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Modeling of current spreading in high-power broad-area lasers
and its impact on the lateral far field divergence

Anissa Zeghuzi, Mindaugas Radziunas, Hans Wenzel, Hans-Jurgen Winsche,
Uwe Bandelow, Andrea Knigge

Abstract

The effect of current spreading on the lateral far—field divergence of high—power broad—area
lasers is investigated with a time—dependent model using different descriptions for the injection of
carriers into the active region. Most simulation tools simply assume a spatially constant injection
current density below the contact stripe and a vanishing current density beside. Within the drift—
diffusion approach, however, the injected current density is obtained from the gradient of the
quasi—Fermi potential of the holes, which solves a Laplace equation in the p—doped region if
recombination is neglected. We compare an approximate solution of the Laplace equation with the
exact solution and show that for the exact solution the highest far—field divergence is obtained. We
conclude that an advanced modeling of the profiles of the injection current densities is necessary
for a correct description of far—field blooming in broad—area lasers.

1 INTRODUCTION

Diode lasers provide an efficient possibility to convert electrical into optical energy. Due to their laterally
wide emission stripe, broad—area (BA) lasers can achieve the highest output power among diode
lasers and are therefore used as energy source for many laser systems and can also be employed for
direct material processing. For many applications, however, not only a high output power but also a
good beam quality is required. The beam quality is typically specified by the beam parameter product
BPP .y = wy5%O95% /4, where wgse, denotes the full lateral near—field width and g5, the full far field
angle containing 95% of the power.

With rising current a broadening of the lateral far field is visible, which is the result of an increased
excitation of higher order lateral modes with higher far field angles [1]. This phenomenon can be partly
attributed to self-heating (thermally far—field blooming [2, 3, 4]) and the resulting thermal—-induced
waveguide by modification of the refractive index and partly to non—thermal effects (non—thermal far—
field blooming [5]). Non—thermal far field blooming is a result of current spreading [5], lateral carrier
diffusion and accumulation [6] and longitudinal and lateral spatial hole burning. Current spreading and
lateral carrier diffusion and accumulation not only lead to an increased gain at the device edges but
also modify the profile of the refractive index. Ultimately in both cases excitation of higher order lateral
modes is supported. Furthermore as a consequence of longitudinal and lateral spatial hole burning
depletion of carriers supporting lower order lateral modes and the resulting refractive index variations
lead to transverse instabilities as well.

Laser simulation tools based on the solution of the full drift—diffusion equations [5, 7] treat the current
flow in the device and its interaction with the non—equilibrium carrier densities in a correct manner.
These models are based on a stationary approximation and use for the description of the optical field
either an expansion into linear waveguide modes [5] or a beam propagation method [7]. However, the
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applicability of both methods to BA lasers is questionable because of their inherent non—stationary
and highly non-linear behavior. Indeed, these models do not converge at high optical output power,
so that far—field blooming effects can be studied only slightly above threshold.

Hence for the simulation of BA lasers a time—dependent model has to be employed. Due to computer
restrictions, until now simulation tools based on the traveling—wave model for the optical field [8, 9, 10]
do not solve the time—dependent drift—diffusion equations, but only a lateral diffusion equation for
the excess carriers in the active layer with a spatially constant injection current density below the
contact stripe as source term. Such a constant—injection—current—density model, which is even used
by stationary simulation tools [11, 12] oversimplifies the current flow and carrier transport in the device,
because current spreading and current self—distribution are not taken into account [13]. An improved
model can be gained from the drift—diffusion equations if recombination in the bulk layer is neglected
and the conductivity in the n—doped region is assumed to be infinitely high (besides the common
local charge neutrality assumption). The resulting Laplace equation for the quasi—Fermi potential of
the holes in the p—doped region can be solved either approximately as proposed in Ref. [14] (Joyce
model) or exactly [15, 16].

An advanced model coupling sophisticated descriptions of current flow, carrier transport, and guiding
and propagation of the optical field is a powerful tool for the investigation of current and power depen-
dent near— and far—field effects in BA lasers and for devive optimization. This is why in this paper we
investigate the above mentioned models for the injection current density in BA lasers and their limits
with respect to the correct description of non—thermal far field broadening. For that we have used the
software kit BALaser [17], which solves the traveling wave equations for the optical field amplitudes
coupled to an effective diffusion equation for the excess carrier density in the active region.

The paper is organized as follows: In Section 2 we present the governing model equations and param-
eters entering the model as well as the investigated device structure, where we pay particular attention
to the assumptions made and the resulting equations for the carrier transport. In Section 3 we conduct
a comparative study of the three models for the injection current density and will see that for all models
a broadening of the far field with rising current is visible. Still, in Section 4 we will come to the conclu-
sion that a constant injection current density can only be assumed for device structures where current
spreading is small and the resistivity of the p—doped layers high. The Joyce model is a good approx-
imation for structures with small current spreading and arbitrary resistivity of the p—doped layers. For
structures where current spreading is large, however, the current injection density should be obtained
by the solution of the Laplace problem, because otherwise far field broadening is underestimated.

2 Model

The structure of the BA laser considered in this paper is sketched in Fig. 1. Beside the 4 mm long and
90 ;um broad contact stripe shallow index trenches are etched (effective index step Angs = 1074).

2.1 Optical Model

For the simulation of the optical field the following ansatz is made for the electric component of the
optical field:

1 | 2dh _ - ,
E(r,t) = ew@(y)y/ eoﬁ:} [u*(w, 2, )e 07 1y (1, 2, 1)e™™0% |+ cc., (1)
9
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where d, I, €y, ng, n and w are the thickness of the active region, the Planck constant, the vacuum
permittivity, the group index, a real valued reference index, and a reference angular frequency, respec-
tively. The dynamical simulation of the optical field coupled to injected charge carriers is carried out in
the two—dimensional lateral-longitudinal (z, z)—plane of the active region (Fig. 1). The effective model
parameters are calculated in advance from the given vertical (y—direction) epitaxial structure using the
real-valued normalized vertical mode profile ¢(y) determined from the refractive index profiles of the
respective layer structures in the different device areas. All model parameters are stepwise constant
in the (z, z) plane and independent of time. Their values are shown in Table 1. The traveling wave
equations for the complex slowly varying amplitudes ui(x, 2, t) of the forward and backward traveling
optical fields are defined in the longitudinal-lateral plane [18],

vlgatui + 0.ut = —#koﬁgui — iABut — % (ujE — pi) + Sf, 2)
where vg, ko = w/ec, and $ are the group velocity, the free space propagation constant, and a
stochastic Langevin force modeling spontaneous emission, respectively. In (2) and in what follows 0,
means partial differentiation with respect to the variable in the subscript (here z). A detailed derivation
can be found in Ref. [19].

YA z a) b)
X
%
Elgure 1: Schgmatlc representa-
. tion of the (a) simulated BA laser,
R (b) the longitudinal-lateral (x,z)
um .
9 and (c) the lateral-vertical plane
[0 - biased region % of simulation. Active region: red—
. . dres .
[0 - unbiased region I‘ colored rectangular, implanted re-
I - active I‘eglol'l X ' ' gion: black.
I - p-doped region M - absorbing regions
[ - n-doped region M - implanted regions

The relative modal propagation constant is

AB = koAng + koAny + i(g — «)/2. (3)
Here, Ang = ng — n with no(:c) denoting the effective index of the local vertical waveguide. Further-
more, Any = —- /nQVN, where n’N is the differential modal effective index. For the modal gain g we

employ a logarithmic model taking into account non-linear gain compression,
g/ In (max(N,No))

Ny
N, ||[ul]?) =
g(N, [|u][7) 1+ eo||ul]?

where ¢’, Ny, Vy, and ¢, are the differential modal gain, the gain clamping carrier density, the trans-
parency carrier density, and the gain compression factor, respectively. ||u||> = |u™|* + |u~|? denotes
the local photon density. The modal absorption coefficient is calculated as o = ag + a, with free—
carrier absorption oy = fn N in the active region. The traveling wave equations are coupled to
ordinary differential equations for the complex slowly varying amplitudes of the polarization fields p*,

Op* = v(u* — p*) + idwp™, (5)

which model the Lorentzian approximation of the material gain dispersion of the amplitude g,., the
half width at half maximum -, and the relative central frequency dw. The parameters describing the
dependence of gain or refractive index on carrier density as well as gain dispersion are obtained by a
fit to results of a microscopic gain model [20].

; (4)
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Table 1: Parameters used in the simulation
’ symbol \ parameter \ value \ unit
Ng group refractive index 3.915
n reference refractive index 3.422
A central wavelength 970 - 107 m
0 front facet field amplitude reflectivity v/0.01
rL rear facet field amplitude reflectivity 0.95
wo,. | phase of front and rear facet reflectivities 0
d thickness of active region 7-107° m
W | width of contact stripe 90-1076 m
L length of contact stripe 4.1073 m
q differential modal gain 2300 m~!
N, | transparency carrier density 1.7-10%* m—3
Ny | gain clamping carrier density 4-.10% m—3
Es gain compression factor 10~ m?
Gr amplitude of Lorentzian 4500 m-!
7y Lorentzian half width at half maximum 1.5-10% st
dw | detuning of Lorentzian 0 s !
Qp internal background absorption 40 m~!
fn modal cross section for free carrier absorption | 2.1 - 10723 m?
Ts series resistivity related to contact layer 5-107° Qm?
Q sheet resistance
for dyes = 1215 nm (large current spreading) 1.2 k(2
for d,.s = 770 nm (reduced current spreading) 8 k(2
Ang | built—in relative effective index
for (z, z) € index trench —1-1074
for (x, z) ¢ index trench 0
n’y | differential modal effective index 4-1073 m?
Ey band gap energy 1.28 eV
N, | conduction band density of states 0.97 - 10* m~3
N, | valence band density of states 4.66 - 10%4 m~3
t, | hole mobility in active region 300 - 10~ | m?(vs)~!
A Shockley Read Hall recomb. coefficient 9.09 - 108 -1
B spontaneous emission recomb. coefficient 1-10716 m3s~1
C Auger recomb. coefficient 2-10742 mbs—!
DOI 10.20347/WIAS.PREPRINT.2488 Berlin 2018



Current spreading in high-power broad-area lasers 5

2.2 Carrier Transport Model

As the device is longitudinally much further extended than laterally, longitudinal carrier transport plays
a minor role and we will restrict our study to vertical-lateral carrier transport only [21]. Under isother-
mal conditions the carrier transport is commonly described by a drift diffusion model, which was first
established by van Roosbroeck. The electric field is affected by the charge distribution of mobile (n
and p) and fixed (n4 and pp) charges, thus for the electrostatic potential ¢,

—V(eVe) =e(p—n+pp —na), (6)
holds, where € is the dielectric constant. In all layers charge neutrality is assumed,
p—n—i—pD—nA:O. (7)

The mobile charges n = ng + N and p = py + N are composed of equilibrium carrier densities
no and py and an excess carrier density /NV. The particle current flow is governed by the continuity
equations for electrons and holes,

Vin =€ (R ~+ Rgm + On) , (8)
_vjp =€ (R + Rstim + atp) ) (9)

with the current densities for electrons and holes, j,, and j,, the non-radiative and spontaneous
radiative recombination rate R and the stimulated recombination rate Rgjim.

For parabolic bands the current densities can be written as product of the conductivity for electrons
and holes, 0,, = eu,n, and o, = ep,p, where 1i,, and 11, are the electron and hole mobility, and the
gradient of the quasi Fermi—potentials ¢, and ¢,

jn = - O'nvﬂpna (10)
Jp=—0pVpy. (11)

The Fermi integral of order one—half F1/2 connects the carrier densities n and p and the effective
densities of states N, and [V, with the exponents of the Fermi function (ey,, + e — E;)/kgT and
(Ey + epp — €9) [keT [22],

_:F1/2(¢ Ld )orﬂ:Fm( ‘e d)), (12)

where ¢,, and ¢, are the electrochemical potentials of electron and holes and £, and F, conduction
and valence band edge energies. The Fermi potential will be calculated in the Joyce—Dixon approxi-
mation. [23] The electron and hole current flow can furthermore be separated into parts driven by drift
and diffusion,

Jn =np,V(E, —ep) +eD,Vn (13)
jp :p,upv<Ev - €¢) - ervP (14)

with the concentration dependent diffusion coefficient for electrons D,, and holes D),

keT'n ([ n k&l p ([ p
where F:-! is the derivative of the inverse Fermi integral of order one—half F1/2.

1/2
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One of the basic assumptions is that the electron conductivity in the n—doped region is much larger
than the hole conductivity in the p—doped region. Hence, by assuming o,, — oo it follows V,, — 0
so that

n ~ const. =0 (16)

can be set. As a consequence the electron current j,, is composed only of a vertical component j,, ,,,
that remains constant in vertical direction.

2.2.1 Carrier transport in the active region

Within the active region the carrier density is given by the excess carrier density /N. Following W.
B. Joyce [24] an equation for the lateral carrier transport within the active region is derived, which is
considered to be thin enough so that vertical carrier transport can be averaged over.

Considering (16) and inserting (15) into (13) we obtain

Ec k’BT _ n
. (o) =0 (MFri(5)) a7

We exploit the parallelism of band edges (V £, = V E,) and insert (17) into (14) to obtain an equation
for the lateral current density,

. ksT' ([ n ksl . ( p
Jpe = —0p0s (BTFué (ﬁc)) — 0p0s (BTFl/é (M)) : (18)

With the definition of the Fermi integral (12) we obtain,

Jpe = = 00z (—pn — EcJe + ¢+ E,Je — ¢ + ) (19)
= — 0p0:(¢p — Pn) = —0p0:0F (20)
- — eDeffaxN (21)

with an effective diffusion coefficient Dy = 0,0n /e and conductivity o, = efi,(po+N). Inserting
(21) into the continuity equation for the holes (9) gives,

o
ON = 0, (Do) = 22 — R — Ry, (22)

Averaging (22) across the active region with thickness d and neglecting the vertical hole leakage
current, which is well valid due to low hole mobility and usually high potential barriers, yields

8tN = ax(DeffamN) + E;Y_d - R - Rstima (23)

wherej = _jpy ’upper boundary of AR>» R(N) = AN+BN2 +CN3= and Rstim = UgRe Zy::l: u”* [guy -
gr-(u”—p”)]. The coefficients A for Shockley—Read-Hall, B for spontaneous radiative and C' for Auger
recombination are standard values taken from literature, which are validated by a fit of simulation
results to cavity length dependent experimental data. The desired hole injection current density j (V)
at the upper boundary of the active region can be calculated by different models as described in the
following section.
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Current spreading in high-power broad-area lasers 7

2.2.2 Models for the injection current

Due to assumption of an infinite electron conductivity in the n—doped region, only the current flow in
the p—doped region sketched in Fig. 1(c) needs to be considered. The lower boundary is given by the
upper boundary of the active region (marked red in Fig. 1(c)). The upper boundary is defined by the
metal contact in the center and the lower boundaries of adjacent regions with a vanishing conductivity
(marked black in Fig. 1(c)). Such regions for current confinement can be created by e.g. implantation,
diffusion or impurity induced disordering. The distance between the upper boundary of the active
region and the lower boundary of the implanted region is denoted by the residual layer thickness d;cs.

By neglecting recombination in the bulk layers, the drift—diffusion equation in the p—doped layer (9)
results in
Vj, = 0. (24)

By inserting (11) we obtain the Laplace equation for the hole Fermi potential,
V(o,Vg,) =0. (25)

At the upper metal contact the potential is given by the applied voltage ¢, = Uy, at the lower boundary
to the active region the potential is given by the Fermi potential ¢, = . At all other device bound-
aries the derivative of the electrochemical potential normal to the device surface vanishes, 9,0, = 0.
In the Laplace model the injection current density entering (23) is accordingly given by

jlx) = p0yPp at the boundary to the active region. (26)

The Joyce model [14] is based on an approximate solution of the Laplace equation for the quasi—Fermi
potential of the holes in the p—doped region and describes the injection current density as

() (U —¢r)/rs  below the contact stripe @)

xT) =

J @fgop/Q beside the contact stripe,

where ry = fp_layers[ap(y)]*ldy is the series resistance related to the contact area and

Q = [ ,...00(y)dy] " is the sheet resistance. Layer thicknesses and conductivities are given
p-layers

in Table 2, the corresponding values of s and {2 in Table 1. Further details on the device structure are
given in another publication. [25]

Table 2: Layer thicknesses and conductivities

| thickness | conductivity |
contact layer 130 nm | 26680 (m)~!
cladding layer 445 nm 1660 (Q2m)~!
confinement layer | 770 nm 163 (Om)~*

The model of a spatially constant current injection density j.onst Used by many simulation tools is given
by

(28)

() Jo below the contact stripe
xT) =
J 0 beside the contact stripe.

Note that (28) is a limit case of (27) for r, — oo and €2 — oo.
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3 Comparison of Models for Injection current density

The calculation shown in Fig. 2 was performed with a staircase voltage ramp. The total simulation time
for each stair is 5 ns, all values derived in this paper are calculated from the mean value of the last
nanosecond.

(b)
3 A ——— ] residual layer thickness
; d. =1215nm
> L ]
S or injection current model :
& 5t i
@ ) const
: P e Joyce
T8/ 3k L Laplace
5 10 15 20 25 30 5 10 15 20 25 30
current (A) current (A)

Figure 2: (a) Full lateral near field width wgs5, and (b) full far field angle Ogs4, containing 95% of
the power as function of the total injection current for different models for the injection current density:
constant injection current density (black), Joyce model (red dashed) and by solution of the Laplace
equation (blue dotted). The residual layer thickness is d,.s = 1215 nm, corresponding to a sheet
resistance of ) = 1.2 k().

In Fig. 2 the full lateral near field width wqse, and full far field angle ©gse, containing 95% of the
power are shown as function of total injection current for the different current injection density models
discussed in Section 2.2.2. The simulation was performed for a residual layer thickness of d,es =
1215 nm, which corresponds to a sheet resistance of {2 = 1.2 k{2 and results in a large spreading
current. For all models a widening of near and far field is visible, however, the far field broadening is
lowest when a constant injection current density jeonst is @assumed. When the Joyce model is employed
near and far field width are much smaller for injection currents up to 10 A compared to the results with
a constant injection current density or by solution of the Laplace problem. As a result at a high injection
current of 20 A the near field width has a value of w59, = 86.5 um and the far field angle a value of
Og5%, = 8° when the Laplace problem is solved, resulting in a beam parameter product of BPP,; =
Wos%Og5% /4 = 3 mm-mrad. On the contrary, we obtain a near field width of wgss, = 83 um when the
Joyce model or a constant injection current density are employed and a far field angle of Og55, = 5.5°
or 6° when the Joyce model or a constant injection current density are used, respectively, resulting
in a beam parameter product of BPP;; =~ 2 mm - mrad. Accordingly the near field width wgs59, is
underestimated by 4% and the far field angle Ogs9, by 25 to 30%, which leads to an underestimation
of the beam parameter product BPP,,; by more than 30%.

For a residual layer thickness of d,.s = 1215 nm, the profiles of carrier density, injection current
density, as well as near and far field profiles are displayed in Fig. 3 at a very high injection current
of 20 A. In Fig. 3(b) we can observe that a simulation with the Joyce model results in peaks of the
current injection density at the stripe edges. For the Laplace model a higher carrier density is visible
outside the injection stripe at z < —45 pum and x > 45 um compared to the other models (Fig.3(a))
which is a result of larger current spreading (Fig.3(b)). This carrier density variation results in a gain
and refractive index modification and finally in a broader near (Fig.3(c)) and far (Fig.3(d)) field. For a
residual layer thickness of d,.s = 770 nm, the full lateral near field width wgs; and full far field angle
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(a) (b) ~ © @
53' 'y 1 A6- 4 h -4 540- ?2' b 1=204
® < = = < d . =1215nm
o & § g = —_
=t {2 = 4+ z R Jeonst
é‘ o = Z 20k § 1 fMedN 0 4777 Joyce
g1} 13 32} g S | PNYYRY | e Laplace
o H = 5 ] °
8 / L {5 S 3] = ]
=N T ) | = & i AL
S 0 /1 1 'y S 0 1 0 i
50 0 50 50 0 50 2 50 0 50 -5 0 5
lateral x-direction (um) lateral x-direction lateral x-direction (um) far field angle (°)

Figure 3: Profiles of the (a) carrier density, (b) injection current density and (c) near field intensity as
function of the lateral coordinate at the output facet and (d) the far field intensity as function of the
lateral far field angle for an injection current of 20 A and a residual layer thickness of d,ec = 1215 nm.

(a) (b)
88 . . . . . . . . . . residual layer thickness
26 s 4 d. =770 nm
g 84r injection current
x 82F density model :
2 i
2 80 const
------ Joyce
T8t . . . . . F . . . . fy [— Laplace
0 5 10 15 20 25 30 5 10 15 20 25 30
current (A) current (A)

Figure 4: (a) Full lateral near field width wgs5, and (b) full far field angle Ogs4, containing 95% of
the power as function of the total injection current for different models for the injection current density:
constant injection current density (black), Joyce model (red dashed) and by solution of the Laplace
equation (blue dotted). The residual layer thickness is d,s = 770 nm, corresponding to a sheet
resistance of {) = 8 k(2.

Ogs59 is plotted in Fig. 4 as function of total injection current for the different current injection density
models. The residual layer thickness of d,.,s = 770 nm corresponds to a sheet resistance of 8 k(2
and results in reduced current spreading. In this case a slight widening of the far field is visible for all
models, as well. However, only minor differences in near and far field width are visible for the different
models. The same applies for the profiles of carrier density, injection current density, and near and
far field displayed in Fig. 5 for an injection current of 20 A. In Fig. 5(a) we see that the carrier density
distribution is nearly identical when the Joyce model is used or the Laplace problem is solved. Hole
burning is slightly higher for the simulation where a constant injection current density was assumed
due to overestimation of spatial holeburning. Still, as the series resistivity 7s = 5 - 1077 Qm? of the
simulated structure is relatively high, the deviation from the simulation with a constant injection current
density is small. As a result, the profiles of near and far field are nearly identical.
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Figure 5: Profiles of the (a) carrier density, (b) injection current density and (c) near field intensity as
function of the lateral coordinate at the output facet and (d) the far field intensity as function of the
lateral far field angle for an injection current of 20 A and a residual layer thickness of d,es = 770 nm.

4 Conclusion & Outlook

For all models a broadening of the far field with rising current is visible. However, when a constant
injection current density is assumed spatial holeburning is overestimated and current spreading not
accounted for. Thus a constant injection current density can only be assumed for device structures
where current spreading is small and the resistivity of the p—doped layers large. The Joyce model
is a good approximation for structures with small current spreading and arbitrary resistivity of the p—
doped layers. For structures where current spreading is high, however, the current injection density
should be obtained by the solution of the Laplace problem, because otherwise the far field angle will
be underestimated. In this paper we exemplary show for a specific device structure that the near field
width is underestimated by 4 % and the far field angle by 25 to 30 % if the simplified models are
employed, resulting in an overestimation of the beam quality, where the beam parameter product BPP
is underestimated by more than 30%. The impact of series resistivity and sheet resistance on the
lateral near field width and far field angle will be analyzed in a forthcoming paper [26].
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