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Light—current characteristics of high-power pulsed
semiconductor lasers (1060 nm) operating at increased

(up to 90 °C) temperatures
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N.A. Pikhtin, P.S. Kop’ev

Abstract. Pulsed radiative characteristics of high-power semicon-
ductor lasers based on an asymmetric InGaAs/AlGaAs/GaAs het-
erostructure with an active region including two quantum wells and
a gradient waveguide on the side of the p-emitter are studied. It is
shown that the use of the proposed design allows efficient laser
operation under pumping by 100-ns current pulses in the tempera-
ture range 25—90 °C. The lasers with a Fabry — Perot cavity 2900 pm
long demonstrated peak powers of 62 W (injection current 123 A)
and 43 W (122 A) at temperatures of 25 and 90 °C, respectively. It
is found that at room temperature and currents of ~50A, a decrease
in the cavity length to 600 wm does not cause a decrease in the out-
put power with respect to the power of lasers with a long (2900 pm)
cavity. An increase in temperature to 90 °C at high injection cur-
rents leads to a sharp decrease in the radiative efficiency of lasers
with a short (600 wm) cavity and to the change of their operation
regime to the two-band lasing.

Keywords: semiconductor lasers, heterostructure, pulsed pumping,
lasing spectrum.

1. Introduction

High-power pulsed semiconductor lasers have a wide range of
practical applications (free-space communications, metrol-
ogy, materials processing, etc.). Recently, the fields of laser
range finding and lidar complexes are extensively developed
in order to plot 3D space images for driverless vehicles.
Studies in this direction require lasers operating in a wide
temperature range with minimal decrease in their efficiency.
Previously, we have studied semiconductor lasers emitting in
the spectral range 1000—1100 nm at liquid-nitrogen tempera-
tures under ultrahigh pumping [1]. It was shown that, in a
pulsed regime (pulse duration 100 ns, repetition rate 1 kHz), a
decrease in temperature from 300 to 110 K makes it possible
to increase the radiative efficiency in the range of high cur-
rents and, as a result, to increase the peak optical power from
58 to 90 W (for a pump current of 100 A). This increase in
power at lower temperatures was related to a decrease in the
concentration of excess charge carriers in the waveguide lay-
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ers of the heterostructure. It was shown in experimental [2]
and theoretical [3,4] works that the optical power of lasers
emitting in the spectral range 1000—1100 nm considerably
decreases with increasing internal optical losses, which is rel-
ated to accumulation of excess charge carriers in waveguide
layers. In addition, studies were performed on the influence
of spatial hole burning [5] and gain saturation [6] on the dif-
ferential efficiency of pulsed light—current characteristics
(LCCs). On the other hand, operation of a laser at ultrahigh
excitation levels is accompanied by changes in its spectral
characteristics. Two-level lasing in the range of the LCC satu-
ration was observed in [7, 8]. Detailed studies of lasing dynam-
ics showed that the laser wavelength switches during the laser
pulse from the fundamental, long-wavelength line (corre-
sponding to the le — 1h transition), to the short-wavelength
line (corresponding to the 2e — 2h transitions). In this case,
lasing can occur both simultaneously at two lines (mixed
regime) and only at the short-wavelength line. Under the con-
ditions when the distance between the lines reaches 70 nm,
these lasing regimes complicate solving the range finding
problems and make it necessary to use spectral filters to
reduce the influence of extra light.

Note that the main attention in the previous experiments
was given to the radiative characteristics of semiconductor
lasers at ultrahigh excitation levels, while their operation in a
pulsed pumping regime at high temperatures was not studied
separately. In the present work, we study the radiative charac-
teristics of semiconductor lasers under pulsed pumping at
increased (up to 90°C) temperatures and determine the fac-
tors affecting their radiative efficiency in the range of high
temperatures at high injection currents.

2. Experimental samples

Experimental studies [9] showed that semiconductor lasers
based on asymmetric heterostructures with a broad multi-
mode waveguide and one quantum well have low optical
losses and retain high radiative efficiency at room tempera-
ture. However, the low optical confinement factor in the
active region leads to a strong temperature dependence of the
threshold current [10]. In addition, according to calculations,
there exists significant accumulation of excess electrons and
holes in the p-region of the waveguide [4]. Because of this, in
the present study we used an optimized heterostructure design
for laser operation at high temperatures and high excitation
levels.

The heterostructure included n-AlGaAs (x = 15%) and
p-AlGaAs (x = 30 %) wide-gap emitters and an AlGaAs
(x =10%) waveguide 1.05 um thick on the n-emitter side. The
waveguide layer on the p-emitter side was 0.64 um thick and
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had a composition varying from AlGaAs (x = 10%) to
AlGaAs (x = 30%). The active region included two InGaAs
quantum wells with a thickness of 9 nm each. The use of two
quantum wells allowed us to increase the optical confinement
factor in the active region from 1% to 1.5%, while the gradi-
ent waveguide on the p-emitter side was intended to decrease
the concentration of excess carriers at high pump currents.
The developed heterostructure was grown by MOCVD. From
this heterostructure, we fabricated stripe semiconductor las-
ers with the emitting aperture 100 um wide and a cavity length
L in the range of 600—2900 um. The Fabry—Perot cavity faces
were coated with antireflection [11] and reflection layers with
reflection coefficients of 5% and 95 %, respectively. The semi-
conductor laser crystals were mounted with the p-side down
on copper heat sinks using indium solder.

3. Experimental results

The radiative characteristics were studied using a measuring
setup including a pulsed pump current source (pulse duration
100 ns, pulse repetition rate 1 Hz, amplitude 0.5-123 A), a
temperature stabilisation system to keep constant the required
temperature in the range of 20—90°C, a lens system for light
focusing, a G8421 InGaAs photodiode (Hamamatsu) with a
response time of 500 ps and a sensitivity variation not exceed-
ing 20% in the spectral range 1010—1090 nm to estimate the
optical pulse shape, an oscilloscope with a frequency band of
2 GHz, an Ophir 3A-P-FS-12 thermal sensor to record the
average optical power in the range from 15 mW to 3 W, and
an Advantest Q8384 spectrum analyser to measure the laser
spectra.

Figure 1 shows the LCCs of semiconductor lasers with
cavity lengths of 600, 1000, and 2900 um obtained at tempera-
tures 7= 25 and 90°C. One can see that the highest power
(62 W at a current of 123 A) is demonstrated by the sample
with a cavity length of 2900 um. The maximum power at
room temperature is limited by the growth of internal optical
losses, which makes a noticeable contribution to the change
of the LCC slope for currents exceeding 20 A. It is important
to note that, at room temperature and currents of 0—50 A, a
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Figure 1. Light—current characteristics of semiconductor lasers with
different cavity lengths pumped by current pulses (100 ns, 1 kHz) at
temperatures of 25 and 90°C. The inset shows the temperature depen-
dence of the LCC slope in the initial region.

decrease in the cavity length from 2900 to 600 um has no con-
siderable effect on the LCC slope despite the fact that the
increase in the internal optical losses related to accumulation
of excess charge carriers in waveguide layers is stronger for lasers
with L = 600 um (current density for lasers with L = 600 um
is 4.8 times higher than for lasers with a cavity length of 2900 um).
This effect is explained by a smaller contribution of internal
optical losses to the decrease of the differential efficiency # for
lasers with higher output losses, which, in our case, are
obtained due to a decrease in the cavity length [12].

An increase in temperature leads to a decrease in the dif-
ferential efficiency. In this case, the slope of the initial LCC
region decreases by 22% — 30% depending on the cavity
length (see the inset in Fig. 1), and the maximum power for
lasers with a cavity length of 2900 um at 7= 90°C is 43 W at
a pump current of 122 A. In addition, an increase in tempera-
ture to 90 °C noticeably changes the LCC character for lasers
with short cavities in the range of high pump currents, which
manifests itself in the appearance of kinks in the LCC. The
shorter the laser cavity, the lower the current at which an
LCC kink is observed. While the first kink for the sample with
L = 600 um appears even at 30 A, a kink for lasers with L =
1000 um is observed at 40 A, and for lasers with L = 2900 um
there exists no kinks at all in the studied range of currents.

An increase in temperature most strongly affects the LCC
shape of samples with a cavity length of 600 um, because of
which we will consider the specific features of their operation
at different temperatures in more detail. Figure 2 presents the
dependences of the average laser power measured by a ther-
mal sensor on the pump current at temperatures of 25, 40, 60,
and 90 °C. One can see that the LCC shape at low pump cur-
rents is close to linear at any temperature. An increase in cur-
rent is accompanied by a noticeable decrease in the local dif-
ferential efficiency 7, (710 1s determined as the derivative of
the light—current function for a chosen current value). At a
temperature of 90°C and a current of ~40 A, 7, is partially
restored.

In addition, the samples wit L = 600 um exhibit deforma-
tion of the optical pulse shape at high pump levels, and this
deformation increases with increasing temperature. Figure 3
shows a series of typical pump current pulses with amplitudes
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Figure 2. Dependences of the average power of a laser with a cavity
length of 600 pm on the pump current at different temperatures.
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Figure 3. (a) Current and (b) optical pulses of a laser with a cavity
length of 600 um at a temperature of 90°C and increasing pump cur-
rents I — I;. The vertical line corresponds to ¢ = 160 ns.
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Figure 4. (a) Laser spectra recorded at increasing pump currents /; — I
and (b) dependence of the position of their long-wavelength edges at
half maximum of normalised amplitude. The laser cavity length is 600 wm,

the temperature is 90 °C.

increasing from 7; to I, and the corresponding optical pulses
at 7= 90°C. One can see that the shapes of the optical and
electric signals well coincide at low currents (/;). With increas-
ing current, one observes deformation of the optical pulse
shape, which begins from the end of the pulse and manifests
itself in a gradual decrease in the optical power in the defor-
mation region with respect to the level corresponding to the
leading part of the pulse. Further increase in the current leads
to even larger relative decrease in the power, and the begin-
ning of the power dip shifts to the beginning of the pulse (cur-
rents I, and 75 in Fig. 3). The optical power level in the dip is
partially restored at currents exceeding 40 A, which corre-
sponds to the region of partial recovery of the local differen-
tial efficiency (see Fig. 2). Deformation of the optical pulse is
also observed in the case of samples with cavity lengths of
1000 and 2900 wm, but is considerably weaker than that for
lasers with a length of 600 um.

The vertical line in Fig. 3 indicates the time instant (¢
= 160 ns) corresponding to the maximum amplitude of
the electric pulse at low currents, which was used for plot-
ting the LCCs shown in Fig. 1. Note that the choice of

another time instant causes no principal changes in the
LCC shape.

Since lasing in the samples with a cavity length of 600 um
is accompanied by the appearance both of features in the
optical pulse shape and of kinks in the LCCs, it is of interest
to study their spectra at a temperature of 90 °C (Fig. 4). At
currents of up to 20 A, one observes a typical shift of the long-
wavelength edge of the spectrum to the red; the rate of this
shift decreases at currents exceeding 20 A, and, beginning
from 30 A, the long-wavelength edge shifts to the blue
(Fig. 4b). The second line, which is shifted from the main line
to shorter wavelengths by 70 nm, appears in the spectrum at a
current of ~40 A (Fig. 4a). It is important to note that, at
pump currents corresponding to the LCC range in which the
local differential efficiency is partially recovered, the laser
operates in the two-level regime. Thus, the appearance of the
second laser line does not cause a decrease in the local differ-
ential efficiency. Note that the emission spectra of lasers with
a cavity length of 600 wm at temperatures of 25, 40, and 60°C
do not have the second laser line, and the shift the long-wave-
length edge to shorter wavelengths does not occur.
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4. Conclusions

The performed investigations showed that the proposed het-
erostructure design makes it possible to achieve efficient oper-
ation of semiconductor lasers at temperatures increased to
90°C. In addition, the use of short cavity lengths (600 um)
does not cause a decrease in the peak power at currents of up
to 50 A and a temperature of 25°C. However, a significant
increase in the working temperature (up to 90°C) of these
lasers is accompanied by a decrease in the radiative efficiency
at high pump currents. One of the reasons for this effect can
be insufficient gain (gain saturation), which is a result of two-
level lasing. The use of lower threshold concentrations of
excess carriers and lower material gains can be considered as
a method of solving this problem, which will be the subject of
subsequent publications.
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