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Abstract

We present novel investigations of surface and bulk contributions to the
non-radiative recombination in InGaAs/AlGaAs (A = 0.98 um) RW laser
diodes. These enable us to explain earlier experiments, in which we
extracted the non-radiative and the radiative current components from the
power—voltage—current (P—V—-I ) characteristics measured well below the
threshold. From these experiments, the non-radiative current component
was identified as primarily related to surface recombination, which
increased during facet degradation, and could be decreased by a sulfur
treatment. In this paper, we use these experimental results to estimate the
drop of the surface recombination velocity after the sulfur treatment and to
give an upper bound for the bulk carrier lifetimes. This is done by
simulations of the V-I characteristics assuming that all non-radiative
recombination takes place either at the surface or in the bulk.

1. Introduction

Nowadays, due to the high quality of epitaxial layers produced
by modern growth and processing technologies, the lifetime
of semiconductor lasers is limited by the formation of internal
crystal defects in the bulk or at the facets of the laser structures.
Non-radiative recombination via point defects, and enhanced
defect reactions induced by these recombination events
[1-4], are the general origin of possible degradation processes
during laser ageing. The well-known catastrophic optical
mirror damage (COMD) is related to such non-radiative
recombination via surface defects, which leads in combination
with an additional optical self-absorption to a growing number
of recombination centres and finally to a thermal runaway
at the facets [5-7]. Therefore, technological efforts towards
an increase of the facet stability have to be focused on the
minimization of surface recombination, for example by facet
passivation measures [8] or by an introduction of window
regions adjacent to the facets with reduced current injection
and absorption [9]. In order to evaluate the success with such
efforts, techniques are needed that provide information on the
facet stability.

Some years ago, we presented a non-destructive method
which enabled the separate determination of radiative, /;, and
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non-radiative, I, current components in laser diodes and
which delivered information on the electronic facet stability via
monitoring /,,; [10]. To extract both current components, we
used measurements of the emission power, P, in dependence
on the voltage, V, well below the threshold and an iterative
analysis based on earlier theoretical models [11] and [14]
which will be described shortly in section 2. With this
method, we were able to demonstrate that changes of /., in the
low-current region corresponded very sensitively to changes
of the electronic facet stability and that facet degradation
during ageing became observable by measurements of 7, well
before COMD occurred. The experiments were carried out
at InGaAs/AlGaAs ridge waveguide (RW) laser structures.
We realized, by surface treatments with NH4S, resulting in a
decrease of I, over more than one order of magnitude, that the
observed changes, Al,;, of I, are due to surface reactions only
[11,12].

However, for laser diode structures there is no
exact information on the quantitative change of surface
recombination due to facet degradation or special surface
treatments at present. To our knowledge, measurements
of surface recombination velocities are usually performed
on broad area wafer samples or special structures, as
described in [13] for GaAs/AlGaAs heterojunction bipolar
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Figure 1. Schematic top (@) and front (b) view of the ridge
waveguide laser structure under investigation. The coordinate
system underlying the simulations and the different components of
the electrical current and current density are shown.

transisitors, which were sensitively affected by changes of
surface conditions. In our experiments where the (110) and
(—110) surfaces of laser diodes were treated with NH4S, the
question was open whether the remaining /,,, results from
surface recombination (albeit reduced) or is already limited
by non-radiative recombination in the bulk.

To answer this question, simulations of the subthreshold
voltage—current characteristics of the laser diodes are
necessary, taking into account surface as well as bulk non-
radiative recombination. But a general three-dimensional
(3D) model of laser diodes, which would allow us to treat
surface and bulk effects on an equal footing, is not available.
Therefore, we have used two models—one for the surface and
the other for the bulk contributions. The first model is an
extension of an older analytical quasi 3D model [14] which
was, in its two-dimensional (2D) version, the base of the fitting
procedure for the experimental determination of /; and /,,;, as
described below. For the simulation of the bulk recombination,
we used the 2D drift—diffusion simulator WIAS-TeSCA [15].

In section 2, both models and the fitting procedure are
briefly described. In section 3, simulations of the -V
characteristics of InGaAs/AlGaAs RW laser diodes are
presented and compared with experimental results. A brief
summary completes the paper.

2. Modelling

2.1. Surface currents

In order to calculate the current component due to surface
recombination, the distribution of the current densities must
be known. We consider only the hole current density in the
p-doped region because of the broad-area n-contact at the n-
doped substrate and the much higher mobility of the electrons.
Furthermore, minority currents are neglected. A scheme of
the laser diode and its internal current distribution is given
in figure 1. The current is injected only along the narrow
p-contact stripe. Due to the current spreading effect, a part of

the current flows parallel to the junction in the p-doped layer.
The only way that this current can leave this layer is by passing
through the junction or by non-radiative recombination with
electrons at the surface. Infigure 1, this current flow is depicted
schematically. The model was presented several years ago
[16, 17] and will shortly be described in what follows.

The 2D current density j, in the p-doped layer contains
only a drift component which is proportional to the gradient
of the electrostatic potential,

Jp=-0Vo, (D
where o is the hole conductivity and V = (d/dx, d/dy).
The electrostatic potential ¢ is measured on the p-side of the
junction with respect to the n-type base. On the other hand,

an averaging of the continuity equation yields for the current
density through the junction

Ji = —tVip, 2)

where ¢ is the thickness of the p layer. Below laser threshold the
current through the p—n junction can be approximated through
the well-known expression

Jix, y) = Jgefee, 3)

where exp(B¢) > 1 has been assumed, Jg denotes the
saturation current density and § = ¢q/nkT (g elementary
charge, n ideality factor and kT thermal energy). The series
resistance in the z-direction can be neglected.

Combining equations (1)—(3), we obtain for the potential
distribution ® = B¢ the partial differential equation

P PO BJ 4
I R
Equations (3) and (4) have reduced the originally 3D problem
to a2D one in the x—y plane for ®(x, y). Surface recombination

currents can be introduced in this plane via the boundary
conditions
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using an ideality factor » = 2 as a rough approximation
for surface currents according to [18]. S, represents the
recombination velocity at the front and rear facets, and S,
the same for the lateral surfaces. Lg is a surface diffusion
length [18]. The other boundary conditions are

P 0P
. ol —Ejo(y) 0
Y ly=0 o

with jo(y) = jp(0, y) the x-component of j, at x = 0.

For the whole boundary problem, we have found an
analytical solution for ®(x, y) as published in [14] and used
here for calculations of the /-V characteristics including
surface currents. Details are given in appendix A. For
comparison with experiments, our interest is focused on the
calculation of the total current / through the laser diode
structure,

=0 and

0x |,

I =1.+2I, ®)
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consisting of the uniform current under the contact stripe /.
and the current /) flowing in the region adjacent to the stripe
as illustrated in figure 1. The lateral current is given by

L2
Io = 2t f Jo(y) dy, ©)
0

and the current under the stripe

L2
I = 2st/ e®@N dy 4+ 2wgn; S, Lg e®OL/D/2
0

= Iep + Les, (10)

where the subscripts b and s refer to bulk and surface
components, respectively. Here we have to consider that both
contributions to /, I as well as /., contain surface currents from
outside the stripe or from the facets in the stripe region itself,
respectively.

Finally, the forward voltage V' is given by V = ®(0, 0)/8.

2.2. Extraction of radiative current component and fitting
procedure

For our experimental observations of surface currents, the
crucial point is to determine the radiative component /; in
the current—voltage (/-V') characteristic and to subtract /;
from the measured current / which provides the non-radiative
component I, = I — I. This current [, is the focus of our
interest for investigations of surface recombination. The
extraction of [, from the /-V characteristic can be done by
a so-called P-V—I analysis, based on an analysis of the power—
voltage (P-V') characteristic together with the P—/ and -V
dependencies, as we have described it in [10].

The procedure uses the experimental observation that
under all surface treatments in our experiments the P—V
characteristic remained unaffected, even in cases where the
I-V and P-I characteristics showed strong changes.

As outlined in appendix B, for low injection (small
voltage) the optical power P is proportional to the current
I;. Therefore, a semi logarithmic plot of the PV characteristic
has to exhibit a straight line in this region of low injection. The
appearance of such a straight line in the log(P)-V characteristic
is the first criterion for a possible application of the P-V-/
analysis. The next one is success in performing an iterative
fitting procedure between simulated and measured P-V, P-/
and /-V characteristics for the whole current range. This
procedure is described in [10—12]. Modelling of P is based
on the analytical solution of the current spreading problem,
as outlined in the preceding subsection and in appendix A,
and explained in appendix B. The analytical model used
in the fitting procedure allows a much quicker analysis of
experimental P—V—/ curves than a numerical solution.

The P-V-I analysis will be illustrated for the case of the
I; determination, as shown in figure 2 and used in figure 4.
It starts with a comparison between simulated and measured
P-V characteristics. The simulation is performed neglecting
surface recombination and non-radiative recombination in the
bulk (‘infinite’ 7,,;) which corresponds to an efficiency n; = 1
and an identity / = I, in the low current range according to
(B.2) and (B.4). In the experimental P(V) curve the case
of low injection is realized, where the straight part of the
log(P)-V characteristic appears. Under these conditions,
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Figure 2. Illustration of P—V—[ analysis. P-V (a), I-V (b) and P/
(c) characteristics. Points (A): measured data; full curves

(C): extracted radiative current /. In (c¢), pluses (B) denote the
measured data (A) corrected by the non-radiative current /,, = — I,.
The optical power P is expressed in elementary charge times
number of photons per second.

shifting the experimental curve along the logarithmic scaled
P axis in figure 2(a), at the coincidence of both curves in the
low injection range, the PV characteristic is identified with
the radiative component /,—V in a first approximation. Such
movement of the experimental curve is necessary, because
the measured P values are given in relative units and deviate
from the simulated ones by an unknown factor. After the
determination of I—V, it is introduced into the experimental
I-V characteristic in figure 2(b), where the difference between
I and [, gives the non-radiative current /,,, = I — [.. Using
this 7, in figure 2(c) the experimental P(/) curve can be
corrected into P—/; by subtracting [y, in the abscissa from the
measured / values. In the double-logarithmic log(P)-log(/)
plot, this procedure must lead to a straight line fit along the
diagonal of the figure in the low current range (P is expressed in
elementary charge times number of photons per second). The
calculations of P(V'), I(V) and P(I;) are repeated, with the
saturation current J from equation (3) as a fitting parameter,
until correspondence of both the complete P—V and the P—
(I — I) plots in the low injection range are achieved. The
IV curve calculated with the final J; represents the radiative
current—voltage /.—V characteristic for the whole current range,
as it is used here in figure 4.

2.3. Bulk recombination currents

The simulation of the /-V characteristics without accounting
for surface recombination was performed with the numerical
simulator WIAS-TeSCA [15]. It solves the Poisson equation
and the continuity equations for the electron and hole
current densities two-dimensionally, taking into account Fermi
statistics. At the heterojunctions, continuity of the electron and
hole electrochemical potentials is assumed. We simulated the
current flow in the plane perpendicular to the junctions and
resonator axis (x—z plane). Along the y-axis, the current flow
is homogeneous here because of the neglect of the surface
recombination. For symmetry reasons, only one-half of the
device is simulated.
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Figure 3. Electrochemical potential (¢) and hole current densities
(b) at V =1V in the p-doped layer above the active zone versus
lateral position x. Simulated with WIAS-TeSCA two-dimensionally
(no surface recombination). Inset: magnified graphs for x < 10 um.
Full curve in (b): z-component (left axis); dashed: x-component
(right axis) of hole current density.

The recombination rate entering the continuity equations
is given by

1
R =
|:‘L'n(p +n;) + p(n +ny)

+Bo+Cnn+Cpp] (np — nopo), (11)
where n and p are the electron and hole densities, respectively,
ng and py are the corresponding equilibrium carrier densities
and n; is the intrinsic carrier density. The different term in the
brackets describe recombination via deep centres (Shockley—
Read-Hall (SRH) recombination), radiative recombination
and Auger recombination. In what follows we vary the SRH
carrier lifetimes 7, and 7, and the coefficient By in order to
achieve a correspondence between the simulated and measured
I-V characteristics. The Auger coefficients were fixed to
Co=Cp=2x 10" cm®s7",

In figure 3, the profiles of the electrochemical potential
(a) and the x and z components of the hole current density
(b) slightly above the active zone are depicted for a forward
bias of 1 V. The carrier lifetimes and radiative recombination

current I/A

voltage/V

Figure 4. Full curves: experimental current—voltage characteristics
before (A) and after (NH,4),S, treatment (B) together with extracted
radiative current /, (C). Dashed: current—voltage characteristics
simulated three-dimensionally with surface recombination velocities
S1=8=5x10cms™ ' (D)and 1 x 10° cm s~! (E).

coefficient were 7, = 7, = 500 ns and By = 1.3 x
1071 cm?® s, respectively. It is clearly seen that the current
spreads till the device boundary.

3. Results

3.1. Surface currents in InGaAs/AlGaAs laser diodes

In earlier experiments as cited above [10], we have
demonstrated by NH4S, surface treatments that below
the threshold the non-radiative current component /I, in
InGaAs/AlGaAs laser diodes is dominated by surface
recombination. Here we relate the observed large reduction
of the current over more than one order of magnitude to a
corresponding lowering of the surface recombination velocity,
S. This is done by the simulation of the current distribution
within the diode laser structure, taking into account the surface
currents as described in section 2.1.

The experiments were carried out on GaAs-based RW
laser diodes emitting at 984 nm. The active zone consisted of
two 5 nm thick Ing4Gag 76As quantum wells (QWs) separated
by a 10 nm thick GaAs barrier. It was embedded in GaAs
spacer, Alp,3Gag72As waveguide and Alj 30Gag70As cladding
layers. The width of the ridge was 3 um.

In figure 4, the results of both the simulation and the
experiments are shown. Curve A represents the original
measured /-V characteristic, curve B the same after the
NH,4S, treatment, and curve C the radiative current component,
derived from the ‘P—V-I analysis’ of the curves A and B
as described in section 2.2. Curves D and E are calculated
characteristics with S =5 x 106cms~'and I x 10° cm s~!,
respectively.

In the simulations, a constant recombination velocity S =
S =S, was assumed to exist at the (110) and (—110) surfaces.
Furthermore, because in our model the surface recombination
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is introduced via equations (5) and (6) by the product n; x (S X
Ls), we had to estimate values for the intrinsic concentration
n; of the material in which the surface space charge region is
localized along the p—n junction perimeter, and the ‘intrinsic
surface diffusion length’ Lg for this region, as defined in [18]
for bulk lasers. In multi-layered structures with QWs, as used
here in our laser diodes, the n; and Lg values are given by the
materials and by the layer thicknesses around the p—n junction,
respectively. In [18], it was already mentioned, that in cases of
low layer thicknesses, Lg corresponded to these thicknesses,
rather than to the larger diffusion length.

According to scanning electron microscope (SEM) and
electron beam induced current (EBIC) measurements, the p—n
junction was positioned slightly above the active zone—a more
precise localization (with exact correspondence to a layer or
interface) was not possible in the frame of the measurement
accuracy. From that we estimated the product n; x Lg via
the intrinsic concentration n; = 1.7 x 10° cm~ of GaAs and
Ls =2 x 107° cm as twice the layer thickness of ~107% cm,
to be about 1; X Lg = 3.4 cm™2. This value is not so far from
the product 2.8 cm™2 as it was used in [18] and which is hence
applied here, too.

Curves D and E in figure 4 were simulated for a
temperature of 300 K with the following parameters: cavity
length L = 1100 pm, chip width b = 400 pum, effective ridge
width w = 5 um, active zone (DQW) thickness tpoz = 1.2 x
107° cm, conductivity times thickness of the p-type layers
ot = 1.0 x 1073 A V!, and saturation current density J; =
5.6 x 1072* A for the radiative current component, I, as final
fit from the ‘P—V—[ analysis’.

Comparing the experimental and simulated characteristics
in figure 4, and regarding the original non-radiative current
component as being due to surface recombination, we can
conclude that the original surface recombination velocity was
about 5 x 10° cm s~!. An exact fit is not possible because of
the assumed ideality factor n = 2 for surface currents and the
nonlinear behaviour of the experimental curve (A), obviously
due to surface term recharging during the /-V measurement
[10]. After the NH,4S, treatment, the recombination velocity
was reduced by a factor of 50 down to about 1 x 10° cm s/,
if we assume that the surface recombination (albeit reduced)
is still responsible for the remaining non-radiative current.

3.2. Bulk recombination currents in InGaAs/AlGaAs laser
diodes

The remaining non-radiative current component could be also
caused by bulk recombination. In this case, the resulting
surface recombination velocity is even smaller than 1 x
10° cm s~! as determined above. In order to investigate
this, we simulated the /-V characteristics by the numerical
simulator ‘WIAS-TeSCA’ [15] as described in section 2.3,
neglecting surface recombination in contradiction to the
foregoing interpretation.

In figure 5, the /-V characteristics measured before (curve
A) and after (curve B) the NH4S, treatment together with
the characteristic of the radiative current component C are
again shown, identical to figure 4. At first and as a proof,
it was necessary to fit the /;—V characteristic (C). This was
done successfully with a simulation using 7, = 7, = 10° s
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Figure 5. Full curves: experimental current—voltage characteristics
before (A) and after (NH,4),S, treatment (B) together with extracted
radiative current /, (C). Dashed: current—voltage characteristics
simulated with WIAS-TeSCA two-dimensionally with SRH
lifetimes 7, = 7, =500ns (D) and 7, = 7, = 10° s (E).

(‘infinite” SRH lifetime) and By = 1.3 x 107'° cm? s~! in
the whole structure, giving curve E. The coincidence between
curves C and E is remarkable. It demonstrates both the correct
extraction of the /,-V characteristic from the experimental data
using the ‘P-V-[ analysis’ and the correct modelling by the
numerical simulations with the chosen parameters.

The experimental determination of the radiative current
component /; via the ‘P—V-I analysis’ is independent of the
value of radiative recombination, which was introduced with
the coefficient B into the fitting simulation, because of the
choice 1; = 1 in the iterative fitting procedure. Therefore,
fitting of the experimentally found /,—V characteristic with
simulations, using infinite carrier lifetimes for the SRH
recombination in the bulk, provides the possibility of
determination of By itself.

Finally, our interest was focused on a fit of the
experimental curve B after the NH,S, treatment. Curve D
in figure 5 demonstrates, that this was possible with 7, = 7,
= 500 ns in the whole laser structure, i.e., inside and outside
the QW. Additional calculations have shown that the fitting
is almost independent of the lifetimes 7, and 7, outside the
QW, except for values less than 10 ns. This result means
that the non-radiative current which remained after the NH4S,
treatment could be explained by bulk recombination only. The
large values of the SRH lifetimes reveal the high quality of the
epitaxial layers in the investigated laser structures. Because
in reality the surface recombination did not vanish completely
after the NH4S,, treatment, the bulk SRH lifetimes have to be
even higher.

4. Summary

We presented novel investigations of surface and bulk
contributions to the non-radiative recombination in
InGaAs/AlGaAs (A = 0.98 um) RW laser diodes. These
enabled us to explain earlier experiments, in which
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we extracted the non-radiative and the radiative current
components from the power—voltage—current (P-V-I)
characteristics measured well below the threshold. By a
comparison of the experimental results with simulations we
found a reduction of the surface recombination velocity by
a factor of 50 from about 5 x 10% cm s~! down to 1 x
10° cm s~ ! by a treatment of the facets with NH,4S,. The non-
radiative current component remaining after that treatment can
also be explained by non-radiative bulk recombination only
with carrier lifetimes greater than 500 ns—a surprisingly high
value. We believe, that the presented procedure can be used
to qualify special treatments of the facets of laser diodes in
order to increase the COMD level and to optimize the epitaxial
structure.

Appendix A

Solution of equation (4)

The boundary value problem (4)—(7) of section 2.1 has the
analytical solution

D(x,y) =co—2InY(x,y) (A1)
with
v = i sin(cix +¢;) B ch(cyy)
B | cos (”lb +0) A sh(%)
_ [sin(cix + ¢)) N B ch(cly)] (A2a)
L @3 A n
or
y_ [ch(cix +¢2) B cos(ery)
B _sh(% +cz) Asm(“L)
_ [ch(cix + cz) B Cos(cly)] (A20)
L 3
or
_sh(clx + c2) B cos(c1y)
w = cib c L
_ch(‘T + cz) A sm o=
_ [sh(cix +c)) B Ecos(cly)] (A20)
L N A g

as we have shown partially (A.2a) in an earlier publication
[14]. Here, applying this solution (A.2) for surface current
calculations, we have to take into account, that expression
(A.1) for the potential together with (A.2a), (A.2b) or (A.2¢)
is valid for the three regions

J. B\?
2*—’3 > A2 — <—) >0 (A.3a)
ot V3
and
Js B AN’
2258 S B2 (—) >0 (A.3D)
ot n3
and
J. A2
25—’3 > B+ (—) (A.3¢)
ot N1
respectively.

Conditions (A.3a) to (A.3c) follow from insertion of
expressions (A.1) and (A.2a) to (A.2¢) into the differential
equation (4) of section 2.1, with the definitions

b
o3 = COS (% + cz) (A.4)
C1L
=sh|{ — A.5
s < > ) (A.5)
b Clb
Ny =ch —+6‘2 n3=sh| —+c (A.6)
2 2
. C1L C1L (A7)
gy =sin{ — |, gg=cos| —|. .
1 S1 B 3 )

Finally, the /-V characteristic is followed by a point-wise
calculation of [/ (cp), V (co)] pairs with chosen values of the
parameter ¢o. The other parameters ¢; and ¢, necessary for
the calculation of @, are given with ¢, via equation (4) and the
boundary conditions (5)—(7) in section 2.1.

Appendix B

Relation between current and emission power

Below the threshold and neglecting surface recombination, the
radiative current j; as a function of the injected dp is given by

(B.1)

Here daz denotes the thickness of the active zone (AZ), ng the
equilibrium majority carrier density (AZ assumed to be of
n-type) and B the coefficient of radiative recombination,
which is assumed to be constant (actually only valid for
Boltzmann statistics).

Due to non-radiative recombination in the bulk, the total
current through the junction includes a non-radiative part, too,

jr = quZ Bo(l’l() + 5[))8[}

. p
Ji=Jr+qdaz — (B.2)
nr
where 7, is the minority carrier lifetime of non-radiative
recombination.
For the electroluminescence power Pyaz, per volume of
active zone, the dependence of §p can be described with the

following expression:
(B.3)

Equations (B.1) to (B.3) are valid as long as §p exceeds
the intrinsic carrier density significantly (§p > n;). In the
absence of surface recombination, both equations (B.1) and
(B.3) become independent of the position y and the originally
quasi 3D boundary value problems (4) to (7) reduce to a 2D
one in the x—z plane, with an x-dependent concentration §p(x).

From (B.1) and (B.2) the concentration §p can be derived
as a function of the total current j; = j, whereas j itself
follows from equations (8) to (10) with solutions (A.1) and
(A.2), as described in section 2.1 and appendix A. Insertion
of §p from these calculations into (B.3) provides Pyaz(j) and,
after integration over the position x, the total emission power
in dependence of the total current and the device voltage.
This yields finally the P—V—I characteristics without surface
recombination.

Pyaz = qBo(no +8p)dp.
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However at low injection, below the onset of current
crowding under the ridge, the current densities j, and j; can
be assumed as nearly homogeneous over the whole chip
area. Hence, the optical power P can be assumed simply
proportional to jj,

Pyaz = ni ji (B.4)
with an ‘internal’ efficiency
Bo(no +8p) (B.5)

" Bolno +6p) + L/t
In the ‘P—V-I analysis’ for j. determination, as described in
section 2.2, the simulations implement ‘infinite’ lifetimes 7,
or 1/t = 0, which leads to an identity between the densities
Pyaz and j; = jj or the total values P and /, at low injection.
This will be used in the corresponding fitting procedure
between the simulated and measured P(V') curves, when in the
low current region, where proportionality (B.4) is satisfied, the
measured P(V') characteristic is identified with the simulated
I(V)=1I(V) curve.
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