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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 If the mechanism of heterobarrier lowering using fully self-
above-threshold leakage in semiconductor lasers. The model consistent numerical simulation [3], [4] and reported experi-
can be applied to estimate whether heterobarrier lowering and mentally in [5] can, indeed, represent a significant cause of ef-

accompanying overbarrier leakage are within reach of having . . . . . .
serious deleterious effects on laser performance. The model usesf'c'ency degradation, then the laser designer will benefit greatly

two-dimensional fully self-consistent numerical equations that Py havingasimplified, direct, analytical model, and correspond-
arise from comprehensive systems of partial coupled differential ingly straightforward physical understanding of this effect. Be-
equations. The effect of temperature and doping on laser efficiency fore proceeding to obtain two-dimensional (2-D) fully self-con-
is analyzed for two lasers, one designed for operation at 1.BM  gjgiant numerical solutions to the comprehensive system of cou-

and the other at 1.55m. Both devices are assumed to be built . . . . . e
in the INGaAsP-InP material system. We show that, even in a pled partial differential equations, a simplified model could be

1.55um laser, overbarrier leakage can cause severe performance applied to estimate whether heterobarrier lowering and accom-
degradation at typical operating temperatures and doping levels, panying overbarrier leakage are indeed within reach of having

and we argue that overbarrier leakage deserves to be treated as serious deleterious effects on laser performance.
a potential threat to laser performance at telecommunication

wavelengths.

Index Terms—Analytical model, doping, internal efficiency, Il. MopEL

overbarrier leakage, semiconductor laser, telecommunication, \Ae seek in this work to consider the role of overbarrier

temperature. leakage in isolation from all other mechanisms potentially

responsible for above-threshold efficiency degradation. Such

. INTRODUCTION other effects include parallel leakage, injection-level-depen-

HE above-threshold efficiency of semiconductor Iasepsent f_ree carrigr absorption, and Auger recombination and

o .~ associated carrier heating. We take each of these effects to be
emitting light at 1.3:m and 1.55:m has attracted signif-

alﬁ)arameter in our model. Thus, full consideration of all such

icant attention over the past twenty years. The use of lasersrﬁechanisms combined is readily achieved by parameterizing

CATV distribution systems and in emerging metropohtan-areéa}%ch according to its dependencies on structure and bias. In

Eﬁtcvgg:léz Eggg %Xagﬁrﬁiget?nthtehzer?éje?;oerﬁalgt?\g (cjgglriitlort]rtlﬂls work, we consider instead the direct impact of overbarrier
- BY 9 . ng, Igakage on efficiency degradation assuming that all other effi-
development of uncooled lasers achieves cost reduction, |

. f,%ncy-degrading mechanisms remain fixed above the lasing
power consumption, and compactness [1].

. threshold.
Westbrook and Nelson [2] proposed an analytical model forWe begin with [3, eq. (4)]

electron leakage in 1.bm separate-confinement heterostruc-
ture lasers but neglect the role of leakage of active region car-
riers over the heterobarrier into the minority contact (overbarrietAV

leakage). Kazarinov and Pinto [3] quantified explicitly the role o Lp exp <AEV — AEp, — AEFp)

of overbarrier leakage in double-heterostructure semiconductor W | 1+ act kT

lasers. They explored the role of injected forward current in low-— V20, Na/qViET

ering the confinement barrier for the electrons. In their model,

the authors considered simultaneously Poissons’s equation, cur- 1)

rent continuity for electrons and holes, drift and diffusion, Auger

recombination, ShOCkley—Read—Ha” recombination, and SpPoON-The meaning of each Symbo| is exp|ained in Table | and il-

taneous and stimulated emission terms. They explored the Rjgtrated in Fig. 1. In this work, except when stated otherwise,

of forward current and temperature on thermionic emission @k yse the material parameters given in Table I, obtained from

electrons from the active region and, consequently, on interng], for bulk lasers operating at 1,am.

quantum efficiency. 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

Manuscript received August 5, 1999; revised November 18, 1999. lasers. This approach applies to the case of overbarrier leakage
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TABLE | E
MATERIAL PARAMETERS I
v,
Parameter Value
AEC’ E
\ Fn,
1.3 pm 1.55 pm N 4\
q electron charge 1.6x10Y C
k Boltzmann’s constant 1.38x102 JK
T temperature 300K
4,  hole mobility (at 300 K) 200 cm?/Vs
Hn electron mobility (at 300 K) 3000 cm*/Vs Epp
n.e  electron density in active region 2x10% m?
Ty electron lifetime in p-contact 10%s
Ny acceptor concentration in depletion layer | 4x10'7 cm™
% electrical conductivity of the qN i,
p-cladding layer
Lp extrinsic Debye length kTe
4zN g’
D, diffusion coefficient M
q N\
L, electron diffusion length ,/D,,‘r,, (a)
. kT\o
L electron drift length 2= -
v . ( q )J act E, Jisae Juu
AEy  discontinuity of the valence band 024 eV 0317 eV
AEf, difference between conduction band ~ kT ~ kT J
edge and electron Fermi level energy recomb)
AEr, difference between valence band ~ kT ~ kT J
edge and hole Fermi level energy ot E
g4V change in hole quasi-Fermi level at . | Fa
heterojunction
Vi potential drop in depletion layer 144
. " . A A 4 A
QW states to a bulk material, it is necessary to modify the effec- I 1 Eg,
tive density of states used in the relation between carrier density recomb N
and quasi-Fermi energy.
As explained in [3], the quantity; represents the potential Jus
drop in the depletion layer. This quantity is in turn related to the E,

properties of the heterostructure at equilibrium and to the degree
of forward injections:

J

tot-recomb
Vi =Vii = Vact = Vii — (Vor +AV) 2)

wherels,; represents the built-in voltage at zero bigg; repre- (b)
sents the bias required to separate the quasi-Fermi levels insigelr. (a) Schematic band structure of the labeiis the potential drop in the
the active region (a quantity which is very well approximate_dppletion layerA E, is the valence band discontinuity, apd V' is the change

: in hole quasi-Fermi level at the p-cladding to active region heterojunction. (b)
by a constant value above the Iasmg threShmd)’Amtakes Flow diagram of currents inside the laser. Since electron leakage dominates the

on the same meaning as in (1). total leakage flow, the current density of holes which reach the active region
Upon substitution of (2) into (1), it is clear that the solutioris the total amount of forward injected curreft.. minus the recombination
for the extent of heterobarrier lowering for a given forward ouES"t:t. T e auert denshy nfcte o e actve region = e
rent density/ must be found using iterative methods. Howevesad (1) of this work.
for small AV relative toV,; — V;y, the rate of change of the
right-hand side of (1) wittAV is small compared to the rate of .
change of the left-hand side. It may be seen from Fig. 2 that) May be approximated by
over a broad range of parameters, the solution¥gt from (1)
is approximated well by neglecting its influence Bn AV = RyjJact. )
As a further simplification, the behavior of (1) may be sub- i . i i )
divided into two regimes: one which is linear jhand another Ve label this theesistive regimeof the heterojunctiof’ —./

which is logarithmic inJ. For current densities less than characteristic. In (4)R; is given by
JoViET AEy — AEp, — AE
']transition = \/QNPNA q‘/lkT (3) LD exp < - g Fp)
e <AEV — AEp, — AEFP> Ry — KT kT 5)
X = —
Dep KT T g V2, Nav/qVi kT
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Fig. 2. AV as afunction of current. The thick line denotes the exact value féiig. 3. Approximations and exact value afV" versus current. The thick
AV, whereas the circles denote the approximation. The percentage differelice denotes the exact value faxV, and the circles and triangles denote,
between the exact and the approximate result is indicated with triangles. Thepectively, the approximations for the resistive and diode-like regimes. The
approximate and exact values agree within 5%. transition current iS7iransition = 1.1 x 107 A/Im?2.

In comparison, for current densities substantially above théere AE;, .on¢ is the initial confinement barrier at zero for-
transition current density, the dependence of Fig. 2 correspondard bias. We see that drift leakage is of the same magnitude as

to adiode-like regime of heterojunction behavior diffusive leakage wheik,, = L, ;. We therefore define a tran-
AV sition current between diffusive dominated and drift dominated
Jact(V) = Jjo exp <qk_T> (6) regimes
kT o
Where ']l,transition =2 <—> <_P> - (11)
q L,
Tnjo = V24, Na/aVikT . (7)  Ifthecurrentis below this value, then diffusion will dominate
Lpexp <AEV — AEp, — AEFP) and we can simplify (10) by discarding tlig, ; influence
kT
. annact AElin,conf — AV
In Fig. 3, we plot the exact value @&V for reference and  Jidiftusive = — —— exp | ——————— ). (12)

plot the approximations of (4) and (6).
Whether the heterojunctiofr—J characteristic takes on a Above this transition current, drift will dominate:
resistive or a diode-like character determines the qualitative and
s . . . . . 2annact AEzn conf — AV
quantitative picture of overbarrier leakage. Considering drift .J; g.ire = L—ex — 2 % (13)
and diffusive leakage of electrons into the p-cladding layer, we nf

write [7], [8] In Fig. 4, we plot the exact value of for reference and plot
7 —aD the approximations (12) and (13).
1 = 4 nhclad We are now able to apply the approximation foV into the

) 1 n 1 coth 1 n ix n 1 ) different regimes of the leakage model. In this particular case,
L2 L2, L2 L2, P Ly we use the parameters for a laser operating at ArB&at 350
K, also listed in Table I, which permits us to illustrate a case

where z,, is the p-cladding layer thickness. In the limit of aof great technological relevance. It is clear that one cannot use
p-contact, which is far in terms of minority carrier diffusionthe resistive approximation fakV in the case of drift leakage,
lengths from the active region, we may approximate (8) by nor can one use the diode-like diffusive approximation when
1 1 1 Jl,transition < Jtransition-
Ji = qDpncaa | — + 4| =5 + | - 9 L{smg (4) and (6) combined vy|th (12) and (13), the four
L,y Ly L7 7 regimes can be expressed analytically as

Using Boltzmann’s approximation, we may relate the leakage J1 resistive,diffusive O ¢¢ €Xp(yJact )
current out of the active region to the (known) carrier density Ji resistive.dritt X BJact €xXp(vJact)
5 ,dra ac ac

within the active region
J1 diode-like,diffusive < @Y Jact

Jy = gDy o Tt diode-tike drie X 372 (14)

. <L + /% + %) exp <_M> where «, 3, and~ are independent of,.; (do depend on
Ly Ly Ly kT T, N4, i, etc.). In Fig. 5, we show the appropriate approxima-

(10) tions whenJi ansition < J1 transition USING (14).
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Fig. 4. Leakage current versus forward current. The thick line represents ffig. 5. Approximate leakage currents versus forward current. The thick line
exact leakage current using (10). Circles denote the diffusive approximatiordanotes the calculated leakage using (10). The open markers represents the
currents below the transition current and triangles denote the drift approximatapproximations, respectively, from low to high current: the resistive/diffusive-,
above the transition current. The transition currenfS; ansition = 2.3 X 107 diode-like/diffusive-, and the diode-like/drift approximations.

Alm?2.

It is apparent that the qualitative dependencies on forward

current density differ markedly in the resistive and diode-like — oxact
regimes. This has important implications as to the anticipated 1.00 4
qualitative dependence of the light—current characteristic. We 2 O resisivediiusive
can write 15 00T A diode-like,drift
(3]
% 080 [
Pouwt < Jact — Ji = Jror — J1 — Ju (15) ©
E 070 [
. N . - O
As illustrated in Fig. 1(b), the internal efficieneymay be £ o6 |
written =
aJ aJ 0
1
- = tOt:1+ l- (16) L el Lol T
Ui aJact aJact 0.40
107 10° 10° 101
By using (16) on the four regimes in (14), we find for the current [A/m"2]
internal efficiencies
Fig. 6. Internal efficiency as a function of current. The thick line represents
1 the exact value of the internal efficiency calculated using the exact value of
Thresistive diffusive = AV and (10). Due to the fact thalt ;ansition = Ji,transition, WE are using the
resistive,diffusive =77 ay exp(YJact) resistive/diffusive approximation, denoted by circles, and the diode-like/drift
1 approximation denoted by triangles.
Thresistive,drift = 1+ [3(1 n ’Y']aQCt) eXp(’Y']act)
1
Tldiode-like, diffusive = 1+—a
iy I1l. CONSEQUENCES
"ldiode-like,drift = a7 In this section, we use our model to explore the effects of

several physical laser parameters on the internal quantum effi-

Knowing that typical threshold values arexl 10° A/m?, ciency within two devices, one designed for operation aj:in3
we show in Fig. 6 the internal efficiency as a function ofhe other at 1.55%:m. Both are assumed to be built in the In-
current. The bold line is calculated using the exact valu&aAsP-InP material system. We begin by using values from
for AV and (10). Using parameters for the LBt laser at Table | and varying the temperature. Fig. 7 shows the efficien-
337 K, outlined in Table I, the transition currents are equatjes for both lasers at 300 and 400 K.
Jiransition = Jitransition = 2.3 X 107 A/m?2, just above The results of Figs. 7 and 8 are fiternal quantum effi-
threshold. This indicates that we should use the resistive/difftiency, i.e., the net efficiency with which carriers are injected
sive- and diode-like/drift approximations, the first and fourtinto the laser active region and participate in stimulated recom-
equation from (17), respectively. Because the transition currdnihation. Theexternalquantum efficiency of 1300-nm lasers is
is almost the same as the threshold current, the approximatioriact typically higher than that of 1550-nm devices, predom-
for currents higher than threshold is well approximated by theantly a consequence of weaker inter-valence band absorption
diode-like/drift approximation, as can be seen in Fig. 6. (IVBA) at shorter wavelengths [9].
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1.10

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 1.8 laser shows serious
deleterious effects if the doping level is below210t” cm—3,
Even in the much better confined 1.58A laser, the internal ef-
ficiency is merely 0.9 at % 10° A/m?. A 1.554:m device oper-
ating with significant active region heating and modest doping
at the depletion layer of 2 10" cm~3 may thus suffer from
severe degradation caused by overbarrier leakage.

®  1.3um, 300K
O 1.3um, 400K

A 156ym, 300K
A 1.55ym, 400K

approximation

n internal efficiency

1
Ll L

108

current [A/m*2]

Lo el L

10°

0.40 t
107

Fig. 7. Internal quantum efficiencies at 300 K (solid markers) and 400 K
(open markers) for, respectively, a Judn laser (circles) and a 1.55m laser
(triangles). Due to low transition currenfs~ 1 x 107 A/m? in the 1.55g¢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 1/3m laser, we need to make two  \We have made a model for overbarrier leakage by approx-

approximations in the 400 K calculation. They are shown as dotted lines. imating the behavior of a coupled self-consistent system over
various regimes. We defined a transition current which separates
two different regimes in th& —J 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 1.5bm laser can exhibit a dramatic
performance degradation as a result of overbarrier leakage.

IV. CONCLUSIONS

1.00

0.70

n internal efficiency

0.60
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current [A/m*2]

Fig. 8. Internal quantum efficiency versus current at different doping levels
at 300 K. Solid lines denote the 1;3@n laser, whereas dotted lines denote the
1.554m laser. The doping levels arext 107 cm—2, 2 x 107 cm—3, and
10" cm—2. 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.
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