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Above-Threshold Leakage in Semiconductor Lasers:
An Analytical Physical Model

Igor M. P. Aarts and Edward H. Sargent

Abstract—We present an analytical physical model for
above-threshold leakage in semiconductor lasers. The model
can be applied to estimate whether heterobarrier lowering and
accompanying overbarrier leakage are within reach of having
serious deleterious effects on laser performance. The model uses
two-dimensional fully self-consistent numerical equations that
arise from comprehensive systems of partial coupled differential
equations. The effect of temperature and doping on laser efficiency
is analyzed for two lasers, one designed for operation at 1.3m
and the other at 1.55 m. Both devices are assumed to be built
in the InGaAsP-InP material system. We show that, even in a
1.55- m laser, overbarrier leakage can cause severe performance
degradation at typical operating temperatures and doping levels,
and we argue that overbarrier leakage deserves to be treated as
a potential threat to laser performance at telecommunication
wavelengths.

Index Terms—Analytical model, doping, internal efficiency,
overbarrier leakage, semiconductor laser, telecommunication,
temperature.

I. INTRODUCTION

T HE above-threshold efficiency of semiconductor lasers
emitting light at 1.3 m and 1.55 m has attracted signif-

icant attention over the past twenty years. The use of lasers in
CATV distribution systems and in emerging metropolitan-area
networks further exacerbates the need for efficient operation of
uncooled lasers. By eliminating the need for active cooling, the
development of uncooled lasers achieves cost reduction, low
power consumption, and compactness [1].

Westbrook and Nelson [2] proposed an analytical model for
electron leakage in 1.5-m separate-confinement heterostruc-
ture lasers but neglect the role of leakage of active region car-
riers over the heterobarrier into the minority contact (overbarrier
leakage). Kazarinov and Pinto [3] quantified explicitly the role
of overbarrier leakage in double-heterostructure semiconductor
lasers. They explored the role of injected forward current in low-
ering the confinement barrier for the electrons. In their model,
the authors considered simultaneously Poissons’s equation, cur-
rent continuity for electrons and holes, drift and diffusion, Auger
recombination, Shockley–Read–Hall recombination, and spon-
taneous and stimulated emission terms. They explored the role
of forward current and temperature on thermionic emission of
electrons from the active region and, consequently, on internal
quantum efficiency.
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If the mechanism of heterobarrier lowering using fully self-
consistent numerical simulation [3], [4] and reported experi-
mentally in [5] can, indeed, represent a significant cause of ef-
ficiency degradation, then the laser designer will benefit greatly
by having a simplified, direct, analytical model, and correspond-
ingly straightforward physical understanding of this effect. Be-
fore proceeding to obtain two-dimensional (2-D) fully self-con-
sistent numerical solutions to the comprehensive system of cou-
pled partial differential equations, a simplified model could be
applied to estimate whether heterobarrier lowering and accom-
panying overbarrier leakage are indeed within reach of having
serious deleterious effects on laser performance.

II. M ODEL

We seek in this work to consider the role of overbarrier
leakage in isolation from all other mechanisms potentially
responsible for above-threshold efficiency degradation. Such
other effects include parallel leakage, injection-level-depen-
dent free carrier absorption, and Auger recombination and
associated carrier heating. We take each of these effects to be
a parameter in our model. Thus, full consideration of all such
mechanisms combined is readily achieved by parameterizing
each according to its dependencies on structure and bias. In
this work, we consider instead the direct impact of overbarrier
leakage on efficiency degradation assuming that all other effi-
ciency-degrading mechanisms remain fixed above the lasing
threshold.

We begin with [3, eq. (4)]

(1)

The meaning of each symbol is explained in Table I and il-
lustrated in Fig. 1. In this work, except when stated otherwise,
we use the material parameters given in Table I, obtained from
[6], for bulk lasers operating at 1.3m.

The effects explored in this work are important in both bulk
and quantum-well (QW) lasers. In the quantitative portions of
this work, we consider for illustrative purposes the case of bulk
lasers. This approach applies to the case of overbarrier leakage
from the (bulk) separate-confinement heterostructure (SCH) re-
gion of a QW laser as well. To consider leakage directly from
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TABLE I
MATERIAL PARAMETERS

QW states to a bulk material, it is necessary to modify the effec-
tive density of states used in the relation between carrier density
and quasi-Fermi energy.

As explained in [3], the quantity represents the potential
drop in the depletion layer. This quantity is in turn related to the
properties of the heterostructure at equilibrium and to the degree
of forward injections:

(2)

where represents the built-in voltage at zero bias, repre-
sents the bias required to separate the quasi-Fermi levels inside
the active region (a quantity which is very well approximated
by a constant value above the lasing threshold), andtakes
on the same meaning as in (1).

Upon substitution of (2) into (1), it is clear that the solution
for the extent of heterobarrier lowering for a given forward cur-
rent density must be found using iterative methods. However,
for small relative to the rate of change of the
right-hand side of (1) with is small compared to the rate of
change of the left-hand side. It may be seen from Fig. 2 that,
over a broad range of parameters, the solution for from (1)
is approximated well by neglecting its influence on.

As a further simplification, the behavior of (1) may be sub-
divided into two regimes: one which is linear inand another
which is logarithmic in For current densities less than

(3)

(a)

(b)

Fig. 1. (a) Schematic band structure of the laser.V is the potential drop in the
depletion layer,�E is the valence band discontinuity, andq�V is the change
in hole quasi-Fermi level at the p-cladding to active region heterojunction. (b)
Flow diagram of currents inside the laser. Since electron leakage dominates the
total leakage flow, the current density of holes which reach the active region
is the total amount of forward injected currentJ minus the recombination
currentJ : J ; the current density injected into the active region, is the
forward current which determines the degree of heterobarrier lowering as in [3]
and (1) of this work.

(1) may be approximated by

(4)

We label this theresistive regimeof the heterojunction
characteristic. In (4), is given by

(5)
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Fig. 2. �V as a function of current. The thick line denotes the exact value for
�V; whereas the circles denote the approximation. The percentage difference
between the exact and the approximate result is indicated with triangles. The
approximate and exact values agree within 5%.

In comparison, for current densities substantially above the
transition current density, the dependence of Fig. 2 corresponds
to adiode-like regimeof heterojunction behavior

(6)

where

(7)

In Fig. 3, we plot the exact value of for reference and
plot the approximations of (4) and (6).

Whether the heterojunction – characteristic takes on a
resistive or a diode-like character determines the qualitative and
quantitative picture of overbarrier leakage. Considering drift
and diffusive leakage of electrons into the p-cladding layer, we
write [7], [8]

(8)

where is the p-cladding layer thickness. In the limit of a
p-contact, which is far in terms of minority carrier diffusion
lengths from the active region, we may approximate (8) by

(9)

Using Boltzmann’s approximation, we may relate the leakage
current out of the active region to the (known) carrier density
within the active region

(10)

Fig. 3. Approximations and exact value of�V versus current. The thick
line denotes the exact value for�V; and the circles and triangles denote,
respectively, the approximations for the resistive and diode-like regimes. The
transition current is:J = 1:1� 10 A/m .

where is the initial confinement barrier at zero for-
ward bias. We see that drift leakage is of the same magnitude as
diffusive leakage when We therefore define a tran-
sition current between diffusive dominated and drift dominated
regimes

(11)

If the current is below this value, then diffusion will dominate
and we can simplify (10) by discarding the influence

(12)

Above this transition current, drift will dominate:

(13)

In Fig. 4, we plot the exact value of for reference and plot
the approximations (12) and (13).

We are now able to apply the approximation for into the
different regimes of the leakage model. In this particular case,
we use the parameters for a laser operating at 1.55m at 350
K, also listed in Table I, which permits us to illustrate a case
of great technological relevance. It is clear that one cannot use
the resistive approximation for in the case of drift leakage,
nor can one use the diode-like diffusive approximation when

Using (4) and (6) combined with (12) and (13), the four
regimes can be expressed analytically as

(14)

where , , and are independent of (do depend on
etc.). In Fig. 5, we show the appropriate approxima-

tions when using (14).
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Fig. 4. Leakage current versus forward current. The thick line represents the
exact leakage current using (10). Circles denote the diffusive approximation at
currents below the transition current and triangles denote the drift approximation
above the transition current. The transition current is:J = 2:3�10

A/m .

It is apparent that the qualitative dependencies on forward
current density differ markedly in the resistive and diode-like
regimes. This has important implications as to the anticipated
qualitative dependence of the light–current characteristic. We
can write

(15)

As illustrated in Fig. 1(b), the internal efficiencymay be
written

(16)

By using (16) on the four regimes in (14), we find for the
internal efficiencies

(17)

Knowing that typical threshold values are 1 10 A/m ,
we show in Fig. 6 the internal efficiency as a function of
current. The bold line is calculated using the exact values
for and (10). Using parameters for the 1.3-m laser at
337 K, outlined in Table I, the transition currents are equal,

A/m , just above
threshold. This indicates that we should use the resistive/diffu-
sive- and diode-like/drift approximations, the first and fourth
equation from (17), respectively. Because the transition current
is almost the same as the threshold current, the approximation
for currents higher than threshold is well approximated by the
diode-like/drift approximation, as can be seen in Fig. 6.

Fig. 5. Approximate leakage currents versus forward current. The thick line
denotes the calculated leakage using (10). The open markers represents the
approximations, respectively, from low to high current: the resistive/diffusive-,
diode-like/diffusive-, and the diode-like/drift approximations.

Fig. 6. Internal efficiency as a function of current. The thick line represents
the exact value of the internal efficiency calculated using the exact value of
�V and (10). Due to the fact thatJ = J ; we are using the
resistive/diffusive approximation, denoted by circles, and the diode-like/drift
approximation denoted by triangles.

III. CONSEQUENCES

In this section, we use our model to explore the effects of
several physical laser parameters on the internal quantum effi-
ciency within two devices, one designed for operation at 1.3m,
the other at 1.55 m. Both are assumed to be built in the In-
GaAsP-InP material system. We begin by using values from
Table I and varying the temperature. Fig. 7 shows the efficien-
cies for both lasers at 300 and 400 K.

The results of Figs. 7 and 8 are forinternal quantum effi-
ciency, i.e., the net efficiency with which carriers are injected
into the laser active region and participate in stimulated recom-
bination. Theexternalquantum efficiency of 1300-nm lasers is
in fact typically higher than that of 1550-nm devices, predom-
inantly a consequence of weaker inter-valence band absorption
(IVBA) at shorter wavelengths [9].
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Fig. 7. Internal quantum efficiencies at 300 K (solid markers) and 400 K
(open markers) for, respectively, a 1.3-�m laser (circles) and a 1.55-�m laser
(triangles). Due to low transition currentsJ � 1� 10 A/m in the 1.55-�m
laser, the approximations at high currents, relative to the transition current,
are equal to the exact value. Thus, we only need to make the approximation
for the drift/diode-like regime. For the 1.3-�m laser, we need to make two
approximations in the 400 K calculation. They are shown as dotted lines.

Fig. 8. Internal quantum efficiency versus current at different doping levels
at 300 K. Solid lines denote the 1.3-�m laser, whereas dotted lines denote the
1.55-�m laser. The doping levels are 4� 10 cm ; 2 � 10 cm , and
10 cm : The approximations are made in the diode-like/drift regime. Due
to low transition currents, the result of the approximation will be equal to the
exact value.

The 1.3- m laser is measurably degraded even at low current
densities.

It is worth investigating the effect of doping at the hetero-
junction in both lasers. As mentioned in [2] and seen in (1),
for higher , increases more slowly with By low-
ering the doping level, we will also decrease the initial con-
finement barrier height due to the fact that the Fermi level in
the p-cladding will be farther into the bandgap away from the
valence band edge compared to the higher doping case. Fig. 8
shows the effect of doping for both lasers.

It can be seen that the doping level adjacent to the active re-
gion is a very important material parameter to prevent overbar-
rier leakage. However, estimating a value for the doping level at
the heterojunction is not trivial. It is difficult to know the exact

doping profile of highly diffusive zinc which results from epi-
taxial growth. Zn is also known to rearrange within device life-
times. As a result, caution is usually exercised in positioning the
Zn doping front. It is therefore possible for the p-doping level
over tens of nanometers, which define the p-cladding-to-active-
region interface, to be much lower than the peak or average level
throughout the InP p-contact. The 1.3-m laser shows serious
deleterious effects if the doping level is below 210 cm
Even in the much better confined 1.55-m laser, the internal ef-
ficiency is merely 0.9 at 2 10 A/m . A 1.55- m device oper-
ating with significant active region heating and modest doping
at the depletion layer of 2 10 cm may thus suffer from
severe degradation caused by overbarrier leakage.

IV. CONCLUSIONS

We have made a model for overbarrier leakage by approx-
imating the behavior of a coupled self-consistent system over
various regimes. We defined a transition current which separates
two different regimes in the – heterojunction characteristic
and treated the effects of drift and diffusive leakage of carriers
through the depletion layer.

We have shown that, by using this analytical physical model
for overbarrier leakage in a semiconductor laser, we can imme-
diately see the influence of key parameters on lasing efficiency.
We have shown that, in worst case scenarios, high temperatures
and low doping levels, a 1.55-m laser can exhibit a dramatic
performance degradation as a result of overbarrier leakage.
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