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Abstract—An analytical model for internal optical losses at high power ina 1.5 pm
laser diode with strong n-doping in the n-side of the optical confinement layer is
created. The model includes intervalence band absorption by holes supplied by
both current flow and two-photon absorption, as well as the direct two-photon
absorption effect. The resulting losses are compared with those in an identical
structure with a weakly doped waveguide, and shown to be substantially lower,
resulting in a significant improvement in the output power and efficiency in the

structure with a strongly doped waveguide.

Index Terms— high power lasers, laser efficiency, laser theory, semiconductor lasers

1. Introduction.

High-power pulsed diode lasers operating in the eye-safe region
of 1400-1700 nm are becoming increasingly important, for
applications ranging from EDFA pumping to laser radar
technology.

However obtaining high output power within this spectral range
is a more complex task than for shorter wavelengths of ~ 1 um
(see, for a recent example, experimental dependences 2 on
Figures 2 and 4 in[1]), owing mainly to higher optical losses at
high currents in InGaAsP and AlGalnAs quaternary compound
materials capable of laser emission in the eye safe range.

The origin of this effect is to a significant degree in the
accumulation of carriers in the OCL at high currents (see e.g.
[2] and references therein). The effect on this carrier
accumulation on optical losses is particularly strong in the
InGaAsP and AlGalnAs quaternaries, for at least two reasons.
Firstly, in quaternary III-V materials in the eye safe spectral
region, the free-hole Intervalence Band Absorption (IVBA)
cross-section, which scales the optical losses, is rather high (2-
6x10""7 cm? [3], [4], as opposed to ~1x10""7 cm? typical for
GaAs/AlGaAs materials at ~ 1 um). Crucially, the ratio of the
IVBA (free hole) cross section to the free electron absorption
cross-section, which is greater than one in all III-V materials, is
particularly high (almost two orders of magnitude) in the
quaternary materials [4] [5]: for the free electron absorption

cross section, a range of (0.1-1)x10"'® cm? has been quoted [5].
Secondly, the low hole diffusion coefficients in the OCL can
lead to a high density of inhomogeneously distributed
nonequilibrium carriers (both electrons and holes) in the OCL,
which has its origin in the carrier transport through the OCL and
in the carrier generation by two-photon absorption and leads to
optical and recombination losses as discussed in [2, 6].

In [7], we developed an analytical theory for the
inhomogeneous carrier accumulation in a weakly doped Optical
Confinement Layer due to the current flow and its influence on
the optical losses, showing that that mechanism was the
dominant one in broadened laser structures with a (near-)
symmetric position of the active layer (AL) such as the one
realised in Refs. [1, 8]. The theory, which has since been
confirmed by both numerical simulations [9] [10] and
experimental indications [9] [11], shows that, due to the
diffusion of the holes being much weaker than that of the
electrons, the inhomogeneous carrier accumulation at the p-side
of the OCL, between the AL and the p-cladding, is considerably
stronger than that at the n-side, between the n-cladding and the
AL. Later, the theory was extended to the case of doped OCL
[12]. The calculations based on this model show that, although
p-doping of the p-side of the OCL reduces the build-up of
nonequilibrium carriers caused by the current flow, the effect of
this on internal loss is, under all conditions and in all designs
studied, not as strong as the absorption by equilibrium holes
introduced by the doping itself. The net effect of p-doping on



the optical properties of the laser is thus always an increase in
the optical losses. At moderate currents, the effect of this on the
wall-plug efficiency can be overcome by the decrease in the
electrical resistance with doping; however at high currents, the
latter effect was shown [12] to be rather weak.

This dictates a strategy in counteracting the effect of the current-
induced carrier accumulation on the optical losses at high
power, namely using some type of a laser design with an
asymmetric position of the AL, much closer to the p-cladding
than to the n-cladding , ensuring that the p-OCL is thin, in the
extreme asymmetry case almost non-existent. In a version of
this design used by a number of teams (including ourselves) [ 13-
17], the asymmetric AL position is combined with the
asymmetry of the refractive index steps at the interfaces of the
OCL with the n-cladding (small step) and p-cladding (large
step), which is termed Extreme Double Asymmetric design
[14]. Such lasers allow single transverse mode operation in
arbitrarily broad lasers and have indeed demonstrated high
power pulsed operation (at A~1um) in broad-area designs.
Another design with the AL near p-cladding is that of the Slab
Coupled Optical Waveguide devices, including lasers
(SCOWL) and Amplifiers; see e.g. [18] and references therein),
which can have even lower built-in losses and has been used
successfully for high-power generation (at A~1um) in CW and
mode-locked regimes, albeit from relatively narrow stripes (in
broad area lasers, this design does not necessarily guarantee
single transverse mode operation).

However even lasers with an asymmetric AL position and
waveguide (operating at A~1um) still exhibit saturation of
optical power at high injection level [14] indicating the presence
of some optical losses increasing with current. At least two
mechanisms can contribute to this. The first is the
inhomogeneous current-induced accumulation of carriers (of
both signs simultaneously) in the n-OCL, which, although
weaker than the effect in the p-OCL, may become of some
importance if the n-OCL is very broad (a few micrometres, as
in SCOWLs for example) and the IVBA cross-section is high.
The second mechanism is related to the effects of Two-Photon-
Absorption (TPA), both direct and indirect, the latter being due
to Free Carrier Absorption (FCA) by TPA-generated carriers in
the OCL, most importantly IVBA by TPA-generated holes [19]
[2],[6]. As shown in our recent analysis [2, 6], the indirect effect
becomes important in waveguides with an asymmetric AL
location, in which the AL (the drain location for TPA-excited
carriers) is far from the mode peak (where the maximum of
carrier generation is located).

Here, we show that in lasers operating in the eye safe spectral
range, the effects of IVBA by nonequilibrium carriers can be
substantially weakened by strong n-doping of the n-OCL. Such
doping effectively removes both the carriers accumulated due
to the transport (in the doped material, the drift current
dominates [12], making for fast carrier transport towards the
AL) and those generated by the TPA (mainly by introducing
additional carrier dissipation through recombination). This is to
some extent counteracted by some carriers being supplied by
the doping itself. However, inhomogeneously distributed
carriers whose density is reduced by doping are both electrons
and holes in equal quantities, whereas only electrons are
introduced by n-doping. Since the free-hole absorption cross
section in InGaAsP quaternaries is much greater than the free-

electron absorption cross section, the net effect, unlike the case
of p-doping, is a pronounced reduction of loss. This effect will
be quantified and analysed below.

2. Analysis and Results.

A. The Structure Analysed

The InGaAsP structure, designed to emit at A=1.5 pm, is shown
in Fig. 1. The bulk InGaAsP AL, with the composition as in
[20], is located just ~0.15 pm (which is thus the thickness of the
p-OCL) from the p-cladding; the p-OCL is assumed to be
relatively highly doped (say 5x10'7 cm™); a similar doping
level is assumed at the adjacent part of the p-cladding itself. This
does not cause a strong optical loss due to the small thickness
of the p-OCL and weak penetration of the mode into the p-
cladding. Despite the broad total width of the OCL (A=3 pm),
the small refractive index step at the n-OCL/ n-cladding
interface ensures that the waveguide supports a single
transverse mode, whose profile is also shown. The calculated
fast-axis far field width is about 17 degrees FWHM.
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Fig. 1. (a) Schematic of the waveguide structure evaluated and the
corresponding intensity distributions in the (fundamental) transverse
waveguide mode; (b) the bandgap profile of the waveguide

The doping of the broad n-OCL is not fixed and is the main
subject of this paper. Below, it will be shown that the lowest
OCL optical losses at high injection levels can be realised in the
case of highly doped (with the ionised donor density
Np>10"8c¢cm™) n-OCL; however, the opposite case of very low
OCL doping (Np~10'"%cm®) will be presented for comparison
and reference.



B. Carrier Accumulation In The Optical Confinement Layer
At High Injection Levels

Following the previous work [6], we shall use the fact that as
long as the carrier densities in the OCL remain moderate
enough for the nonlinear recombination to remain negligible, as
is the case in this study, the transport problem in the OCL is a
linear one as regards the nonequilibrium carrier density for both
high and low doping. This allows us to separate the
nonequilibrium carrier density profile in the (n-) OCL
AN(x)=N,(x)=N,(x)—N, (Neand N, being electron and
hole densities) into three parts:
AN(x) = N ,+AN ;(x) + AN, (x) (1)

The first term, N, , in Eq. (1) is the spatially homogeneous
background due to the nonzero time of carrier capture and the
finite time of escape, which can be estimated (see [6] and
references therein) as:
J 2)
N, ~—rz_ +N,
b e d cap bT

a

where T is the characteristic time of carrier capture into the

AL, which can be expected to be very short (subpicosecond) in
our bulk active layer; we used (P 0.1 ps=const. The term

N,, describes the thermal escape from the AL into the OCL.

This value is determined by the laser parameters and the
separation between the quasi Fermi levels of electrons and holes
in the AL, which were obtained simultaneously with calculating
the current-dependent effective threshold, see Eq. (10) below.
Under room temperature operation (which is the subject of this
paper, which considers an operation regime under pulsed
pumping with the usual pumping pulse duration of ~ 10-100 ns,
so the laser operates in steady state, but the heating can be
neglected) it does not exceed ~10' c¢cm? in the structure
considered.

We shall consider next the inhomogeneous nonequilibrium
carrier accumulation due to the injection current flow AN (x)-

To the best of our knowledge, the n-OCL in high-power pulsed
laser diodes and semiconductor optical amplifiers is usually
undoped or relatively weakly doped (up to the ionised donor
density of Np<10'7 cm™) [8, 9, 15, 18]. In such a case, under
high injection level, the current mechanism in the n-OCL is
almost entirely ambipolar diffusion. As shown in [7], this
corresponds to the carrier (electron and hole) density
accumulated in the n-OCL due to the current flow increasing
linearly from the AL to the n-cladding interface
AN, (x) ~ L(la —x) (Fig. 2, the dashed curve):, where j is the
2eD,

current density, D., the electron diffusion coefficient (we used
the value from [21]; see Table 1), and I,, the n-OCL/AL
interface position.
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Fig. 2. Transverse profile of the current-induced nonequilibrium carrier density
AN; at a given current density (=50 kA/cm?) for different n-OCL doping levels.

As the doping increases, the drift component of the current
becomes increasingly important, and at Np>5x10'7 cm™ the
current is almost entirely due to drift. The distribution AN, (x)

for this case can be calculated following the approach of [12];
neglecting recombination, this results in a relatively simple
transcendental equation (Eq.(9) in [12]). With the materials of
Fig. 1, the calculated value of AN (x) does not exceed

~5%10'"® cm?<<Np (as shown in Fig. 2, the solid curve),

The contributions of free-carrier absorption by the current-
induced and thermally-excited carriers to to the internal loss can
then be calculated as in [6]:

lU

a\" % (o, +Gh)J[Nb —N,; +AN, (x)} w’ (X)dx (3a)
0

O!;FC) )= (O-e +O'h)(rnfoa +Fp—OCL)NbT (3b)

Here, y(x)is the amplitude profile of the transverse mode of the

laser waveguide, normalised so that Tz//z(x) de—15 see

—o

Appendix for more detail.

)

Fig. 3 shows the dependence of a;FC on doping for several

AN.

TPA
being. For the free-carrier absorption cross-sections, we used
0.~0.05x10"7 cm? [4, 5], ow~4x10"" cm? [3], both of which are
approximately in the middle of the range of values quoted in the
literature.

current density values, assuming negligible for the time
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Fig.3. n-OCL doping level dependence of the internal absorption due to current-
induced nonequilibrium carriers at different currents.

As can be seen in the figure, the doping significantly reduces
the absorption even at highest current densities. The value of
Np~3x10" cm™ is sufficient to reduce the absorption
significantly; further doping does not offer any appreciable
advantage in reducing absorption due to this mechanism.

We turn next to the carrier accumulation due to Two-Photon
absorption (TPA) in the OCL, which is represented by the third
term ANrpa(x) in Eq. (1), proportional to the square of the
optical power.

For the case of low-doped OCL, this effect was considered
theoretically in our previous paper [6], with calculations
performed for the case of GaAs/AlGaAs lasers working at A~1
pm. In that case, the carrier density was entirely determined by
their ambipolar diffusion towards, and subsequent capture into,
the AL. This can potentially lead to a substantial hole (and
electron) density in the OCL, which, just as the current-induced
carrier accumulation, increases the losses via IVBA. We note
that InGaAsP quaternaries operating at A=1.5 um, in addition to
having slower hole diffusion (we used the values from [21])
and higher IVBA cross-section than GaAs/AlGaAs materials,
also have a higher TPA coefficient (£=6x10% cm/W [19]),
which makes the effect of TPA-generated carriers potentially
rather detrimental. However, we argue that this effect, like the
current induced loss, can be reduced by n-doping the n-OCL.
For this absorption reduction to be effective, the level of doping
should be such that the recombination time of nonequilibrium
minority holes is comparable to, or smaller than, the
characteristic time of transport of those holes towards the AL.
This corresponds to the highly doped case, Np>>ANrpa, AN1pa
being the density of nonequilibrium carriers due to TPA (equal
for electrons and holes). In this case, current continuity
equations give a single differential equation for the hole density
ANrpa within the n-OCL (0<x<,,) in the form (see, for example,
[22]):

AN, “)

2
d AN dAN 1A 4 G(x) =0
T

TPA _ TPA _

"odx? " dx

D,

Here, Dy, is the minority hole diffusion coefficient; v, =, (
u, being the hole mobility) is the hole drift velocity in the
electric field /= j/(eu,N,), j being the current density and
4, the majority electron mobility. Thus, v, = ( u,/ ﬂe) jl(eN,)

; in this form it is clear that the expression contains a small
parameter up/t. and so under all realistic conditions we can
assume that the second term in (4) is negligible, which
substantially  simplifies the calculations. Furthermore,

-1

1 S, TP . _

r= (W +B, N, +Cpey NDJ is the carrier lifetime in the n
TNR

OCL, taking into account the nonradiative recombination with

. ocL L
a time 7, ~100 ns, spontaneous and Auger recombination

with coefficients Bocr and Cocy, respectively. Note that the fact
that this time is approximately constant (which in its turn is
ensured by the condition Np>>AN7p4,AN;) is what allows us to
consider AN7ps and AN; as two distinct populations which can
be treated additively.

Finally, the TPA-related generation term G(x), as in the case of
the low-doped OCL treated in [6], is given by

(OCL) 2
: [fj ' (x) (5)

Gx)= hiw \w

Here, ,BZ“’CL) is the TPA coefficient in the OCL, P is the

intracavity lasing power (for simplicity, we shall consider a
longitudinally lumped model here), w is the stripe width.
The boundary condition to Eq. (4) at the n-OCL/AL interface is

~0 (6)

x=l,—

AN,p,

(strictly speaking, there is a nonzero boundary value,
determined by the nonzero time of capture of TPA-generated
carriers from the OCL into the AL and the finite time of thermal
escape in the opposite direction, but estimates show that this
value is negligible).
The boundary conditions at the opposite, n-cladding/OCL,
interface in general, need to, firstly, ensure the continuity of
minority carrier flux and, secondly, reflect a potential barrier for
holes at the interface. In this paper, we restrict ourselves to the
case of a waveguide broad enough to ensure that the mode
intensity, and hence the generation term in the cladding is weak.
Then, the hole flux from the cladding to the waveguide is
negligible. At the same time, the barrier for holes is assumed to
be high enough to eliminate their flux from the waveguide to
the cladding (which can be achieved, for example, by strongly
doping the n-cladding compared to the n-OCL). Then, there is
no need to consider the nonequilibrium carrier density in the n-
cladding, and the approximate boundary condition, which we
shall use in this work, is written simply as

D dANTPA

" ik =0 @)

x=0+

The solution of Eq.(4) with boundary conditions  (6)- (7) is
relatively straightforward; the explicit expressions are shown in



the Appendix. The simulation parameters used are summarized
in Table 1.

TABLE 1. The main parameters in the calculations.

Parameter and notation Value Units from
electron diffusion D. 90 to

coefficient, Np =10'¢ to 40 cm?s | [21]
2x1018 cm?

hole diffusion coefficient, | Dx 2.2
Np~10'°cm?

hole diffusion coefficient, | Dx 1.3
Np=2x10'® cm™

free electron absorption Oe 5x10°1° cm? 4, 5]
cross-section

IVBA cross-section Oh 4x10°Y7 cm? 3]
TPA coefficient 52 6x108 c/W | [19]
Bimolecular recombi- B 1x10°10 cm’/s | [3]
nation coefficient
Auger recombination Coc | 1x10°% cm®s | [3]
coefficient, OCL L

Auger recombination C 8x10-% cm®s | [25]
coefficient, active layer
transparency carrier Nir 6.5x10"7 cm’ [20]
density

gain cross-section Og 3.1x101% | cm? [20]
cavity length L 2 mm

stripe width w 100 um

AR coating reflectance Rar | 0.05

HR coating reflectance Rur | 0.95

active layer thickness da 50 nm

Fig. 4 shows the calculated distributions of TPA-generated
nonequilibrium holes (and electrons) in the n-OCL for a given
optical power inside the resonator and either low, or very high,
doping (for the low-doped case, as in [6], the carrier transport
and distribution are determined by the ambipolar diffusion, so
the diffusion coefficient D,~2D; was used in calculations). A
substantial reduction in AN7p4 in the entire n-waveguide is seen,
including at or near the peak of the transverse mode intensity
distribution. Note that the same power corresponds to different
currents in the case of different dopings; the carrier distirbutions
at the same current will be shown below.
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Fig.4. Transverse profile of the TPA-induced nonequilibrium carrier density
ANrps at a given light power (P=30 W) for different n-OCL doping levels

The absorption due to AN7p4 is evaluated as in [6]:

la
apyy (0, +0,) [ ANy, (x,2)p (V)dx ®)
0

The results are shown in Fig. 5 as function of output power, for

low and high n-doping levels. As as in the case of 0(;24,

pronounced reduction of absorption by doping is seen. In the
case of TPA-generated carriers, however, it is the
recombination rather than the drift transport that mainly
depletes the carrier accumulation and hence reduces the
absorption.
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Fig.5. Power dependence of the internal absorption due to TPA-induced
nonequilibrium carriers for the doping levels in the n-OCL of 1x10'cm™ (1),
1x108cm (2), 2x10"%¥ cm™ (3), 3x10% cm™ (4).

The effect of OCL carrier recombination on injection efficiency
is assumed to be weak, firstly, because of the relatively modest
carrier densities in the n-OCL (see e.g. Fig. 2), and, secondly,
because the carrier recombination in the n-OCL is largely
balanced by the generation of carriers by TPA. Hence the
injection efficiency can be assumed to be approximately unity.
Then, we can calculate the output power using a transcendental
equation

. ho a,, L 9
P(l):_+(1_lm(l)) ©

e ama‘ +ain (l’ P(l))
where the output loss , _ 1, 1 was calculated

out 2L RHR RAR

assuming the high-reflectance and antireflection coated facet
reflectances Ryr=0.95, Rax=0.05, and the increase in the
effective threshold current value i,;(i) with current due to the
increased a, was taken into account in the calculations

simultaneously with calculating the current and power-
dependent losses as described below.

The internal loss was, as in [6], calculated as a sum of all
contributions

a, i, P@i) =
a4 a;FC) O+ @) +al, (P))

+aipe® (P(i) +a' ¥ (i)

(10)



The first term in (10), the constant built-in absorption a,.(,f““"i“) i

had to include the effects of both cladding and OCL doping, as
well as the contribution of the structure imperfections """

O’,i(:umii“) = O-e (Fn—L'lNgid + Fn—OCLND) (1 1)
p—cl —-OCL (imperf')
+Gh (Fp—cleI\ +1—‘])—OCLN,‘{: )+ ain vert
Note that, despite the mode overlap with n-OCL [° . being

larger than its p-side counterpart L)oo the condition a,>>0.

means that it is the p-side of the waveguide (p-OCL, barrier
layer, and p-cladding) that contributes the most to the built-in
loss, despite having a total overlap with the mode of just =0.07.
Assuming the imperfections contribution of 0.5 cm™., the total
built-in absorption was calculated to vary linearly with the n-
OCL doping level from 2.0 cm™ at Np =10'°cm™ to 2.9 cm™ at
2x10'8 cm™, given the overlap of 77, + 1 ~0.9 .In the

n—OCL
p-OCL and the part of the p-cladding adjacent to it, p-doping to
Na =5x10"7 cm™ was assumed.

(FC) (FC)
j T
Eq. (3a) and (3b). The thermal background hole density Npr

(FC)
T

In the case of a weakly doped n-OCL, this was done using the
formula of [23], and in the case of a strongly doped OCL, using
the activation formula similar to that of [24]:

Ny =N exp(_(E;)CL —AE;" +SE;, " ) [k,T).

Furthermore, the terms ¢!’ and « in (10) are given by

which determines ¢ via (3b), was evaluated from Ny(i).

in which NCOCL and EgOCL stand, respectively, for the
equivalent electron density of states and the bandgap of the

OCL, AE}" is the quasi Fermi level separation in the active

layer calculated from Ny(i), and 5E;;0CL is the electron quasi

Fermi level in the n-OCL measured from the band edge.
Estimates showed that, in our room-temperature case, the value
of Nyr was very small (~10'® cm™) in the low doping case and
negligible in the high doping case; however the situation can be
expected to be different in a true CW regime with associated
heating.

As regards TPA related contributions in (10), the effect of FVA

by TPA-created carriers !¢’

s, Was given by (8), whereas he

direct contribution ™% of the TPA to the modal losses was

TPA
calculated in the same way as in [6]:

(ocL) »
(mod) _, 2 4
Orpy~ ® J“/’ (x)dx
w —0

The final term in (10) represents the FCA by carriers in the actie
layer,

() =(0l” +0," )TN, (i) (12

, where I, is the active layer confinement factor, o'@ are the
e,

FCA cross-sections in the AL, and N, (i) is the current-

dependent threshold carrier density. For the gain-carrier density
relationship, we use the linear approximation
g§WN)=0,(N-N,) 13)
quite often used for bulk materials and validated [20] by the
fitting the dependence to experimental data; the gain cross-

section o, and the transparency carrier density N, were taken
from that paper and are shown in Table 1.

The active layer carrier density Nu(i) can then, using the linear
nature of both relations (12) and (13), be evaluated simply as

a 'in (l’ P) + aout 4 N

a a a
I, |:O'g —(O'j ' +o! ))J
Where o', (i,P)=a, (i,P)—aO@) is the
contributions in (10) except ¢{(i). The current-dependent

N, ()=

(14)

sum of all

threshold current is then evaluated as

i,(i)=ed, wL(N Iz, + BN, (i) +CN, i) 1s)
The Auger recombination coefficient C was taken from [25],
the spontaneous recombination coefficient B, from [3], and the
nonradiative linear recombination was taken as very weak
(zar~100 ns as in the OCL) assuming good material quality. The
iterative solution of (9) and (14)-(15) then allows the light-
current curve (Figure 6) to be calculated. Note that, in general,
Eq. (14) is itself transcendental. In the highly doped OCL case,
the negligible magnitude of the thermally escaped carrier

(FC)

density and the associated losses ¢ ~’means that the right-

hand-side of (14) does not explicitly depend on Ny, so for given
i and P at each step of the iterative solution, (14) is effectively
a closed-form equation, which simplifies the numerical

procedure. In the case of low OCL doping, 1-2 direct iterations
were enough to take into account a;F ©,

Note also that the use of the lumped equation (9) implies the
neglect of Longitudinal Spatial Hole Burning. In the structures
analysed, with a relatively high AR coated facet reflectance of
0.05 and the relatively short length of 2 mm, its effect can
indeed be expected to be quite weak; it becomes important for

longer samples and lower AR coating [10].

The calculated power vs current curves are shown in Fig. 6 for
the case of both lightly and strongly doped n-waveguide. The
advantage of the doped structure is clear. The origin of this
predicted advantage is mainly the reduction in the current-
induced carrier density, but the reduction in the TPA-induced
carrier accumulation plays a part as well.
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Fig. 6(a). Calculated light-current curves for low (Np=10'¢ cm™ - 1,1°,1°")
and high (Np=2x10'8cm™ - 2,2°2”*) n-OCL doping. 1,2 — all parameters as
in Table 1 (6,=5x10" cm?, g,=4 x10""7 cm?); 2’ - g,=1 x10" cm?; 2°’- 6,=1
%10 cm?  (b) As in Fig. 6(a); 1°,2’- 0;=2 x10""7 cm? 1,2~ ;=6 x10""7
cm?

The solid lines 1,2 in Figure 6 are calculated using the values of
the free electron and hole absorption cross sections g, » as shown
in Table 1. To illustrate the effects of the variation in these
parameters within the limits quoted in the literature, the dashed
curves 1’ and 2’ are calculated using the lowest value of the free
electron absorption (Figure 6a) and free hole absorption (Figure
6b) cross sections quoted, and the dash-dotted curves 1°° and
2”’, using the highest values. Note that the free electron
absorption cross section has virtually no effect on the output
power in the low-doped case, which is dominated by the free
hole absorption. In general, the variation in the absorption
cross-section does affect the absolute values of the power
simulated. However, the beneficial effect of high doping at high
power is always pronounced, particularly, as can be expected,
for high values of free hole absorption cross section.

It is worth noting that the performance of the structure proposed
here is predicted to compare quite favorably with the most
advanced, to the best of our knowledge, devices available
commercially (e.g. a device with similar cavity length, stripe

width, and reflectances has demonstrated a power of about 17
W at i=80 A; see Fig.2 in [26]).

It has to be pointed out also that the high doping in the n-OCL
has the additional advantage of ensuring a low voltage drop on
the n-OCL (or, in other words, a low equivalent resistance of
this layer) even at very high injection levels [12] thus allowing
some additional improvement in the efficiency of laser
operation. In most laser designs, it is the p-OCL layer that has
the highest resistance in the laser structure; however if the n-
OCL is very broad (several micrometers), which is often the
case in asymmetric waveguide structures, reducing its
resistance can offer noticeable benefit.

One may note also that structures of the kind proposed here are
characterized by a large equivalent spot size (d./,)>>1, where
d, and I, are the active layer thickness and confinement factor,
respectively). This makes them very suitable, not just for the
dynamically steady-state, long-pulse high power operation
considered above, but also for gain switched lasers emitting
optical pulses with duration ~100ps and peak powers of several
tens of Watts [13],[17],[27] [28].

3. Conclusions.

To conclude, we have proposed a (semi)-analytical model for
calculating the internal loss, and hence output power, in a
semiconductor laser or optical amplifier structure with a highly
doped n-OCL, including direct and indirect TPA effect as well
as carrier accumulation due to current flow. The calculations
presented were performed for an asymmetric waveguide
structure, but the expressions derived are generic. A substantial
(>40%) improvement of the output power by strong n-OCL
doping (compared to an identical but weakly doped structure) at
high pumping levels has been predicted.

It is worth noting again that the proposed method is nontrivial
and somewhat counterintuitive: we propose to reduce the free-
carrier optical absorption (at high current) by increasing doping
in the structure, whereas previous research indicates that doping
increases such losses by increasing the carrier density. The
absorption reduction relies on the relation 03> > o, (almost two
orders of magnitude in our case). The reduction of losses due to
FCA is then due to the fact that additional equilibrium carriers
supplied by n-doping are only electrons, whereas
nonequilibrium carriers accumulated at high currents, whose
density is reduced by doping (due to the change in the dominant
mechanism of transport from ambipolar diffusion to drift in the
case of current-generated carriers, and due to increased
recombination in the case of TPA-generated carriers), are both
electrons and holes.
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Appendix. The distribution of nonequilibrium carriers.

Within the OCL, the modal profile is calculated as
——cos(kx—@)> where K=27” ni, —n. 1s the

transverse wave vector of the waveguide mode in the OCL,
determined by the refractive index nocy of the OCL and the
effective refractive index np of the fundamental (TE) mode.
Unlike the case of a laser with a Quantum Well active layer, in
which the transverse waveguide properties of the laser are given
quite accurately by a simple, semi-analytical three-layer model
of [29], the bulk active layer in the design studied here affects
the waveguiding noticeably. Therefore, the value of ny, and
hence the effective mode size h.gand the phase shift g, can only
be, and were in our simulations, found using a numerical
multilayer solver.

Eq. (4), obtained in the strong-doping condition, is linear and
allows analytical solution using standard methods. Using the
expression for the modal profile as above and neglecting the
drift terms, the solution takes the form

AN(x)=N, exp(x/L,)+N_exp(-x/L,)+
+N,_, cos (2(kx—p))+ N, cos(4(kx—@))+ % Gyt

where 1 - [p 7 is the diffusion length, and the expressions of

the term amplitudes are:

_ G, : _ G, :
“2(1+4x°L) “ 814166 )
N —_ LDN('; exp(_la /LD)+Nla .
* 2cosh(l, / L,) ’
N = LDN;) exp(lu /LD)_Nla .
- 2cosh(l, /L)

is the amplitude of the TPA

where _Ap )| P
" heo | how
off

generation term, and
N, =N, cos(2(xl, - @)+ N,,, cos (4(xl, - ) +§cof

N,=2k(2N,sin4p+N_, sin2¢)
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