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1 | INTRODUCTION
High power broad area diode lasers operating in the quasi-
continuous-wave (quasi-CW) pulsed regime (with pump pulses
long enough to achieve steady state from the laser dynamics
point of view yet short enough to not cause substantial current
heating, in practice corresponding to the nanosecond region)
are important components of Lidars [1] as well as for a number
of other applications. With regard to the spectral range of laser
emission, two strategies are possible. One involves working in
the eye-safe spectral range of 1300-1600 nm, allowing high
output powet to be used, and requiring InGaAsP/InP [2-4] ot
AlGalnAs/InP [5-9] based sources and photodetectors. The
other involves working at shorter wavelengths and can be
further subdivided in two spectral regions: 4 ~ 0.9-1.1 um [10—
13] and 4 < 0.9 pum, used [14, 15] for the case of nanosecond
pump pulses resulting in picosecond pulse emission under
gain-switched operation. The latter spectral range makes use of
the efficient and reliable GaAs/AlGaAs emitters and, crucially,
the relatively mature technology of Silicon Single-Photon
Avalanche Photodetectors [16] which have a high sensitivity at
the operating wavelengths below 900 nm.

Traditionally, the design of high-power laser structures in
both InGaAsP/InP and (InGaAs)GaAs/AlGaAs material

Juha T. Kostamovaara®

It is shown theotetically that a GaAs/AlGaAs laser diode design using an asymmetric
waveguide structure and a bulk active layer (AL), located close to the p-cladding, can
provide high output power in a single, broad transverse mode for short-wavelength
(<0.9 pum, matching the spectral range of high efficiency of silicon photodetectors) pulsed
emission in the nanosecond pulse duration region, typically <<100 ns. The dependences
of the laser performance on the thickness of the AL and the cavity length are analysed. It
is shown that the relatively thick bulk AL allows the of short cavity lengths (<1 mm), for
achieving high pulsed power while maintaining a relatively low series resistance and a

systems used almost exclusively thin active layers (ALs),
including 1-3 Quantum Wells (QWs). In the latter case, this
was at least because the research largely concentrated on the
A =109 —1.1 pm range, where the use of Indium containing
components is necessary and growing thick ALs is impossible
due to lattice mismatch induced strain. For lattice matched
structures, such as In-free GaAs/AlGaAs system and the eye-
safe wavelength InGaAsP/InP lasers, there is no such tech-
nological limitation. Hence in our work, asymmetric laser de-
signs with a bulk AL in a gain-switched GaAs/AlGaAs
A =~ 0.85 um laser [14, 15] and, later, in a quasi-CW operated
InGaAsP/InP A = 1.5 um devices [3, 4, 17] have been pro-
posed and realised. The results on the long-wavelength lasers
compared favourably with the best published results, with
considerable scope for further optimisation. Here, we show
that the same strategy can also be applied in the design of
quasi-CW operated GaAs/AlGaAs lasers, compatible with
silicon photodetectors.

2 | STRUCTURE

The logic behind the structure design is the same as used
eatlier (Refs. [3, 4, 18] and references therein) in the work long-
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wavelength lasers. The most important parameter to be
maximised in high-power lasers is the quantum efficiency, which
is the product of injection and output efficiencies: § = 71,y
Some compromise in the form of an increased threshold cur-
rent may be required, and is justified in order to achieve an
increased 77, so long as the threshold inctrease is not drastic.

In modern laser structures, the leakage of electrons into the
p-cladding is very small so that the injection efficiency, at not-
too-high temperatures, can be n; & 1 [10]. The goal then be-

comes increasing with the output efficiency 7, = %Z‘jﬁ‘a —~, Qin
and Qg = ilnm being, respectively, the internal optical
losses and the outcoupling losses, Ryr and Ray standing for
the high-reflection and anti-reflection coated facet reflectances,
respectively. Substantial research effort has gone into mini-
mising &, both near the threshold [10, 19, 20] and at high
injection level (see e.g. [17, 21-23]). A potentially very efficient
complementary way of increasing #,,, in pulsed lasers is to
reduce the effect of a;, by decreasing the cavity length L and
hence increasing a,,,. However, if the thickness of the active
region and, accordingly, the confinement factor of the active
region (I',), are small, the decreased L can drastically increase
the threshold cartier density Ny, If this parameter is allowed to
reach values of N, ~ 10" cm_’%, in addition to the risk of
compromising the threshold current beyond the acceptable
level, the carrier escape from the active region into the OCL-
layer by increasing a;, and thus compromising #,,,, as well as
current leakage into the p-cladding affecting #;, can become
significant even at room temperatures.

Thus, efficient operation of a short cavity laser with the AL
near the p-cladding as in Figure 1a is possible only with an
active region of a relatively large thickness (d, ~ 1000 A in the
case under consideration) and the corresponding substantial
value of T',, avoiding excessive increase in N, In principle, this
can be either a bulk or Multiple Quantum Well (MQW)
structure. However, for a given total thickness d, of the AL,
the bulk AL gives a larger ovetlap with the putely active ma-
terial than the MQW; in which some of the AL is occupied by
the batriers between the wells.

Thus, the design proposed, like that of the long-wavelength
laser [3,4, 17, 18], is intended to use a bulk AL to provide
substantial values of I',, whilst keeping a, relatively low. The
limit to how short the cavity can be, assuming quasi-CW
operation without heating can be ensured, is set by the
requitement that N,y is not excessively high.

The proposed laser waveguide structure is shown in
Figure 1a.

As in the work on long-wavelength lasers [18], the doping
levels and thicknesses of the layers of the structure are selected
to obtain high injection efficiency, low a;, at both low and high
injection levels, minimum series and thermal resistances. Most
importantly, minimising the modal overlap with the p-cladding
(to ensure low a;, at low injection) requites a substantial
refractive index step at the p-OCL/p-cladding interface,
whereas avoiding a strong carrier accumulation and @, in-
crease at high injection levels means that the distance between
the AL and the p-cladding needs to be small. To further
decrease the carrier accumulation in the OCL, high doping of
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FIGURE 1 (a) Schematic of the laser structure and the waveguide

mode intensity distribution and (b) the corresponding far field of the laser
emission and fast-axis waveguide input efficiency. Stripe width @ = 100 um,
active layer thickness d,=800 A. The inset to Figure 1a shows a typical 3D
structure possible, with the 7-side comprising the 7-cladding and the 7-
emitter and the p-side, the p-cladding and the p-emitter

the #-OCL can be used [17, 18], which is one of the differ-
ences between the current design and the gain-switched one of
[14, 15] (the other one being the position of the AL with
respect to the peak of the modal profile, which is optimised
somewhat differently for gain-switched and quasi-CW appli-
cations). Furthermore, a small refractive index step at the 7-
OCL/n-cladding intetface provides good fundamental mode
selection (see below) and a broad near field fundamental (TEg)
mode distribution (quantified by the modal field profile {y(x)
or a modal intensity profile %2 (x), also illustrated in Figure 1a).
This makes for a narrow far field

W(0) o | [ yolx)e* 5 Odx|2cos 2 0, k=27 /a,

and hence potentially high brightness. This is illustrated in
Figure 1b which shows the far field W(6) as well as the effi-
ciency 1 of coupling the light into a given one-dimensional
numerical aperture € (in this case, this may approximately
represent the LIDAR collimation optics) estimated as

n(6) = [0 w(9)ds) [T w(8)do.
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The parameters that were fixed in the studies below were
the refractive index steps, the thicknesses of #-OCL and p-
OCL layers (d,.oc; = 1.8 um >> dp_OCL = 0.04 ym as in
Figure 1%, and the doping levels of the layers, in particular
NDn_OCL = Ngl_dﬂd) =1 x 10" cm™. The parameters that
were vatied were the width of the AL d and the cavity length L.

3 | ANALYSIS OF LASER
PERFORMANCE

We first analyse the threshold behaviour of the laser.

Similarly, with regard to long-wavelength lasers [18], we
consider pulsed (quasi-CW) operating regime, with the injec-
tion current pulse short enough (<<100 ns) to not cause
appreciable laser heating, as is typically the case in LIDAR
applications. Thus room-temperature dependences of peak
gain g on cartier density N can be used in calculations. To
analyse what may be, in general, large variations of the
threshold cartier density Ny, we use the three-parameter log-
arithmic gain-carrier density dependence g(N) = Gy In I\]{\f ::g\}l
[24] , rather than the simpler linear approximation used in [17,
18] following [25]. Then, the threshold carrier density is
determined from the transcendental equation

h
a('t )(Ntlz) + Qour _

Nth:(Nﬂ—‘rN1)€Xp 7 T GO N1 (1)

where, as in [17, 18], the internal losses at threshold contain
just two contributions

(i, N) ol ol (N ) @)

m

The first term in Equation (2) is the built-in losses
Ezmh_m) ~3.0cm™, of which the main part (2.6 em™" for
d, = 800 A as in Figure 1) is associated with free carrier ab-
sorption in the doped 7#-OCL and 7-cladding, calculated using
the modal profile of Figure 1 and the common doping level
Np = 10" ecm™; the rest accounts for the (weak) overlap of
the mode with the (also highly doped) p-OCL and p-cladding;
This is quite different from earlier work on InGaAsP materials,

in which the n-doped layers made very little contribution to
(built—in)
in

sorption cross-section in those materials. The second term in

due to the very low values of the free-electron ab-

Equation (2) is the free carrier absorption in the AL at
threshold

af}‘q (N) = Ta(Gea + 04, ) Ny (3)

where o,, and o6, are free electron and free hole absorption
cross-section in the AL material. Similar to the previous work,
Equation (2) neglects the presence of non-equilibrium carriers
in all the non-active parts of the waveguide, which is justified at
the relatively low threshold current.
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FIGURE 2 Confinement factor I, and active layer cartier densities for
different cavity lengths as functions of the active layer thickness d,. Other
waveguide parameters as in Figure 1; #-side doping

NGO = NI = 1x10™® em ™

Figure 2 shows the calculated value of the confinement
factor Iy, as well as the threshold current density for several
values of the cavity length L, as functions of the AL thickness
d,. For a thin AL (d, <~ 400 A), the value of I', is approxi-
mately proportional to d,; for thicker AL, the dependence
I',(d,) becomes super-linear reflecting the increasingly impor-
tant waveguiding properties of the AL itself. At d, >~ 900 A,
the waveguide is, strictly speaking, not in a single mode, but the
calculated confinement factor for the second (TE1l) mode
(shown as a dashed line in the figure) is much smaller than that
of the fundamental TEO mode, so there is never any doubt
about the single transverse mode operation of this structure.

As can be expected from Equation (1), the strongly
increasing ', leads to a dramatic decrease in the threshold
carrier density with increasing d,; for the shortest cavity ana-
lysed (L = 0.5 mm) the value of Ny, at d, = 800 A (as in
Figure 1) is substantial but realistic whereas d, <~ 600 A
makes Ny, for such a shott cavity impractically high. For longer
cavities (L = 1-3 mm), starting with d, ~ 600-700 A and
greater, the main contribution to the threshold carrier density
is the transparency carrier density N, = 1.85 x 10" cm™ [24]
(Nth - Ntr < Ntr)-

We proceed next to analyse the power output of the laser.
Similar to the previous work, [3, 17, 18] the light-current
charactetistics P(/) was calculated self-consistently alongside
the power-dependent internal loss @;, (I, P(I)) and the effec-
tive threshold current I, (7), using the transcendental equation

hw Ao

P(T) = )@

€ Oy + Qp

Here, similar to the previous wortk, I,,(I) = I,;,(Ny,(I)) is the
current expended on creating the AL carrier density Ny, (/)
necessary for the gain to compensate the total losses
Qour + Ain(1, P(I)), and the internal loss a;, (I, P(I)) is calcu-
lated wusing the approach of Equation (2) with added
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contributions due to the direct a(TP A)(P(I))and indirect
(;PC 2 (P(I)) two-photon absorption as well as the current-

induced catrier accumulation in the OCL a(rc) (I):

(L, P(D)) = alt™ ™ + ali (Ny(D)) + " (1)
+all (P()) + aled) (P(1)

The details of calculating individual contributions are
described in [17]. An important difference from the numerical
results of [17, 18] (which dealt with InGaAsP materials), is the
more complex effect of high #n-doping of the 7-OCL
(Np = 10" em™) in the current study. As already mentioned
above, the fact that in AlGaAs materials the free-electron ab-
sorption cross-section is smaller than the free-hole value by
only a factor of ®3 (as opposed to more than an order of

magnitude difference in InGaAsP materials) means that the

heavy n-doping of the #-OCL leads to a substantial a(bmlt ),

Thus at modest injection levels, the predicted power output of
lasers studied here is below those with lightly doped 7-OCL (in

which a;:uﬂt_in) may be down to <0.5 cm™") However, at high
currents, the high level of 7-OCL doping makes for strong
(FC)

suppression of a; (I) (which is important for lasers with a

small cavity length L, since a}FC) (I) scales with the current

density j = I/(wL)) and also to some (modest) extent reduces

S (P(I)) [16]. Thus, at I >~ 40-50 A, the n-doping of the

n-OCL becomes beneficial.

These considerations are illustrated in Figure 3, which
shows the current dependences of the total internal loss as well
as the contributions to it for the case of high (Figure 3a) and
low (Figure 3b) #-OCL doping,

As in [3,4], the p-OCL contribution to the current-induced
carrier absorption a}FC) (I) is negligible because of the strongly

asymmetric AL position (very thin p-OCL). In its absence,

other mechanisms of absorption become important. In the

n—OCL)

design with a low N (Figure 3b), the current-induced

cartier absorption in the 7-OCL a](FC)(I ) dominates at high

currents as discussed above; in the structure with a highly
doped n-OCL (Figure 3a) this contribution, too, is suppressed
by doping, at the expense of a higher built-in loss as discussed
above. Also, important is the indirect TPA effect which is of a
similar magnitude in both designs. Note that, in spite of a
substantially smaller value of the TPA coefficient in AlGaAs
OCL (Ba0cz = 1 x 107° em/W [26]) as compared with the
value in InGaAsP OCL (B5,0cz = 6 x 107° em/W [27]), the
TPA effects remain significant in the lasers studied here due to
the large intracavity powers generated.

At I ~ 100 A, the laser with a large N has an
advantage of about 5%—7% in power output over that with a
lightly doped 7-OCL; both are predicted to achieve power
outputs that compare favourably with the results in the
literature.

n—OCL)

As was anticipated, despite the non-linear loss increase
being somewhat higher in the shorter laser cavities, the increase
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FIGURE 3 (a) Calculated output power, total mtema_l loss and its

(built—in)
individual components as functions of current: a;,

M), Al (D) @),
(FL) (mod) 1“(,)
appy (PU ))(3)> Arpy ( D)@, o (1) 3). L = 05 mm; the waveguide
parameters as in Figure 1. Also shown is the output power. (b). As in

(Figure 3a), with low n-OCL doping (N9 ~10'¢ cm™)

— _ our
f Nou = Qour+ i

enough mechanism of increasing the power output to ensure a
substantial (up to >50%) advantage of power output from a
laser with L = 0.5 mm at high cutrents over the lasers with
longer cavities as illustrated in Figure 4.

by decreasing the cavity length is a robust

The absolute values of the predicted output power at
I = 100 A reach more than 100 W for short cavities
(L = 0.5 mm), whereas for the relatively long 3 mm cavity, the
value is about 60 W. The latter is similar to the 50 W achieved
experimentally at similar currents in an advanced wavelength
stabilised 4 = 905 nm laser (with the same stripe width of
w = 100 pm) utilising an asymmetric structure with a Single
Quantum Well AL [13].

We note finally that, although the absolute values of output
power discussed above are the most important advantage for
LIDAR applications, the proposed structure design can be
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FIGURE 4 Calculated output power for different cavity lengths. The
stripe width w = 100 um; the waveguide parameters as in Figure 1

expected to decrease the series resistance of the device also, and
hence its wall-plug efficiency, compared to many currently
used designs. This is, firstly, because the bulk AL can be ex-
pected to virtually eliminate the recently put forward [28] extra
series tresistance mechanism which is associated with finite
capture time in QWs and determined essentially by the excess
density of OCL carriers N;,]- due to the finite capture time 7,
evaluated [28, 29] as Ny ~ eiTﬂ’Z'mp = mﬁ—dﬂfcﬂp, whete j is the
current density and w the stripe width. Indeed, in case of a
bulk heterostructure, besides the straightforward effect of a
lower Np; due to the larger d,, a lower Np; can also be expected
due to the fact that 7., is identified as just the time of carrier
thermalisation, which is well known to be sub-picosecond
and thus substantially shorter than 7., in QW structures
(which depend in a complex way on the QW parameters
[30, 31] and can reach picosecond values [28, 31]). The
second reason for the reduced series resistance is that the
high 7#-OCL doping reduces the resistance of the thick #-
OCL. Both effects are most pronounced at low to moderate
currents—in the case of the OCL resistance effect, this is
because the OCL resistance in weakly to moderately doped
structures is non-linear, decreasing with the current so that
at very high injection levels, the layer doping level makes
relatively little difference [32]. A qualitatively similar non-
linearity was also established for the extra resistance because
of finite capture time [28].

4 | CONCLUSIONS

We have analysed the design of single transverse mode
AlGaAs/GaAs 4 =~ 850 nm diode lasers with an asym-
metric resonator and a bulk AL located very near the
p-cladding for high-power pulsed (quasi-CW) operation. It
was shown that optimisation of power output at high
currents can be achieved using short cavity lengths, and

also, to a smaller extent, by high n-doping of the n-side of
the waveguide.
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