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The role of hole leakage in 1300-nm InGaAsN quantum-well lasers
Nelson Tansua) and Luke J. Mawst
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~Received 16 August 2002; accepted 10 January 2003!

We calculate the thermionic escape times of electrons and holes in InGaAsN and InGaAs quantum
wells using the most recent input data. The short thermionic escape time of holes from the InGaAsN
quantum well indicates that hole leakage may be a significant factor in the poorer temperature
characteristics of InGaAsN quantum-well lasers compared to those of InGaAs devices. We suggest
a structure that results in an increased escape time, which will allow the reduction of hole leakage
in these devices. ©2003 American Institute of Physics.@DOI: 10.1063/1.1558218#
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The poor temperature characteristics of 1.3-mm, InP-
based semiconductor lasers have led to enormous effor
exploring InGaAsN quantum-well~QW! lasers,1–8 as an al-
ternative to realize high-performance QW lasers for hig
temperature operation. Early high threshold-current-den
(Jth) 1300-nm InGaAsN single-quantum-well~SQW! lasers
exhibit anomalously highT0 (1/T05(1/Jth)dJth /dT) values,
due to the large monomolecular recombination.9,10 Unfortu-
nately, the T0 values of the high-performance 1300-n
InGaAsN SQW lasers are only 70–110 K,1–5,8 which is low
compared to those of the 1200-nm InGaAs SQW lasersT0

5200 K).1 The underlying cause for the relatively lowT0

values for InGaAsN lasers has not been conclusively de
mined. Recent analysis without taking account of carr
leakage processes, has attributed the lowT0 values to the
existence of Auger recombination in the InGaAsN QW.10 In
our earlier work,9 the reduced T0 and T1 (1/T15
2(1/hd)dhd /dT, hd5external differential quantum effi
ciency! values of the 1300-nm InGaAsN QW lasers, co
pared to 1190-nm InGaAs QW lasers, has been linked to
increase in the carrier/current leakage processes. Despit
deeper QW structure in the InGaAsN QW lasers, the exp
mentally measured current injection efficiency (h inj) of
1300-nm InGaAsN QW reduces more rapidly with tempe
ture compared to that of the 1200-nm InGaAs QW lase9

As N is added into the QW to push the emission wavelen
longer, experiments have indicated theh inj of InGaAsN QW
lasers decreases as a function of increasing N content.1,8 The
reduction inh inj can result from active-layer carrier leakag
Here, we identify a carrier-leakage process in InGaAsN Q
lasers9 as heavy-hole~hh! leakage due to poor active-laye
hole confinement.

The thermionic carrier lifetime (te) in QW lasers is an
important factor in determining theh inj of a laser.11,12A large
thermionic lifetime of the carriers in the QW indicates
minimal escape rate of the carriers from the QW to the se
rate confinement heterostructure~SCH!.11,12Minimal thermi-
onic carrier escape rate out of the QW will lead to an
crease inh inj and a reduction in the temperature sensitivity
h inj .

11,12The conventional method to express the thermio
lifetime is based on the model by Schneideret al.,13 which
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utilizes the bulk@three-dimensional~3-D!# density of states
~DOS! and a simple parabolic band model. However, t
model13 has been shown to be insufficient to expla
experiments,14 and has a tendency to significantly overes
mate the hole lifetime and to underestimate the elect
lifetime.14 The thermionic lifetime model that we employ i
this study is based on the model proposed by Irikawaet al.,14

that has been applied to the study of 1500-nm InGa~Al !As/
InP QW lasers.

The thermionic current leakage, from the edge of t
QW to one sideof the SCH,Jee–i , is related to the thermi-

onic emission carrier lifetime toone sideof the SCHtee–i ,

as follows:Jee–i5NqLzNQW/tee–i , in which i, N, q, Lz , and

NQW, represent the type of carriers~electrons or holes!, the
number of QWs, the electron charge, the QW thickness,
the carrier density in QW, respectively. It is important to no
that the thermionic leakage current here is not the sam
the total current leakage in QW laser devices, as the lea
carriers into the SCH region have the probability of bei
recaptured back and recombine in the QW.11,12,14The rela-
tionships of the total threshold current density and the c
rent injection efficiency with the thermionic carrier lifetim
are more complex, and are interrelated by the total recom
nation lifetime in the QW and barrier regions and carr
capture time into the QW.11,12,14The leakage currentJee–i has

been described in Refs. 13 and 14 with the standard the
onic emission theory, as follows:

Jee–i5
4pq~kBT!2

h3 mi* expS 2
Ebi2Fi

kBT D , ~1!

wheremi* , Ebi , andFi are the effective masses of the ele
trons or holes in the QW, the effective barriers and the qu
Fermi levels for the electrons or holes in QW, respective
The constantskB andh represent the Boltzmann and Plan
constants, respectively. The carrier density in the QW is c
culated by taking into consideration the two-dimension
~2-D! DOS of the strained QW, strain effects in band gap
the QW, and the Fermi–Dirac statistics.15 The thermionic
escape lifetime (tee–i) can be extracted by relating the the

mionic leakage current (Jee–i) and the carrier density in the

QW (NQW), with consideration of the structure. The tot
current leakage from the SQW toboth sidesof the SCH,
0 © 2003 American Institute of Physics
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contributed by carrier i ~electrons or holes!, is Je–i

5Jee–i–right1Jee–i–left . The total thermionic escape lifetime

of carrier i (te–i) can be expressed as 1/te–i51/tee–i–right

11/tee–i–left . For the case of symmetrical barrie

(Jee–i–right5Jee–i–left), the expression 1/te–i52/tee–i will be

obtained.
In this study, thetee–i values are analyzed for the case

the 1190-nm emitting InGaAs QW and 1300-nm emitti
InGaAsN QW lasers. These 1190–1300-nm InGaAs~N! QW
lasers, shown schematically in Fig. 1, are similar to las
that have been published previously,1,2 in which a very high
In-content ~;40%! and minimum N-content ~;0.5%!
InGaAs~N! QW are utilized to achieve high-performancel
51190– 1300-nm emitting lasers with GaAs as thedirect
barrier to the QW. Large-band-gap Al0.74Ga0.26As layers are
utilized as then- and p-cladding layers, to ensure minima
carrier leakage from SCH region to cladding layers. The
istence of the small N content~;0.5%–2%! in the InGaAsN
QW affects mainly the conduction band, which allows f
the approximation of many of the material parameters of
InxGa12xAs12yNy QW with those of the InxGa12xAs QW.16

The compilation of the parameters used here follows
treatment in Refs. 16 and 17 for the effective masses of
electrons, band-gap energy, and conduction (DEc)- and va-
lence (DEv)-band offsets.

We determine the approximate band-offset values by
ting the theory with themeasuredvalues from the experi-
ments. The conduction-band-offset ratio (Qc5DEc /DEg)
for highly strained (In.20%) InGaAs–GaAs materials ha
been predicted to be in the range of 60% to 65%.15,18–20For
the case of the InGaAsN QW,experimentalstudies,7,17 show
that Qc is as high as 77%–80% for the case
In0.38Ga0.62As0.985N0.015. Additional recent work21 has also
demonstratedexperimentallythe reduction in the valence
band offset (DEv) in InGaAsN QW as a result of N incor
poration into the InGaAs QW. We found very good agre
ment in emission wavelength and QW composition betw
theory and experiment, withQc values of 65% and
82% for 63-Å In0.43Ga0.57As QW, and the 63-Å
In0.43Ga0.57As0.9938N0.0062 QW, respectively. The compos
tions, the QW thickness, and the emission waveleng
of both the 60-Å In0.4Ga0.6As QW and 60-Å

FIG. 1. Band line-up for conduction and valence bands of~a! 1190-nm
In0.43Ga0.57As QW and ~b! 1295-nm In0.43Ga0.57As0.9938N0.0062 QW lasers,
with GaAs barriers.
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In0.4Ga0.6As0.995N0.005 QW are measured experimentally.1,22

The me* for InGaAs QW and InGaAsN QW here are calc
lated as 0.047mo and 0.069mo , respectively, withmo as
mass of electron. Themhh* for both InGaAs and InGaAsN
QW utilized in calculation is 0.457mo . Due to the large
strain of the InGaAs and InGaAsN QW, the hole ban
structure consists of only hh subbands in the 2-D states, w
light-hole states having bulk-like~3-D! properties.

By utilizing the parameters listed in Refs. 14–20 and
Fig. 1, thetee_i can be calculated for electrons and holes
both InGaAs and InGaAsN QWs, as shown in Fig. 2. For
case of an InGaAs QW, thetee ~;50–160 ps! of electrons is
comparable to that~;55–60 ps! of heavy holes, for typical
threshold carrier density of interest (NQW;1.5– 4
31018 cm23). In the case of an InGaAsN QW, theteeof the
heavy hole is significantly smaller thantee of the electron.
The electrons are very well confined in InGaAsN QW,
indicated by the largetee ~;40–100 ns! of the electron for
typical threshold conditions. This largetee of electrons in
InGaAsN QW is expected, owing to its large conductio
band offset (DEc;450 meV). On the other hand, the hea
hole is very poorly confined due to the large disparity of t
DEc and DEv . The small valence-band offset (DEc

;99 meV) in InGaAsN QW results in picosecond-rangetee

of approximately 5–6 ps, for typical threshold condition
Due to the significantly smallertee of the hole in InGaAsN
QW, the hh leakage is the dominant leakage mechanism
the InGaAsN QW. Severe thermionic carrier leakage lead
a reduction in theh inj at threshold,11,12 distinct from the
above-thresholdh inj ,

23 and will in turn lead to an increase i
the Jth of the QW laser.

The tee–i for the InGaAs and InGaAsN QWs are show

in Figs. 3~a! and 3~b!. At elevated temperature (T
5360 K), tee of the heavy hole reduces to only 3 ps. In th
case of the InGaAs QW, the lowesttee is approximately 21
ps at an elevated temperature of 360 K. The severe hh l
age at elevated temperature for InGaAsN QW lasers, se
as one of the contributing factors that leads to the hig
temperature-sensitive (T0;70– 90 K) threshold current o
high-performance, 1300-nm InGaAsN QW lasers. Thou
the hole-leakage processes play a vital role in InGaAsN Q
lasers at high temperature, Auger recombination and o

FIG. 2. The electron- and hole-thermionic escape lifetimes of 1190-
In0.43Ga0.57As QW and 1295-nm In0.43Ga0.57As0.9938N0.0062 QW lasers with
GaAs barriers, at a temperature of 300 K, as functions of carrier densi
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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processes cannot be ruled out as contributing factors.
To achieve suppression of hole leakage from

InGaAsN SQW, larger-band-gap materials of tensile GaA
or InGaAsP can also be utilized as the direct barrier or S
regions. As shown in Fig. 4, thetee of holes in an InGaAsN
QW are calculated for structures with various barrier regio
By utilizing the 1.77-eV InGaAsP lattice-matched barrie
with the assumption of a band-offset ratio (DEc :DEv) of
82:18, the thermionic escape rate (1/tee–h) of the heavy-hole

in InGaAsN QW is reduced significantly by approximate
10–12 times, in comparison with that of the InGaAsN–Ga
case. In fact, thetee–h ~;25 ps, NQW;331018 cm23, T

5360 K) of the heavy-hole for an InGaAsN QW wit
1.77-eV barriers at elevated temperature, is comparable
the lowest tee of carriers in an InGaAs QW for typica
threshold conditions at the same temperature. The utiliza
of an InGaAsN multiple QW with GaAs barriers, is als
expected to improve the high-temperature laser performa
The utilization of multiple QW lasers will result in a lowe
thermionic hole escape rate (1/tee–h), as the 1/tee is in-

versely proportional to the number of QWs~N!.
The hole-leakage process is identified as the m

mechanism in the leakage process in 63
In0.43Ga0.57As0.9938N0.0062 SQW lasers with GaAs barriers
Reduction in the hole leakage, by utilizing large-band-g
barriers in a SQW, should allow the realization of hig

FIG. 3. The electron- and hole-thermionic escape lifetimes of the~a!
1190-nm InGaAs QW and~b! the 1295-nm InGaAsN QW lasers with GaA
barriers, as functions of carrier density and temperature.
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lasing-performance and high-temperature-operation 1300
InGaAsN SQW lasers. Due to the complexity in determini
the parameters for InGaAsN materials, it is not the intent
this letter to provide the most accurate values of the ther
onic carrier escape time from InGaAsN QW. Rather it is
point out the significance of the thermionic carrier esca
processes in 1300-nm InGaAsN QW lasers, which have b
neglected in previous analysis under the assumption
strong electron confinement.
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