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Abstract

Threshold properties and pulsed output of AlGalnP visible-emitting lasers with an asym-
metric waveguide structure and a bulk active layer are analysed. The effects of the current
leakage, increased by the heating of the laser due to the proximity of the electrical pulse
source and the Joule heating in and around this source are analysed. When optimising the
laser design, waveguiding properties of the bulk active layer are shown to be important,
leading to threshold currents decreasing, and injection efficiency increasing, with active
layer thickness in lasers with moderately thick (< 0.1 pm) active layers.

Keywords Semiconductor lasers - AlGalnP - Double heterostructure - Electron leakage -
Internal efficiency

1 Introduction

In the previous papers (see Ryvkin et al. 2020; Avrutin et al. 2021; Avrutin and Ryvkin
2022) and references therein), we proposed and analysed a high-power semiconductor
laser design using an asymmetric large optical cavity waveguide (with different refractive
index steps at the interfaces between the Optical Confinement Layer (OCL) and the n- and
p-claddings, and a relatively thick (typically bulk) active layer (AL) positioned very near
the p-cladding. The design was shown to offer a number of advantages for lasers operating
in a pulsed regime at wavelengths from visible (red) (Avrutin and Ryvkin 2022) through
near infrared (800-900 nm (Avrutin et al. 2021)) to the eye safe wavelengths (~1.5 pm
(Ryvkin et al. 2020), as confirmed by the recent experimental results (Hallman et al. 2019,
2021)). Specifically for red lasers, an important advantage of this design, in addition to
single transverse mode operation with a relatively narrow far field, included a suppressed
current leakage and hence improved injection efficiency at high pulse power. No thresh-
old current densities and, correspondingly, output powers were calculated in Avrutin and

P4 Eugene A. Avrutin
eugene.avrutin@york.ac.uk

A F Ioffe Physico-Technical Institute, St. Petersburg, Russia

School of Physics, Engineering, and Technology, University of York, York, UK

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-023-04887-6&domain=pdf

640 Page2of11 B. S. Ryvkin, E. A. Avrutin

Ryvkin (2022); besides, temperature dependence of laser performance was not investigated
in detail. The possible applications of red lasers (which include sensing including time of
flight metrology, as well as photodynamic therapy (Miyamoto et al. 1999; Algorri et al.
2021; Hagimoto et al. 2023)) may however require operation at elevated temperatures,
either ambient or current-induced, so low temperature sensitivity is highly desirable and
merits further investigation which is the subject of this paper. Here, we present the analysis
of the threshold current and light—current characteristics of lasers of this design under dif-
ferent pulsed operated conditions, including those leading to laser heating, study the effect
of this heating on the optimal laser design, and show that this design promises competitive
performance at elevated power operation.

2 Laser structure

The refractive index profile of the structure considered is essentially the same as used in
Avrutin and Ryvkin (2022) and is reproduced schematically in Fig. la for convenience,
alongside the near field (transverse mode intensity profile) of the laser emission, with the
inset magnifying the field in the p-cladding. The corresponding far field properties are
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illustrated in Fig. 1b. Figure 1 represents a visible-emitting Ga,, sIn,, sP/(Al,Ga,_,), sIn, sP
(lattice matched to GaAs) laser with a bulk AL, with the same composition as that used
in some earlier papers (see e.g. (Ishikawa et al. 1991)), with a fully disordered (random)
structure so designed to emit at Ax650-660 nm at room temperature depending on the
threshold carrier density value (Bour 1993). As in Avrutin and Ryvkin (2022), the wave-
guide used is a large optical cavity (LOC) strongly asymmetric one, with the refractive
index step at the interface between the OCL and the n- cladding substantially smaller than
that at the OCL/p-cladding interface. The bulk (GalnP) AL is positioned at a very short
distance (=50 nm) from the p-cladding (note that the location of the active layer, bulk or
Quantum Well, near the p-cladding is currently widely accepted for high-power semicon-
ductor lasers (Hallman et al. 2019, 2021; Crump et al. 2013; Yamagata et al. 2015; Hasler
et al. 2014; Kaul et al. 2019 ). As noted previously (Ryvkin et al. 2020; Avrutin et al. 2021;
Avrutin and Ryvkin 2022), in a waveguide of this type, unlike in most structures with
Quantum Well based active layers, the AL itself contributes noticeably to the waveguiding
properties of the structure, strongly affecting the shape of the mode. Thus, the thickness d,
of the active layer becomes an important and useful parameter in varying and potentially
optimising the laser design and properties. This is clearly seen in Fig. 1a, which shows
transverse mode profiles at the same wavelength for two relatively close AL thickness val-
ues (d,=600 A=0.06 pm and d, =400 A=0.04 pm). The mode profiles for the two cases
are substantially different, with the broader AL localising the mode much more pronounc-
edly within the OCL. This results in the superlinear dependence of the confinement factor
I', on the AL thickness d,,, discussed in Avrutin and Ryvkin (2022). This dependence for
the proposed design is shown in Fig. 2 below alongside that of the equivalent spot size d /
I, which is important when analysing the phenomenon of catastrophic optical damage in
a laser structure. We note that, despite the substantially different near fields, the far fields
for both values of d, are still moderate (Fig. 1b), with the broader AL broadening the far
field (measured at the level of e~2) only by a few degrees (from ~37 for d, =400 A to ~42
for d,=600 A). Integrating the far field gives the light collection efficiency estimate at
the level of ¢=2 of 0.94 and 0.92 respectively, close to the well-known figure of 0.95 for a
Gaussian beam. The inset to Fig. 1a also illustrates the fact that for the range of d,, values
of interest, the degree of penetration of the field into the p-cladding remains quite low and
its decay quite fast — this means that the modal field reaching the lossy GaAs substrate
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(Smowton et al. 2002) can be avoided while keeping the p-cladding quite thin, making for
good electrical and thermal resistance.

3 Laser performance modeling.

The model for the properties of the active layer is similar to that used in Avrutin and
Ryvkin (2022). The gain-carrier dependence is calculated within the usual micro-
scopic model with a sech lineshape function. Given the bulk nature of the active layer,
this dependence is approximated quite accurately by a linear expression g(N)=0,(N-N,,),

where, as in all materials, the gain cross-section o, decreases, and the transparency carrier

density N, increases, with temperature. The two effects are known to add and thus to lead
to an increase in the threshold carrier density

Fig.3 a Transparency and 8
threshold carrier density depend-
ences on the temperarure in the
structure of Fig. 1, with a cavity
loss of =9 cm™"; b. Electron
density at the p-cladding (near
the interface with the p-OCL) as
function of temperature in the
same laser
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N N+FG (l)

(a being the total cavity loss) with temperature, as illustrated in Fig. 3a, which also
shows the temperature dependence of N,. The dependences N,(T) and N,(T) are both
somewhat superlinear and, as can be expected, the temperature increase in N, is the most
pronounced for small values of d, and hence of I',. From N,,(T) and T, as in Avrutin and
Ryvkin (2022), we can determine the electron and hole quasi Fermi level separation AEE;’)
in the AL which in turn defines the minority carrier (electron) density at the edge of the
p-cladding (Agrawal and Dutta 1993; Smowton et al. 2002; Avrutin and Ryvkin 2022):

SEY
N(P) N(p) exp __Fe 2)
kg

Here, as in Avrutin and Ryvkin (2022), Nf,” ) is the effective density of states of electrons
in the p-cladding material, 6Ef(fi) = E&”) — Eg, > 0is the difference between the energy Eﬁp)
of the lowest subband of the conduction band of the p-cladding material and the absolute
position of the electron quasi Fermi level E,, The value of 5E(F";) is determined by AEI@ and
the parameters (composition and doping) of the p-cladding, as discussed in Agrawal and
Dutta (1993); Smowton et al. (2002); Avrutin and Ryvkin (2022).

The temperature dependence of Nép ) is shown in Fig. 3b; note that it increases in tem-
perature much more pronouncedly than either the transparency or threshold carrier density
(as can be expected given the exponential function in Eq. (2)), meaning that the electron
leakage current, which scales with Nip ), is a rather strong function of temperature. This, in
turn, leads to a strong decrease with temperature of the injection efficiency

R TIA 3
where
u NS @
® Arp)
Hy, Ny

is the ratio of the electron leakage current (the minority electron current in the p-cladding)
to the majority hole current in the same cladding (Bour et al. 1993; Avrutin and Ryvkin
2022), y(p) being the corresponding mobility values. The temperature dependence of #; is
shown in F1g 4 with d, as a parameter. While a decrease in #; with temperature is seen
at all values of d,, the effect is strongest for thin active layers (d,=0.03-0.04 pm); for
thicker active layers, the efficiency and depends much weaker on both temperature and d,
and remains reasonably high in the entire temperature range.

With the injection efficiency and the threshold carrier density known, we can evalu-
ate the threshold current. Assuming good material quality (negligible Shockley-Reed-Hall
recombination), and noting that Auger recombination is not significant in the broad-band-
gap materials studied, the current density j,, and hence the total current i, are evaluated
from just the spontaneous recombination rate:

@ Springer
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Fig. 4 Calculated injection effi-
ciency as function of temperature
in the structure of Fig. 1 at dif-
ferent values of the active layer
thickness d,,

Iy = JaWLijy ®

injection efficiency 7,

0.6 active layer thickness d =

—— 0.03 um
051 ___ 004 um
0.4 --= 0.05um

---+ 0.06 um
0371...... 0.08 um
0.2

300 320 340 360 380 400
Temperature T, K

ed, B(TNA(T) S
n{(T) 1+ B,()N,,(T) ©)

Here, L and w are the length of the laser resonator and the stripe width, respectively.
The quadratic recombination coefficient B for the case of low carrier densities in a bulk
material is known to scale with temperature as B(T) « T-3/2 (we assumed the textbook
value of B=1x10'" cm*s at T=300 K). The correction coefficient B, heuristically takes
into account degenerate electron statistics and Coulomb interaction screening at high car-
rier densities (see e.g. (Olshansky et al. 1984) note the slightly different notations used in
the current paper). Its temperature dependence is believed to be less pronounced than that
of B; we took a constant B, = 10 em? (Olshansky et al. 1984)).

The temperature dependences of the threshold current density for different val-
ues of d, and for two cavity lengths (I mm and 2 mm) are shown in Fig. 5. Somewhat

Fig.5 Threshold current density
as function of temperature in the
structure of Fig. 1. Active layer
thickness d,. =0.03 pm (solid),
0.04 pm (dashed), 0.06 pm
(dash-dotted). Curve markings
with a prime indicate the cavity
length of 1 mm; without the
prime, 2 mm
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counterintuitively, despite the presence of d, in the numerator of (5), for a given cavity
length the threshold is noticeably lower for moderately thick active layers (d, =0.04-0.06
pm) than for thin ones (d,=0.03 pm); this is a direct result of the waveguide properties of
the active layer (the increase of I', with d,). The increase in j,; with temperature is also
less pronounced for larger d,. We did not analyse the performance of active layers with d,
below 0.03 pm as these would be essentially Quantum Wells and our bulk model would
become tenuous, but as the tendencies discussed above appears quite robust, there is no
reason to expect any qualitative changes.

Also seen in the figure is the fact that not only are the absolute values of threshold cur-
rent lower for the larger values of d,, but their dependence on temperature also tends, over-
all, to be weaker.

To compare the predicted temperature behaviour of threshold in the proposed design
with that of existing Quantum Well lasers operating at 1similar wavelengths, we evaluated

the characteristic temperature 7,(7T) = (% In (j,h (T)) >_ . Comparing the values of T}, sim-

ulated for the proposed design with those reported for I mm long QW lasers operating at
650 nm (Dumitrescu et al. 1999), we note that the predicted 7|, values for our design at the
high end (worst case) of the temperature range studied in Dumitrescu et al. (1999) (ambient
temperature 7,=60° C), for the same cavity length (1 mm), are 7,=142 K (d,=0.04 pm)
or Ty=276 K (d,=0.06 pm) compared to 7,=105 K measured in Dumitrescu et al. (1999)
For 2 mm long lasers, our simulations at 7,=60 °C give the values of 7,=241 K for
d,=0.04 pm and T,=271 K for d,=0.06 pm. In QW lasers, operating at a similar wave-
length (A=660 nm), the value of 7\,=129 K has been measured at this temperature (Hagi-
moto et al. 2020). At higher still temperatures, 7,=90 °C our predicted values fall to
Ty=113 K for d,=0.04 pm and T,=181 K for d,=0.06 pm, but at least the latter remains
substantially higher than T,=112 K measured for QW lasers (Hagimoto et al. 2020)).
As is well known, the temperature increase decreases the output power of a laser diode

PG, T) = 220, (D) (i = ,(T)) (©)

Here, as usual, hw is the photon energy, 4,,,=a,,/2a=a,,/a,,+a;,) is the output effi-
ciency which, in this design, is to a good accuracy current-independent since the internal
loss a;, is virtually entirely due to built-in losses (as opposed to carrier density depend-
ent absorption as in longer-wavelength structures (Ryvkin et al. Aug 2020).) We assume
the facet reflectance coefficients of R,z =0.05, Ryz=0.95 which, for the length L=2 mm,
gives the output loss a,,,=7.6 cm™'; the internal loss was taken as @;,~1.5 cm™'. In appli-
cations such as time of flight sensing/measurements (e.g. LIDAR), ambient temperatures
of around —45° C to+85° C can be encountered, with the high end of this range being the
dangerous one. Figure 6a demonstrates that for very thin AL, such heating can lead to a
drastic decrease in the output power, up to and including complete laser shutdown, whereas
the d,=0.06 pm design promises much better temperature stability (Fig. 6a). If the tem-
perature is treated as a fixed parameter so that i, (T) # f(i), the output characteristic for a
given T is a straight line with the temperature dependence of the slope determined by #;(T)
(Fig. 4) and the cutoff by i, (T)(Fig. 5). A family of such lines for different temperatures
is presented in Fig. 6b for a range of elevated temperatures relevant for the applications.
Under operating regimes where the heating is in part current-induced so 7=T7(i) (e.g. either
true CW operation or high repetition rate pulsed emission with the electric pulse source in
close proximity to the laser), the dependences P(i) at a given ambient temperature will
become saturating or even nonmonotonic—but the qualitative tendencies with variation of

@ Springer
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Fig.6 Output power vs. tempera-
ture with current as parameter a
and vs. current with temperature
as parameter b. Active layer
thickness d,=0.03 pm (solid),
0.04 pm (dashed), 0.06 pm =
(dash-dotted). Cavity length [y
L=2mm 9]
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d,, according to preliminary simulations, do not change: the designs with the larger value
of d, can be expected to offer superior performance at all operating conditions.
Unfortunately, in practice it may not always be possible to utilise the advantage of the
large d, , because AlGalnP lasers considered here are well known to suffer significantly
from Catastrophic Optical Degradation (COD) (see for example(BouSanayeh et al. 2006;
Lichtenstein et al. 2000) and references therein). This is caused by extreme localised heat-
ing of material near the facets, which is determined by the internal power density (light
intensity) within the active layer at the facet and presents a significant threat even under
quasi-CW operation. Due to the localisation of the optical mode at the active layer, the
COD danger can be expected to be more pronounced with d,=0.06 pm than with the
smaller two values shown. While it is difficult to analyse this effect qualitatively without
experimental data on the exact material and structure parameters used here, some rough
numerical estimates can be inferred from the experiments on different laser designs (Bou-
Sanayeh et al. 2006; Lichtenstein et al. 2000; Sanzhez et al.2021) . The results imply that
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at least for the case of a wide (w=200 pm) stripe presented in Fig. 6 and for relatively short
pulse (a few ns) operation, the danger of COD for d,=0.03-0.04 pm is not significant, but
taking full advantage of d,=0.06 pm may need some form of COD prevention (e.g. facet
passivation).

In summary, we have analysed the threshold and efficiency of AlGalnP visible-emitting
lasers with an asymmetric waveguide structure and a bulk active layer as functions of tem-
perature, and calculated the output curves of the laser under pulsed operation and elevated
temperatures caused by Joule heating in a closely-located electrical pulse source. The effect
of temperature-dependent leakage current on threshold, efficiency, and hence output power
has been analysed. The laser performance at elevated temperatures has been shown to be
substantially affected by the waveguiding properties of the bulk active layer. The thresh-
old current is shown to decrease, and the injection efficiency (limited by the current leak-
age), to increase, with the thickness of the active layer within a relatively broad range of
both d, and temperature increase. At small to moderate pumping levels, this means that
highest power levels are achieved in laser structures with moderately thick active layers
(d,~0.06 pm). At higher injection levels, somewhat smaller d, values may be advanta-
geous, due to the less localised mode resulting in less stringent Catastrophic Optical Deg-
radation limitations. Some of the tendencies considered (the importance of leakage and
COD) are largely specific to the material system considered; others (the importance of the
waveguiding properties of the active layer, leading to the substantially superlinear depend-
ence I",(d,), in defining the threshold current and efficiency at both room and elevated tem-
peratures) are generic. Thus moderately thick (bulk) active layers located near the p-clad-
ding can be expected to be beneficial for elevated-temperature operation of lasers with a
similar structure realised in other material systems and operating at different wavelengths.
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