times the
maximum rated output peak power by reducing the pulse width
to the range of sub-10 nanosecond without producing COD using
a custom designed current driver able to generate pulses of more
than 100 A, improving the characteristics of HPDLs for their use
in short pulse and high speed applications.

II. THEORETICAL MAXIMUM PEAK POWER: CATASTROPHIC
OpTICAL DAMAGE (COD)

The catastrophic optical damage is an effect that produces the
degradation of active region facets and cavity [18]. This causes
a decrease in the total power emitted by the HPDL. COD is
produced through different mechanisms, either for continuous
wave (CW) operation or pulse wave (PW) operation. Generally,
the optical power emitted by a diode laser operating in CW
mode and high currents is saturated by the joule effect, which is
caused by the injected current. As the current increases further,
the heat generation in the device will continue to grow, until
COD occurs. However, in PW operation at moderate repetition
rates, the average current injected into the laser, in the mA range,
is low enough to prevent the production of a relevant thermal
effect. Since the efficiency of the laser is not greatly affected
by the increase in temperature, the maximum optical power can
be increased just below the COD. The relationship between the
maximum optical power and the pulse width is well described
by the ‘square root law” discovered by Eliseev [19] and widely
studied by other authors [20], [21], where the power required
to have COD (PCOD) is proportional to t3 (t: pulse width),
that is, the radiant intensity necessary to cause COD increases
when the pulse width decreases (Fig. 1). Following this, a HPDL
can operate at higher currents compared to its nominal values to
obtain a higher maximum optical power by reducing the current
pulse duration. This maximum power is related to the maximum
power density that the facets of the laser cavity can withstand
without degradation. A rise in facet temperature occurs when
the power density reaches a critical level, leading to its melting.
This effect produces a recrystallization of the semiconductor
material near the facet, increasing absorption and significantly
reducing the power emitted. The value of this critical power
density depends on various parameters of the laser, such as
structure, facet design, construction materials, heat dissipation
capacity, among others [20]. Generally, modern diode lasers
with broad area, high-efficiency and high-reliability can with-
stand maximum power densities of around 20 MW/cm? in CW
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Fig. 1. Square-root law: with short pulses we can increase the nominal peak
power without COD, the line determines the maximum relative radiant intensity
and limit a safe region of operation based on peak power and pulse width.

TABLE 1
HPDLS NOMINAL CHARACTERISTICS

Laser Nominal peak Pulse Current | Emitting Packaging
power (W) width? (ns) (A) area (um) | (inductance)
TPGAU3S09H 225 100 30 225x340 U (SnH)
90503J095 200 100 35 235x400 5(5.2nH)
SPLPL90_3 75 100 30 200x10 Plastic {-)
TPGAD1509H 70 100 30 229x10 SMT (1.6nH)

1. Full Width Half Maximum (FWHM)

operation [22] and around 30 MW/cm? in PW operation with
pulse width of hundreds of nanoseconds [23], [24].

ITI. HiGH POWER DI1ODE LASERS UNDER STUDY

The capability to exceed the specified maximum optical
power of four commercially available lasers have been tested:
TPGAU3S09H (Excelitas Technologies Corp, Waltham, MA,
USA), 905D3J09S (Laser Components GmbH, Olching, Ger-
many), SPL PL90_3 (OSRAM Opto Semiconductors, Munich,
Germany) and TPGAD1S09H (Excelitas Technologies Corp).
The first two lasers are a stack of three chips. Each of those laser
chips is formed by three emitter stripes (multi-junction). The
third laser is a low-cost high-volume application device made
up of a single chip with three emitter stripes (multi-junction).
The last one is a surface-mount packaging laser with very low
inductance composed of a single chip with three emitter stripes
(multi-junction) as well. Table I summarizes their nominal char-
acteristics specified by the manufacturers. A microscope image
of the cavities of the lasers chips is shown in Fig. 2(a) and
Fig. 2(b).

Fig. 3(a) and Fig. 3(b) show the maximum peak power and
the expected maximum power density in the front facet for each
laser under study as function of the pulse width according to their
nominal maximum peak power and the square root law (Fig. 1),
respectively. Since the stacked devices (TPGAU3S09H and
905D3J09S) are composed of three chips, correspondingly their
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Fig. 2. (a) Near field emission of TPGAU3S09H, triple stack chip with 3
emitter stripes each chip. (b) Near field emission of SPL PL903, single chip
with 3 emitter stripes.

maximum peak power is three-fold of the single chip devices
(SPLPL90_3 and TPGAD1S09H). Regarding the optical power
density, the four lasers have closer values, especially with larger
current pulse widths. Small differences arise from the variations
in the width of the cavity since the efficiency of these devices
are similar. We use the maximum power density in CW mode
(20 MW/cm?) as value for the critical power density in order
to ensure COD does not occur. This value determines that the
minimum pulse width with the maximum peak power for these
devices in safe operation is in the range between 5 ns and 10 ns
(Fig. 3(b)) and it will be the objective operating regime.

IV. DRIVER DESIGN AND SIMULATIONS

In order to reach the maximum theoretical peak power, we
need to supply the required current to the HPDL in pulses with
duration lower than 10 ns, accordingly to Fig. 3(b). Conse-
quently, to design a suitable current driver is necessary to con-
sider the inductance of the circuit and to use very fast electronics.
The two main elements that limit the pulse width and maximum
peak current are the transistor driver and the power transistor.
Currently, it is available in the market low side Gallium Nitride
(GaN) drivers and enhancement mode GaN transistors (eGaN
FET), that are much faster, cheaper, smaller and with better
electrical characteristics than traditional silicon-based transis-
tors [25]. The electrical schematic of proposed current driver is
depicted in Fig. 4. A pulse shortener based on an AND gate and
a RC low pass filter is activated by a square pulse generator. The
GaN driver input pulse duration is given by the pulse width of
Vpulse minus the fixed delay produced by the filter. The reduced
width pulse activates the GaN driver that supplies enough current
to activate the eGaN FET. While the pulse is not active a bank of
capacitors is charged with a voltage source (V). When the eGaN
FET is activated, stored energy is discharged through the HPDL
generating a pulse of current. A clamping diode is positioned in
parallel of the HPDL to protect of reverse overvoltage.

As we have described in Section III, we are going to test
the capacity of four commercial lasers to achieve high peak
powers without suffering COD. The Table II shows the max-
imum theoretical peak power and pulse width according to
the Fig. 3(b) and the expected current needed to reach it
for each HPDL. The higher current and the minimum pulse
width of the Table II defines the requirements of our current
driver.
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TABLE I
HPDLS EXPECTED CHARACTERISTICS
Laser Maximum expected Pulse Expected
peak power (W) width? (ns) | Current (A)

TPGAU3S509H 810.8 7.7 103.6
905D3J095 852.8 5.5 139.5
SPLPL90_3 240.8 9.7 105.9
TPGAD1S09H 276.8 6.4 113.8
1. FWHM

We have chosen the GaN driver LMG1020 (Texas Instru-
ments, Dallas, TX, USA) with rise time less than 1 ns and the
eGaN FET EPC2034 (Efficient Power Conversion, El Segundo,
CA, USA) with maximum pulse current of 200 A. A bank of
capacitors with a total of 104 nF supplies the energy of the pulses.
The output of pulse shorteneris a 5 ns pulse of 5 V amplitude and
1 kHz repetition rate. We have simulated the current generated
with an ideal short-circuit and with an HPDL load model with
series resistance of 0.2 €2 and 5 nH inductance, typical values
of commercial HPDLs. The simulations have been carried out
with OrCAD 17.2 PSpice Designer software.

The first result of the simulation is the voltage necessary to
reach the maximum current that will be demanded by HPDL at
maximum expected peak power. Fig. 5(a) shows the character-
istic curve of the driver with the HPDL load model, reaching
a value of 144.9 A at a voltage of 120 V, fulfilling current
requirements of the lasers under study. On the other hand,
we need to check that the widths of the generated pulses are
compatible with the calculated values. In Fig. 5(b) we present
the shape of the pulses at 120 V with ideal short circuit and
HPDL load model. In the ideal case of short circuit, we reach
pulse currents up to 371.8 A, pulse width of 6.2 ns and rise and
fall times of 1.7 ns and 0.7 ns, respectively. With the HPDL load
model the series resistance and the inductance limit the current
and the rise time obtaining a pulse width of 5.2 ns and a rise and
fall time of 5.9 ns and 0.3 ns respectively, complying with the
requirements indicated in the Table II as well.

These simulations verify that the topology of the circuit
and the main components chosen for the construction of the
current driver have sufficient capacity to generate the current
pulses that will allow to test the HPDL outside their nominal
operating regime, reaching much higher peak powers with pulses
of reduced width.

V. EXPERIMENTAL MEASUREMENTS

The following experiments are intended to check the capa-
bility of the HPDLs to support high peak power without COD
based on the theoretical limits discussed in Section III and to
reach the peak power values indicated in the Table II. We have
designed and built a current driver with capacity to generate
ultra-short pulses with variable width and high current (t <10 ns
and I > 100 A) with a rise time less than 3 ns. The current driver
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circuit has been designed considering the simulations indicated
in Section I'V. With short pulse durations and high currents, the
effects of parasite inductances (Lp) [26] can be very important,
limiting the rise times of the pulses and the maximum current.
We can reduce some of this Lp [27] taking special considerations
in the design of the current driver such as the use of capacitors
with low equivalent series resistance, minimizing ground return
paths, clamping diodes to reduce the inductive overshoot due to
the fast rise times of the current, split power loop to minimize
the parasitic inductances and Kelvin gate to avoid ground lifting
issues. Finally, the entire design has optimized tracks and via
holes to reduce the inductance. The driver lacks a current monitor
in order to not increase the current path inductance.

A. Characterization Setup

The Fig. 6 depicts the measurement setup to check the ca-
pability of the four proposed HPDLs to exceed their maximum
rated optical peak power with high current short pulses. The
pulse width and the repetition rate are controlled by an exter-
nal pulse generator (HP 8112A, Keysight Technologies, Santa
Rosa, CA, USA). The shape of the optical pulse is registered
using a 1 GHz bandwidth avalanche photodiode module (APD
C5658, Hamamatsu Photonics, Hamamatsu, Japan) connected
to a 2 GHz oscilloscope (RTO1022, Rohde & Schwarz, Munich,
Germany). The average power is measured using a calibrated

thermopile power meter (S401C Thorlabs, Newton, NJ, USA).
An optical attenuator and a small aperture are placed between
the laser and the APD detector, to avoid saturation of the detector
by high peak power level and to avoid reflections that can widen
the pulse, respectively. Finally, the captured temporal profile of
the optical pulses is processed together with the average power
and the repetition rate in order to obtain the peak power in real
time. Each laser is tested following a procedure of several steps.
First, the normal operation of the laser was checked, i.e., at
nominal current, pulse width and duty cycle for correct operation
assessment. From this starting point, the injected current, and
therefore the peak power, were increased in steps while the
current pulse width was decreased. During each step the pulse
width and the optical peak power are monitored continuously
for 60 second to check the stability. The optical peak power
was raised and the pulse width decreased in steps until either
the maximum optical density according to the discussion of
Section IIT or the maximum driver voltage was reached.

B. Results

The tests of the four HPDLs were carried out using the setup
and following the methodology indicated in the previous section.
All the measurements have been done at 1 kHz repetition rate.
Fig. 7 represents the temporal profile of the maximum optical
peak power with the minimum pulse width duration for each
laser. In the optical pulses we can see a secondary pulse after the
main pulse due to resonance effects between the HPDL and the
driver, even affecting the main pulse in the case of SPL PL90_3
(Fig. 7(c)). Besides this, there is pick-up noise produced by the
high current pulses generated by the unshielded driver.

Table IIT shows the maximum peak power and the rest of
the parameters obtained during the experiments without any
noticeable damage. Higher peak powers at shorter pulses are
possible to achieve, but the devices may suffer partial or total
COD in a short operation time. The relative increase of the peak
power respect to nominal value for each laser (Table I1I) is shown
in the relative radiant intensity column.
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Fig. 6. Measurement block diagram.
TABLE III
HPDLS EXPERIMENTAL RESULTS WITHOUT COD
Laser Maximum peak Pulse Estimated | Power density | Relative radiant
power (W) width? (ns) | current (A) | (MW/cm?) intensity (%)
TPGAU3S09H 880.6 3 111.3 215 391
905031095 697.1 5 119.8 16.5 248
SPLPL90_3 2237 10 87.2 18.6 298
TPGAD1509H 286.2 4 115.8 20.5 408
1. FWHM.

The higher optical power is achieved with TPGAU3S09H
reaching a peak power of 880.6 W at 6 ns pulse width. The
TPGAD1S09H with surface mount packaging shown the short-
est pulse width and fastest rise time of all HPDL under test with
4 ns of pulse width, 2 ns rise time and reaching a peak power of
283.2 W. Comparing Tables IT and I1T we can see that the currents
obtained experimentally approach well the ones obtained in the
simulations. The maximum current is 119.8 A at 110 V with
the HPDL 905D3J09S being the maximum value expected of
1355Aat110 V.

The long-term stability while emitting the highest peak power
has been studied for the SPL PL90_3 laser over a period of 22
hours with a pulse width of 10 ns and repetition rate of 1 kHz.
The test room has an uncontrolled temperature around 23 °C and
the HPDL does not have any type of cooling. Fig. 8 shows the
variations in the output peak power during the measurements.
In this experiment, 79.2 million pulses were emitted with an
average peak power of 2074+2.6 W, which is almost 300% of
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(a) Peak power generated with HPDL load model (b) Current pulses with 120V with short circuit (6.2 ns FWHM and 371,8 A,) and HPDL load (5.2 ns

the nominal peak power of the laser. The fluctuations present in
the graph are due to variations of the room temperature during
the test and the use of a thermopile optical power detector which
is sensitive to changes in temperature.

VI. DISCUSSION

Using our current driver, three of the lasers (TPGAU3SA9H,
SPL PL90_3 and TPGAD1S09H) have their peak power limited
by the safe power density that ensures that the facets do not suffer
COD. In addition, the SPL. PL90_3 suffers from a widened pulse
profile when it is driven by high currents due to the resonance
effects that occur between the laser and the current driver. In
this case, a train of secondary current pulses were generated
increasing the minimum width that can be achieved at high peak
powers. This effect depends on the characteristics of the laser
such as its operation voltage, inductance, series resistance and
other parasitic factors.

On the other hand, the maximum optical peak power of the
905D3J09S laser is limited by the rise time of the current pulse at
the maximum voltage that the current driver can withstand (110
V) due to the higher inductance of the packaging. When the
current pulse width is increased, the current driver can supply
the current required to reach the maximum power density of
the laser. We show here the pulse width of 5 ns to demonstrate
that very short pulses can be generated with this type of laser.
Finally, note that the TPGAD1S09H laser has the shortest pulse
width and fastest rise time among all tested lasers due to its low
inductance surface mount packaging.

Typically, laser manufacturers are conservative with the nomi-
nal rates to ensure the high reliability of the device (around 15%),
for example the HPDL SPL PL90_3 reports a maximum peak
power with 100 ns pulse width of 90 W and the nominal value
is75 W.

The stability study shows that the laser SPL PL90_3 keeps
the peak power level for a large amount of time demonstrating
its reliability under these operating conditions. The peak power
changes are principally caused by fluctuations in the thermopile
offset due to room temperature changes during the experiment.

The proposed HPDLs sources offer significant improve-
ment in the optical peak power and pulse width compared to
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previously reported single laser diode-based systems. A report
on optoacoustic microscopy [28] indicate a laser source with
capacity to generate pulses up to 325 W and widths of 50 ns
using a stacked single chip similar to lasers TPGAU3SA9H and
905D3J09S. Using our HPDLs, we will achieve an improvement
in the optoacoustic efficiency conversion and in the resolution
of the optoacoustic images. Regarding LIDAR sources, a laser
system has been reported [29] with an optical peak power of
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Temporal profile of the optical peak power of the four lasers under study: (a) TPGAU3S09H. (b) 905D3J09S, (c) SPL PL90_3, (d) TPGAD1S09H.

150 W and 200 ns pulse width. This system is more limited in
measurement range and spatial resolution than one that used the
lasers studied.

Finally mention that the traditional solution to overcome the
lack of power of diode-based systems is the combination of
multiple chips in bars and stacks. A laser array built by a stack
of tens of bars, each with twenty TPGAU3S09H laser chips, can
reach a maximum peak power of 174 kW and energies of 1 mJ
in a pulse duration of 6 ns with a footprint of 32 mm?2. The main
problem of this solution is the very poor beam quality of diode
laser bars and stacks, which leads to the use of complex optics
to correct the beam, although recently there were advances to
solve this problem [30], [31]. Another simpler but less scalable
solution is to combine multiple chips with a fiber package and
individual current drivers [32]. With these peak powers and pulse
widths this system would improve the performance of current
multi-diode lasers (bars) optoacoustic systems imaging actually
with peak powers of 10 kW, pulse duration of 136 ns and energies
of 1.4 mJ [33] and could also improve the range of LIDAR
systems by several orders of magnitude.

VII. CONCLUSION

In this work we have demonstrated for the first time to our
knowledge the capacity of four different commercial lasers
to generate high peak power pulses with a duration of few
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nanoseconds beyond their maximum rating value given at their
typical pulse width without causing COD. We have designed,
simulated and built a custom high current short pulse driver
based on new GaN transistors with a maximum current capacity
of 120 A in arange of less than 10 nanoseconds pulse width and a
repetition rate of 1 kHz to drive the HPDLs. With the commercial
HPDL TPGAU3S09H we have achieved optical pulses with a
maximum peak power of 880.6 W and 6 ns pulse width. This
laser is rated to a maximum peak power of 225 W at 100 ns
pulse duration. This corresponds to 391% of their maximum
rated peak power. In addition, with the TPGAD1S09H laser we
have reduced the pulse widths to only 4 ns and reach a peak
power of 408% of its rated value. These noticeable increase
in the peak power and reduce in the pulse width will mean
improvements of range and resolution in applications such as
LIDAR and optoacoustic biomedical techniques with respect to
the conventional way to drive HPDLs.
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