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Single-spatial-mode pulsed powers as high as 13 W and 20 W in 150 and 50 ns pulses, respectively,

are reported for 980 nm emitting lasers. In terms of energy, single-spatial-mode values of up to 2 lJ

within 150 ns pulses are shown. In this high-power pulsed operation, the devices shield themselves

from facet degradation, being the main degradation source in continuous wave (cw) operation. Our

results pave the way towards additional applications while employing available standard devices,

which have originally been designed as very reliable cw fiber pumps. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4766267]

High-power lasers for the 980 nm emission range have

attracted a lot of interest, originally mainly for pumping of

erbium doped fiber amplifiers in telecom applications.1 Other

applications joined, e.g., blue-green light sources for display

and projection,2 medical (surgery and genetic research),

spectroscopy, remote sensing, laser radar, and also pure

high-power generation. At least in part, this additional inter-

est had a very plain background: The wavelength region

around 980 nm represents the “best” for GaAs-based diode

lasers in terms of absolute output power, conversion effi-

ciency, and reliability. Most of today’s record values are

achieved with so-called “9XX nm emitting devices.”3,4

Additionally, large-lot production results in cost savings.

Therefore, 980 nm emitting diode lasers are preferably

employed in applications whenever possible.

High-power single-spatial-mode devices represent the

most advanced devices in terms of brightness. Commercial

device vendors quote typically 100–800 mW of reliable con-

tinuous wave (cw) emission powers in single-spatial-mode

operation. However, depending on the complexity of device

architectures, values of several W are achievable. Even

higher power levels can be achieved if the devices are oper-

ated pulsed. This report is on the potential of high-end pump

sources, which have originally been designed as highly reli-

able cw terrestrial pumps (750 mW), to operate in a high-

power short pulse regime. This operation mode could enable

additional applications as seed lasers in laser systems and for

direct marking, e.g., through a fiber laser architecture.

Demanding printing applications could also benefit.

Integrated emission powers as high as 30 W within

pulses of 150 ns duration are achieved, while single-spatial-

mode powers of 20 W can be maintained over 50 ns. In terms

of energy, we demonstrate single-spatial-mode values of up

to 2 lJ within 150 ns pulses.

This letter is organized as follows: After introducing the

device architectures, we experimentally address their high-

power limits including their degradation behavior during cw

operation. Then, we come to pulsed excitation with ns-ls

pulses. Actual power levels are achieved exceeding those the

devices are specified for by nearly two orders of magnitude.

In contrast to the cw situation, at highest emission powers

the devices shield themselves from degradation. Our results

pave the way towards additional applications while employ-

ing available standard devices.

Device structure and technology have been described in

detail in an earlier paper.5 We briefly recall here that the ver-

tical laser structure has low internal losses (0.85 cm�1) and

low far-field angles of 6� � 18� (full width at half maximum)

in the slow and fast-axes, respectively. The single spatial

mode ridge waveguide is obtained by inductively coupled

plasma etching on a full 3 in. wafer. The laser cavity is

3.9 mm in length. The chips are packaged p-side up to ce-

ramic submounts, which are clamped onto a temperature-

stabilized copper heat-sink; see Fig. 1(a). Threshold currents

are in the 75 mA range, while typical emission powers are

FIG. 1. (a) Chip on submount being clamped onto a temperature-stabilized

copper heat-sink. (b) Averaged facet temperatures (symbols) vs. cw opera-

tion current for 3 device batches (A-C). The arrows mark the COMD thresh-

olds (in terms of operation power) for the three batches, while the lines are

best (second order polynomial) fits as guides to the eye. (c) Micrograph of

the damage pattern at a device of batch B as created by COMD during cw

operation. This type of signature is representative for all devices degraded

during cw operation.

0003-6951/2012/101(19)/191105/5/$30.00 VC 2012 American Institute of Physics101, 191105-1

APPLIED PHYSICS LETTERS 101, 191105 (2012)

http://dx.doi.org/10.1063/1.4766267
http://dx.doi.org/10.1063/1.4766267
http://dx.doi.org/10.1063/1.4766267


above 0.85 and 1.5 W at operation currents of 1 and 2 A,

respectively. All light-emission-vs.-current characteristics

(L-I) are “kink-free” up to �1.8 A. Three batches of devices,

referred to as A, B, and C have been tested with a total of

26 individual devices being involved.

During cw-operation front facet (surface) temperatures

are measured by micro-Raman spectroscopy using a SI TriV-

ista TR 557 spectrometer; for methodology, see Ref. 6. Typi-

cal measuring times for a single spectrum (temperature data

point) are on the order of 100 s. Simultaneously, the facet is

observed by a camera microscope. This allowed detecting

any facet alterations or drops in emission power. All cw

measurements have been carried out at stabilized heat-sink

temperatures of Ths¼ (25.0 6 0.2) �C.

Pulsed operation is excited by a laser driver PicoLAS

LDP-V 50–100 V3. For minimizing the rise times to 10 ns,

the device is directly attached to the laser driver. Spatially

and temporally resolved nearfields of the devices are moni-

tored with a streak-camera (Haamatsu C1587) equipped with

an optical microscope (100� objective). Thermal emission

(Planck’s radiation) from the devices is monitored with a

Thermosensorik CMT384 camera while using a band-pass

filter for 3.5–6.0 lm. One pixel images a square of

�8.8� 8.8 lm2. The integration time of the camera is set to

cover the entire pulse. Temporally resolved infrared radia-

tion is detected by a fast detector Judson J15D22-M204-

S250U-60 that ensures together with a fast preamplifier a

time resolution of better than 100 ns. Filters form a bandpass

that allows detecting in the 1.5–2.5 lm near infrared (NIR)

spectral range. Pulsed measurements have been carried out

at Ths¼ (25.0 6 0.2) �C and Ths¼ (85.0 6 0.2) �C.

We start by summarizing the results of the cw tests at

high emission power levels, which represent a base of the

high-power experiments. While Fig. 1(a) gives the geometry

of device, package, and clamp holder, Fig. 1(b) presents the

averaged front facet temperatures versus operation current

compiled from all devices investigated (5 per batch). When

increasing the cw operation current in a L-I-like measure-

ment, the devices typically failed by catastrophic optical mir-

ror damage (COMD). Thus, this sudden mechanism

represents the principal degradation mode during cw opera-

tion. The current, when this sudden degradation came in, is

named “COMD-threshold” and is indicated in Fig. 1(b) by

arrows. In terms of cw emission power, the COMD-

thresholds for batches A, B, and C amount to about 1.7, 1.7,

and 1.6 W, respectively. Generally, the COMD power thresh-

old of these devices is somewhat higher (2.0–2.2 W).5 The

observed values around 1.6–1.7 W are attributed to the

cumulated effect of the intrinsic dispersion on this parameter

and a slightly higher thermal impedance in the actual mea-

surement bench used for the specific measurements dis-

cussed in the following. The facet temperatures measured

just before COMD do not differ notably. Thus for these devi-

ces, we do not see any increased facet temperatures as “early

warning” of upcoming COMD events. Figure 1(c) shows the

degradation pattern of a device from batch B (B1) as

observed at the front facet by a conventional light micro-

scope. This pattern represents the degradation signature

being typical for all failed devices (from all batches). Since

the damage pattern for all batches looks similar, we assume

the same (high) temperature to be reached during COMD.

Thus, the temperature increase between 180 �C and the high

temperature, where the damage pattern is generated, takes

place fast compared to the 100 s of measuring time required

for micro-Raman spectroscopy. Furthermore, it is notable

that we observe repeatedly facet temperatures as high as

180 �C in a long-term stable operation regime.

After having quantified the ultimate limits for standard

cw operation, we proceed towards high-power pulsed opera-

tion. Here, we applied a “step test”7 that involves testing

with single pulses and stepwise increasing current ampli-

tudes. Furthermore, we follow for analytical purposes each

high-power pulse a low-power test pulse (1.6 A). By analyz-

ing this data, one gets again something like a L-I measure-

ment, with the main distinction that now each data point

represents the (average) laser emission within one single

pulse. Figure 2 shows typical results obtained for 150 ns

pulse length. One of the devices (A1) reaches about 20 W

(Ths¼ 25 �C) before it goes into roll-over without any nota-

ble degradation at this point and beyond. Another device

(A2) even reaches average powers of up to 30 W

(Ths¼ 85 �C). In order to determine the range, where single-

spatial-mode operation is available, we directly monitor the

spatio-temporal emission pattern (nearfield) with a streak-

camera. Figure 3 shows selected data. At a current of 12.4 A

(13.8 W), i.e., at >18 times of the specified power for safe

cw operation, single-spatial-mode operation is available dur-

ing the entire 150 ns pulse; see Figs. 3(a) and 3(b). This is

proved by the Gaussian shape of the lateral mode profile.

Full lines represent fits to Gaussians, while open circles rep-

resent experimental data. The average single-spatial-mode

power at 12.4 A amounts to more than 13 W. For further

increased operation currents, there is a tendency towards the

presence of two or even three lateral modes; see Figs. 3(c)

and 3(d). For currents as high as 22.5 A, single-spatial-mode

operation is available for the first 50 ns of the pulse only.

The actual power level within these 50 ns reaches 20 W.

Figure 4(a) quantifies the transition from single-spatial-mode

to multi-lateral-mode operation. As “single-mode time,” we

denote the time, where the lateral mode profile changes from

one Gaussian to two resulting in a temporary top hat profile,

e.g., at �60 ns between the red and the green curves in

FIG. 2. Pulsed L-I curves for two devices. The pulse length is 150 ns, the

peak pulse power is given.
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Fig. 3(d), which are taken 25 and 75 ns after the pulses igni-

tion, respectively. By considering the data shown in Fig. 4(a)

and the L-I-curves, see Fig. 2, one can easily determine the

energy, which is available in single-spatial-mode operation.

Figure 4(b) presents the result. Up to 2 lJ is obtained in true

single-spatial-mode operation (Ths¼ 25 �C, I¼ 13.6 A),

while 4.5 lJ are produced during operation with three lateral

modes (Ths¼ 85 �C, I¼ 39.3 A, see Fig. 2). When presenting

Fig. 2, we already mentioned that device A1 went into (re-

versible) roll-over at I� 20 A. At I� 30 A, however, the

same device irreversibly failed at a fairly low emission

power level, as detected by analyzing the evolution of the

test pulse pattern taken at 1.6 A after each pulse; see Figs.

4(c) and 4(d). The test pulse taken from device A1 after the

pulse at I¼ 29.3 A, see Fig. 4(c), still looks similar to the one

taken at lowest currents at the beginning of the test

(I¼ 1.6 A), while the one taken after the pulse at I¼ 30.7 A,

see Fig. 4(d), shows further power loss and the presence of

five lateral modes. At this point, probably damage is created,

which made the device re-ordering its internal mode struc-

ture even at lowest emission powers. Careful inspection of

the device, however, revealed absolutely no externally visi-

ble degradation signature.

In order to employ the before demonstrated potential of

the pulsed operation regime for any application, the mecha-

nisms setting the ultimate limits of operation must be

revealed. This calls for additional experiments in order to in
situ monitor the degradation. For this purpose, the test bed

depicted in Fig. 5(a) has been assembled. While the diode

laser again undergoes a step test sequence with increasing

current amplitudes, we monitor the emission power transient

from the front facet by a fast photodiode (PD) and infrared

emission by a fast NIR detector. Both contributions are sepa-

rated by a dichroic beamsplitter (BS), while filters in front of

the detectors ensure to pick up the right spectral range. The

side of the device is monitored by a thermocamera. Several

devices underwent step tests by changing the pulse length

between 50 ns and 9 ls.

Provocation of sudden degradation became only possi-

ble when switching to very long pulses, namely 9 ls, i.e., to

60� longer pulses than used in the preceding experiments.

Figures 5(b)–5(d) show the data obtained from device A3 in

a step test at I¼ 8.2 A (b) and (d) and I¼ 8.7 A (c). The ini-

tial degradation event took place after about 7.8 ls in the

I¼ 8.2 A pulse; see arrow in Fig. 5(d). The abruptly dropping

FIG. 3. Streak-camera traces (a) and (c) and cuts

through these traces ((b) and (d), open circles) taken

at the delay times marked (Ths¼ 25 �C). Full lines in

(b) and (d) represent Gaussian fits to the data.

FIG. 4. (a) Time during which single-spatial-mode operation is maintained

(“single mode time”) during 150 ns current pulses. Data for longer pulses

are not determined, however, “kink-free” cw operation until 1.8 A indicates

this value for “infinite” pulse length. (b) Energy generated in true single-spa-

tial-mode operation (“single mode energy”) while operating the device with

150 ns current pulses. (c) and (d) Streak-camera traces taken in I¼ 1.6 A test

pulses, which have been taken after I¼ 29.3 (c) and I¼ 30.7 A, (d) high-

power pulses. (Ths¼ 25 �C). While the data shown in (c) look almost similar

as the one taken after the first pulse of I¼ 1.6 A, the one shown in (d) shows

power loss and the presence of five lateral modes; i.e., a completely modified

lateral mode structure even at very low powers.
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laser power (PD-signal) is accompanied by a weak thermal

signature deep inside the laser cavity about 1.2 mm behind

the laser facet; see marked area in Fig. 5(b). In the following

I¼ 8.7 A pulse, two even more extended thermal signatures

are observed, which are shifted compared to the initial one.

During this pulse, the emission power detected by PD and

NIR detectors was already very low. Thus, we conclude that

this device degraded because of a thermal overload within

the waveguide at its probably weakest location without pro-

ducing COMD at any facet. Since the hotspot location is

moving along the laser axis from one pulse to the next, cf.

the highlighted areas in Figs. 5(b) and 5(c), a defect network

spread as known for COMD is highly likely. This, however,

takes place without affecting the facets mirror.

The PD- and NIR-traces reveal additional details about

what happens in the interior of the device during the long ls

pulse. When considering the PD-signal (red line), it should

be kept in mind that the fluctuation is a true output power

variation and not related to any noise. Although we investi-

gated the “single-mode time” versus operation current in

detail for shorter pulses only, cf. Fig. 4(a), it is clear that the

observed emission power fluctuation is due to spatial mode

hopping within (and around) the waveguide being still not

fully thermalized on this timescale. The NIR-signal, on the

other hand, represents a “defect photoluminescence” created

in the substrate,8 which is excited by laser emission that is

transferred from the waveguide into its vicinity including the

substrate. This happens, e.g., if multiple spatial modes do not

fit into the waveguide that is designed for single-spatial-

mode operation. Thus, the NIR-signal is roughly indicative

for the fraction of laser power that remains within the device.

Therefore, PD- and NIR-signals are predominantly anticorre-

lated (not always, since the laser light is also the only source

for exciting the “defect photoluminescence”). The amplitude

fluctuation of the PD signal amounts to >30% of the average

amplitude (averaged in the 1–7 ls range), which is about

2.5 W. Thus, in this operation regime, there is a heat source

near the waveguide, in which more than 700 mW of power is

redistributed on a sub-ls timescale in an uncontrolled way.

Eventually, this leads to device degradation. This shows also

the limits of the applicability of the pulsed operation. It

works well in single-spatial-mode operation with short

pulses. Here, the transition to multi lateral modes even pro-

tects the device from COMD. But on a timescale of several

ls, these benefits get lost and the device becomes thermally

unstable. The great advantage of short pulse operation,

namely the power enhancement by two orders of magnitude

works only as long as single-spatial-mode operation is

maintained.

It is worthwhile to address another implication of our

initial experiments with cw excitation: In the literature, a

critical temperature Tcrit¼ 120�–160� is quoted to be distinc-

tive for the ignition of COMD, which after that takes place

on a very short timescale.7 Obviously, our devices exceed

this Tcrit-value by showing long-term stable facet tempera-

tures as high as �180 �C. We consider this experimental fact

first of all an indication for the ability of our devices to with-

stand such high facet temperatures. The wide spread in Tcrit-

values, however, indicates also that Tcrit depends on technol-

ogy (passivation, protection, coating) and earlier reported

lower values around 120 �C (for an overview see Ref. 7)

rather describe early stages of facet processing.

In summary, we present a complementary study of the

behavior of single-spatial-mode mode pump sources oper-

ated close to their power limits in pulsed and cw operation.

30 W of power within pulses of 150 ns are achieved, while

single-spatial-mode powers of 20 W can be maintained over

50 ns. In terms of energy, we demonstrate single-spatial-

mode values of up to 2 lJ within 150 ns pulses. If the pulse

lengths do not exceed several 100 ns, the devices protect

their facets themselves from COMD by switching into multi-

lateral-mode-operation, which is accompanied by substantial

power loss. Our results pave the way for additional applica-

tions while employing available standard devices.
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