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Abstract

In this work, a simulation-based analysis of a CW-driven tapered ridge-waveguide laser
design is presented. Measurements of these devices delivered high lateral brightness values
of 4W - mm~'mrad ™! at 2.5 W optical output power. First, active laser simulations are per-
formed to reproduce these results. Next, the resulting complex valued intra-cavity refrac-
tive index distributions are the basis for a modal and beam propagation analysis, which
demonstrates the working principle and limitation of the underlying lateral mode filter
effect. Finally, the gained understanding is the foundation for further design improvements
leading to lateral brightness values of up to 10W - mm~'mrad ™" predicted by simulations.

Keywords High-brightness laser - Diode laser - Ridge-waveguide laser - Tapered laser -
Waveguide taper - Lateral mode filter

1 Introduction

High-brightness diode lasers emitting in the 9xx nm spectral region are of interest for
several applications, including direct material processing (Schulz and Poprawe 2000). In
general, the brightness B o« P/M? of a laser source can be improved if its output power P
can be increased at a higher rate then its beam propagation ratio M>. The output power of
continuous-wave (CW) driven ridge-waveguide lasers, however, is limited by its high intra-
cavity optical power and current densities. Both effects result in increased device tempera-
tures which further leads to thermal power saturation as well as a rising risk of catastrophic
optical damage (COD) (Wenzel et al. 2010; Tomm et al. 2011).

These effects can be reduced by increasing the biased contact area. Unfortunately,
this leads to wider waveguides with an increased number of supported lateral modes,
which eventually diminishes the resulting beam quality (Koester et al. 2020a). There-
fore, the round-trip gain of unwanted higher-order lateral modes has to be limited. One
possibility to archive both, a larger overall electrical contact area and lateral mode fil-
tering, is to widen the contact and waveguide width in longitudinal direction. The idea
is that the narrowest waveguide limits the number of supported lateral modes inside
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the whole cavity. The concept of the resulting tapered ridge-waveguide (TRW) lasers,
also known as tapered waveguide lasers (Williams et al. 1999) or index-guided tapered
lasers (Auzanneau et al. 2003). These devices typically possess a small total opening of
0, < 1°leading to astigmatism-free emission (Krakowski et al. 2003).

Recently, results of TRW lasers emitting at 970 nm were reported resulting in lateral
brightness B, values of 4 W - mm~'mrad ™" at 2.5 W with 55 % conversion efficiency (Wilk-
ens et al. 2020). In this work, we investigate the underlying TRW laser design as sche-
matically shown in Fig. 1 using the traveling-wave-based simulation tool WIAS-BALaser
which takes into account all relevant carrier and temperature effects (Radziunas 2018).
Subsequently, the resulting time-averaged intra-cavity complex index distributions are used
to perform a modal analysis as well as a beam-propagation method (BPM) based cavity
round-trip investigation to reveal the design-related lateral mode filter properties.

This study is organized as follows. First the lateral-longitudinal device design is
introduced in Sect. 2. Next, the used simulation tools and applied data post-processing
procedure are introduced in Sect. 3. Subsequently, the obtained results are presented and
discussed in Sect. 4. Finally, in Sect. 5 this work is concluded.

2 Device design

The TRW lasers investigated are based on the design first presented in Wilkens et al.
(2020). Its vertical structure relies on an extreme double asymmetric (EDAS) large opti-
cal cavity (LOC) design which combines a low electrical series resistance, low carrier
leakage, free-carrier absorption and optical losses leading to high conversion efficien-
cies (Hasler et al. 2014).

The lateral-longitudinal layout is shown in Fig. 1. Here, the ridge width w increases
linearly from w, at the rear to w; at the front facet. This is achieved by a L, = 4.4mm
long taper connecting a straight rear and front waveguide having a length of 1 mm and
0.6 mm, respectively. The width B of the index guiding trenches changes linearly within
the tapered section such that w + 2B = 27 um is held constant over the whole 6 mm long
device. In addition to the TRW lasers, reference ridge-waveguide (RW) lasers were
evaluated in this work. To enable a fair comparison of their results the width of these
straight lasers was chosen to result in the same contact area as the TRW devices. The
ridge and trench widths of both devices are summarized in Table 1.

Using the effective index approximation and assuming a symmetrical waveguide with
infinitely extended index trenches as well as neglecting any heating and carrier effects

[ Passive area
[ Index trench
[ Contact area

L..

Fig.1 Schematic lateral-longitudinal (x-z) top view of the investigated tapered ridge-waveguide laser. It is
formed by a ridge-waveguide based front and rear sections which are connected via a linear taper. All rel-
evant design parameters are introduced within the figure

Rear facet
Front facet
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Table 1 Lateral design

parameters Laser w,/pm we/pm B,/pm B;/pm
TRW 5 23 11 2
ref. RW 13.4 134 6.8 6.8

present in CW-driven diode lasers the number N of lateral guides modes at any position
inside the cavity can be estimated by

Nzceil{i—wy/2ﬁ|An0|} (1)

0

where the ceil{x}-operator rounds its argument x to the least integer greater than or equal
to x.

Figure 2 shows the results of Eq. (1) as function of the ridge width w and effective
index An, for an emission wavelength of 4, = 970 nm and a reference index of 77 = 3.36.
The index trenches of both device types result in An, of —0.004. It follows that the nar-
row and wide RW sections of the tapered waveguide support up to N = 2 and 8 modes,
respectively. The reference RW laser on the other hand supports 5 modes within its
whole cavity.

3 Simulation tool and analysis procedure

Here, the used active laser simulation tool is introduced in Sect. 3.1. Subsequently, in the
Sects. 3.2 and 3.3, the methods that form the basis for the study of the mode filtering prop-
erties of the tapered laser design are laid out.

3.1 Laser simulation tool: BALaser

The laser simulations were performed using WIAS-BALaser (Radziunas 2018). Here, the
forward and backward traveling slowly varying fields u*(x, z, #) within the lateral-longitudi-
nal (x-z) plane (see Fig. 1) are described by paraxial traveling-wave equations assuming a
reference refractive index 7 = 3.36 and wavelength 4, = 970 nm:

Number of guided lateral modes N

Fig.2 Number of guided lateral e
modes N as function of the < 1072 15
effective index contrast | Ang| and i}
the ridge width w assuming a £
wavelength of A, = 970 nm and a § 10
reference index of 7 = 3.36 x 1073
el
£ 5
2
3 107 1
pim 0 5 10 15 20 25

Ridge width w / pm
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Here, n, = 3.81, ¢y and k, = i—” are the group index, the vacuum speed of light and the free
0

space propagation constant, respectively. The operator D accounts for the dispersion of the
optical gain in Lorentzian approximation, whereas f* are Langevin forces incorporating
spontaneous emission (Ning et al. 1997; Wiinsche et al. 2003). The refractive index varia-
tion relative to the reference index is modeled as in Zeghuzi et al. (2019)

Angg(x,z, N, T, lull*) =[Any(x,2) + Anp(x,2, T) + Any(x, 2, N)|

+i[g(t 2N, ull?) — a2, V)] - % @)
0

where the first bracketed expression on the right-hand side accounts for the built-in effec-
tive index contrast An caused by the etched index trenches as well as carrier density (Any)
and temperature (An;) dependent index changes. The first and second terms of the imagi-
nary part account for the intra-cavity gain g and loss « distributions. For details about the
specific dependencies, the reader is referred to Zeghuzi (2020).

Together with the Eq. (2), equations modeling the relevant carrier and temperature
effects are considered. These include an effective diffusion equation of the excess car-
rier density N(x, z) to model the lateral diffusion of carriers within the active region
as well as a Laplace equation for the quasi-Fermi potential of the holes in the p-doped
region to account for current spreading and obtain the current density injected into the
active region (Zeghuzi 2020).

The temperature distribution is calculated by solving a stationary heat flow equa-
tion for the self-consistently obtained time-averaged heat sources & within each vertical-
lateral cross-section of the laser cavity. However, since % is not known in advance an
iterative approach is used. In the first simulation all heat sources are neglected (k& = 0)
leading to T = Ty, where Tyg = 300K is the heat sink temperature. In all following
iterations, & consisting of Joule heat, absorption heat, recombination heat and quantum-
defect heat is computed from the results of the previous electro-optical simulation.
More details on the implementation of the thermal model can be found in Radziunas
et al. (2019).

All BAlaser simulations were performed considering a 0.4 mm wide and 6mm long
domain having a lateral and longitudinal resolution of dx = 0.25pm and dz = 6 pm,
respectively. At each working point, three iterations of the thermal model have been per-
formed, were each one represents a 2 ns long transient simulation. The results presented in
this work were obtained by averaging over the last 2 ns of the final iteration step. The rear
and front facets of all devices are modeled to have power reflectivity values of 98 % (HR)
and 0.1 % (LR), respectively.

The effective densities of states as well as the dependence of the refractive index on
the carrier density were fitted to results obtained by the microscopic model proposed by
Wenzel et al. (1999). Most of the remaining parameters entering the simulation tool were
taken from the literature (Gehrsitz et al. 2000; Vurgaftman et al. 2001; Piprek 2013). The
temperature dependencies of the simulation parameters are summarized in Zeghuzi (2020).

Finally, in order to achieve a good agreement between simulated and experimental
power-current characteristics the Shockley-Read-Hall recombination rate and the mate-
rial absorption were used as fitting parameters resulting in values of A = 4.95 - 108 s~! and
a, = 126 m™!, respectively.
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3.2 Analysis of the time-averaged index distribution

Figure 3 depicts the time-averaged intensity (||u(x,2)||?) = (|u*|*> + |u~|?), carrier density
(N(x,z)) and temperature (T(x, z)) distributions at 2.5 W output power obtained by the laser
simulation tool introduced above. Using these quantities Eq. (3) can be used to calculate a
time-averaged complex refractive index distribution as:

(n(x,2)) = i+ Angg(x, z, (N), (T), (|lull*)). )

The resulting complex refractive index profile is shown in Fig. 4 as real valued refractive
index R{(n(x,z))} (top) and gain/loss F{2k,(n(x,z))} distribution (bottom). It can be seen
that the complex index also resembles the non-uniformities already present in the intra-
cavity distributions {||u(x, 2)||?), (N(x, z)) and (T(x, 7)), see Fig 3.

In this work, (n(x, 7)) is the basis to obtain a deeper understanding of the mode-filter prop-
erties resulting from the tapered cavity of the TRW laser design. This is done by calculating
the local 1D lateral TE modes @ (x) of the time-averaged waveguide which obey the Helm-

holtz equation
d*om N2 s
—o + (g (nte ) = (B")?) 2™ =0 5)

giving the profiles of local guided and radiation modes ®™ and its corresponding eigen-
values ™ = kyn holding information about the corresponding modal index and gain
values. Here, n™ is the complex modal index and m the mode number.

@ Springer



285 Page6of12 J.-P. Koester et al.

Additionally, {n(x, z)) is used in a beam propagation method (BPM) based cavity round-
trip analysis of the first three waveguide modes revealing information about the modal
cross coupling inside the laser as well as round-trip gain/loss. The governing equation can
be obtained from Eq. (2) by assuming only forward traveling fields and neglecting the time
derivative as well as the terms accounting for dispersion and spontaneous emission (Chung
and Dagli 1990). To avoid reflections of radiated light at the domain boundaries transpar-
ent boundary conditions were used (Hadley 1991). The spatial discretisation in the mode
and BPM calculations were set to the values used in BALaser.

3.3 Modal power fraction

As mentioned above, in BALaser the optical field is modeled by traveling-wave equations.
However, often it is also of interest how much power each mode contributes to the emitted
laser field. Utilizing the orthogonality relation

/ (D(m)(x)(b(n)(x)dx =0 for m ?é n (6)

the time-dependent complex forward traveling field u* at the front facet (z = L) is assumed
to be decomposable into lateral modes of the time-averaged waveguide (n(x, L)) as

[ ut(x, L, )@ (x)dx
[ (@ (x))2dx

ut(x,L,1) = Z b (H®™(x) with b (r) = (7

with b (¢) being the complex-valued time-dependent expansion coefficient of the m™ lat-

eral mode. Since the CW output power P is proportional to the time-averaged lateral inte-
grated near-field intensity < [ lutx, L, t)|2dx> it can be expressed as

Poc Y (b™pme) / D (x)D"* (x)dx ®)

where (b™b™*) = ¢ represents the power coupling and M™" = [ ®U(x)®™* (x)dx
the non-orthogonality between individual modes. Numerical experiments of the lasers
investigated in this paper showed that M"" ~ (O for m # n. Note, that the eigenmodes
®")(x) are normalized such that M" = 1 for m = n. Finally, by inserting Eq. (7) into
Eq. (8) and neglecting modal cross-coupling the modal power can be expressed as

P™ =y™p  with ™ = (|b™]2) o
(1pm 1)’

with 7% being the modal power fraction which is dependent on the injection current.

4 Results

Here, in Sect. 4.1 the mode-resolved power-current characteristics are presented. This is
followed by the results obtained by modal and BPM-based analyses of the time-averaged
waveguide which are shown in Sect. 4.2 and 4.3, respectively. Finally, in Sect. 4.4 the
gained understanding is used to suggest further design improvements to the TRW laser.
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4.1 Modal power-current characteristics

Figure 5 shows the simulated (solid lines) and measured (partially transparent lines) output
power P and beam propagation ratio Mi as a function of the applied current / for the TRW
laser (left panel) and the reference RW laser. Here, the subscript o refers to the fact that the
M?-values were calculated by using the second-moment beam width criterion. The modal
power fractions calculated by applying Eq. (9) are represented as dashed/dotted black lines
within each plot.

Even though the power-current curves of both devices show a similar trajectory, it is
visible that only two instead of four modes contribute to the output power of the TRW
compared to the reference RW laser. In addition, the second-order mode (m = 2) has a
higher threshold in the tapered device. Consequently, the TRW laser leads to lower Mﬁ
values than the reference device. The former shows an increase from Mg ~1.1to 1.9 at
P = 1W and stays nearly constant thereafter. The reference RW laser, in contrast, leads to
Mi ~ 2.8 at P = 1 W, however, its Mi further increases with the higher injection currents.

These results indicate that the tapered cavity design increases the threshold of higher-
order lateral modes compared to the conventional straight RW-based cavity. The reason for
the underlying mode filtering is further investigated next.

4.2 Modal analysis

In this section, a modal analysis is performed based on the complex refractive index pro-
files at the facets obtained at 2.5 W. Figure 6a and b depicts the index and gain profiles
(solid lines) at the rear and front facet, respectively, as calculated applying Eq. (4). In addi-
tion, the modal index R {n™} and gain g™ = {2k} obtained by solving the Helm-
holtz Eq. (5) for these profiles are shown as dashed/dotted horizontal lines.

The increased refractive index values and the lower gain at the front compared to the
rear is a consequence of the nonuniform intensity, carrier density, and temperature distri-
butions as visible in Fig. 3. The underlying effects are known as longitudinal temperature
variation and longitudinal spatial hole burning, respectively. The high gain at the wave-
guide edges is the consequence of accumulated excess carriers caused by the low intensity
at these positions induced by thermally induced index guiding which narrows the beam
towards the front facet (Rauch et al. 2017; Koester et al. 2020b).

1
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|
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2
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Output power / W

Beam propagation ratio M,

Current/ A Current /A

Fig.5 Simulated power-current (black lines, right axis) and M?I—current characteristics (red lines, left axis)
of the TRW laser (left panel) and a reference RW laser (right panel). The dashed/dotted lines represent the
calculated modal power fractions of the power contributing lateral modes indicated by m = {1,2,3,4}. In
the left panel experimental results are represented as gray and red-dotted lines
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Fig.6 Refractive index (black lines, left axis) and gain profiles (red lines, right axis) obtained at the rear a
and front b facet at P ~ 2.5 W output power. The resulting modal indices and gain values are represented as
different types of dotted/dashed horizontal lines. Panel ¢ and d present the longitudinally resolved relative
modal gain of the first five local lateral waveguide modes (m = {1,2,3,4,5}) of the TRW and the reference
RW laser, respectively

It can be seen that the waveguide profile corresponding to the rear facet only sup-
ports two guided modes with R{n™} > min(R{(n)}). This agrees with the number of
modes contributing to the laser emission at this working point, c.f. Fig. 5. In addition,
the fundamental mode experiences a slightly higher gain than the first higher-order
mode since the latter has a larger spatial overlap with the absorptive regions next to the
ridge. The 23pm wide waveguide at the front facet supports a larger number of modes
(only m <5 are shown). Here, the lateral carrier accumulation at the ridge edges leads
to an increased modal gain for higher-order modes compared to the fundamental mode.

To get more information about the modal gain inside the cavity panels (c) and (d)

K . (m) _ (1) . . ! ..
show the relative modal gain £ gmg as a function of the longitudinal position for the

TRW and the reference RW laser, respectively. The results for the TRW design indicate
that the modes with m < 2 experience a positive relative gain at positions z > 1.5pm.
However, the modes m > 3 do not reach the laser threshold since they are not guided
within the narrow 5pm wide rear waveguide and consequently experience high optical
losses. The situation is different for the reference RW laser. Here, the first four modes
which all contribute to the laser emission (c.f. Fig. 5) show a relative gain of close to
zero for all longitudinal positions. All of the corresponding modes are well-guided
within the whole cavity. The mode m =5 is guided but does not reach the laser
threshold.
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4.3 Beam propagation analysis

In this section, the results of the BPM-based propagation analysis are presented. Fig-
ure 7 shows the intensity distributions |ugpy ,|* obtained by propagating the first three
modes one round-trip through the waveguide formed by the index and gain distribution
as shown in Fig. 4. First the modes ®1-23(x, L) where calculated by solving Eq. (5) at
z=L serving as starting conditions. Subsequently, these modes were propagated from
the front to the rear facet (left panels). The resulting complex fields u™(x, 0)gpyy 1, served
as input for the forward propagation back to the front (right panels). After the full
round-trip, the resulting field profile uBPM (x, L) was decomposed into the local wave-
guide modes using an ansatz similar to Eq. (7).

The propagation of the fundamental and first higher modes ®?(x, L) are shown in
the first and second row, respectively. Here, after a full round-trip, still 99 % of the total
power remain in the corresponding input modes. This indicates that the waveguide taper
achieves an adiabatic mode conversion. In addition, both modes experience a net power
gain of 18.5dB.

The results of the third mode m = 3 (bottom row) show a somewhat different pic-
ture. Here, the resulting intensity profile |uBPM3| shows, in agreement with the rap-
idly decreasing relative modal gain in Fig. 6¢, that most of the modal power is radiated
at z < 1.5 mm. The spatial overlap of the resulting field uBPM3(x 0) at the rear facet
with the corresponding local lateral modes ®®(x,0) indicates that 13 % of the power
gets coupled into the fundamental mode. The remaining power, however, is contained
in several radiation modes. After a full round-trip the field at front facet uBPMg(x, L)
predominantly (80 %) consists of the fundamental mode. However, 20 % of the power
is still carried by the second higher-order mode. Nevertheless, ®®(x, L) experiences no
amplification but rather gets attenuated by about —1.5 dB which prevents it from reach-
ing the laser threshold.

front M (x, L) = Ugpy, m(X,0) rear  Ugpw m(X,0)=uUdoy m(X,L)  front
20
3
§ 0 2
~ 2
5 2
S
2 ]
i o 2
a e
a o
— (0]
© N
s =
% -10 £
- =
S
z
-20

6 5 4 3 2 1 00 1 2 3 4 5 6
Longitudinal position / mm Longitudinal position / mm

Fig.7 Intensity distributions |ugpy |7 obtained by BPM calculations. Left panels Backward propagation

Ugpn  OF the first three modes ®U23(x, ). Right panels: Forward propagation Uf o OF the field profile

Uppn,m'*
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Fig.8 Beam propagation ratio Mﬁ and linear brightness B, as function of the optical output power.
The black, red and blue lines correspond to an effective refractive index An, of —4 - 1073, =2 - 1073 and
—4 - 1074, respectively. The experimental results are represented as black-dotted lines

4.4 Further design optimization

The black lines in Fig. 8 represent the lateral beam propagation factor Mi (left panel) and
the lateral brightness B, (right panel) as a function of the output power. At P = 2.5 W the
experimental and simulated results lead to Mi ~ 1.9and B, ~ 4W - mm~'mrad™". In com-
parison, the authors of Auzanneau et al. (2003) and Michel et al. (2005) reported values of
Mi ~ 4 and Mi ~ 3 at 1 W output power, respectively. However, it is noteworthy that the
corresponding devices were 2.5 mm long and therefore significantly shorter than the 6 mm
long lasers investigated in this work.

The results of the previous sections have shown that the TRW laser restricts the power
contribution to only two lateral modes. However, to further increase the brightness only the
fundamental mode should reach the laser threshold even at high injection currents. This
can be done by designing the rear waveguide to be purely single-mode. Following Eq. (1),
this can be achieved by either decreasing w or |Any|.

The red and blue lines in Fig. 8 represent the latter possibility. It is visible that the dif-
fraction-limited output power is increased from 0.5 W to about 1.5 W by changing An, from
—4-1073 to =2 - 1073, For the value of Any = —6 - 1074, the laser supports only the fun-
damental mode for all investigated power levels. This leads to very high lateral brightness
values of about 8W - mm~'mrad~! and 10W - mm~'mrad~" at output powers of 2.5 W and
3 W, respectively.

5 Conclusion

We presented the simulation-based analysis of a CW-driven TRW laser design which was
measured to achieve high lateral brightness values of 4W - mm™'mrad~" at 2.5 W. First,
active laser simulations were performed to reproduce these results. In the next step, the
obtained time-averaged intra-cavity intensity, carrier density, and temperature were used
to calculate complex refractive index distributions which formed the basis of further inves-
tigations, namely, a modal waveguide analysis and BPM-based propagation analysis. Fol-
lowing this approach, it was shown that higher-order lateral modes experience an increas-
ing relative modal gain towards the front but get partially radiated during their propagation
through the resonator. The resulting high round-trip losses prevent those unwanted modes
from reaching the laser threshold. Finally, the gained insights were used to suggest ways
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to further increase the achievable brightness. A TRW laser with reduced effective index
contrast was simulated to deliver a brightness of almost 10W - mm™~'mrad~' at 3 W output
power.
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