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The role of hole leakage in 1300-nm InGaAsN quantum-well lasers
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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. €003 American Institute of Physic§DOI: 10.1063/1.1558218

The poor temperature characteristics of A®; InP-  utilizes the bulk[three-dimensiona(3-D)] density of states
based semiconductor lasers have led to enormous efforts (IDOS) and a simple parabolic band model. However, this
exploring InGaAsN quantum-we(lQW) lasers =8 as an al- model® has been shown to be insufficient to explain
ternative to realize high-performance QW lasers for highexperimentsl,4 and has a tendency to significantly overesti-
temperature operation. Early high threshold-current-densitynate the hole lifetime and to underestimate the electron
(J4) 1300-nm InGaAsN single-quantum-wéBQW) lasers lifetime.!* The thermionic lifetime model that we employ in
exhibit anomalously higiy (1/To=(1/3y)dJy/dT) values, this study is based on the model proposed by Irikatval,**
due to the large monomolecular recombinafidAUnfortu-  that has been applied to the study of 1500-nm I#GsAs/
nately, the T, values of the high-performance 1300-nm InP QW lasers.

InGaAsN SQW lasers are only 70—110'®8which is low The thermionic current leakage, from the edge of the
compared to those of the 1200-nm InGaAs SQW las&gs ( QW to one sideof the SCH,J ;, is related to the thermi-
=200 K).! The underlying cause for the relatively lowg onic emission carrier lifetime tone sideof the SCH7g ;,
values for InGaAsN lasers has not been conclusively detefzs follows:J,, i=NgL,Now/ e i, in whichi, N, g, L, and
mined. Recent analysis without taking account of carrier, N N
leakage processes, has attributed the Tywalues to the
existence of Auger recombination in the InGaAsN &fh
our earlier work the reducedT, and T; (1/T;=

w, represent the type of carriefslectrons or holés the
number of QWSs, the electron charge, the QW thickness, and
the carrier density in QW, respectively. It is important to note
that the thermionic leakage current here is not the same as

—(1/ng)d7a/dT, ng=extemnal differential quantum effi- o ota) current leakage in QW laser devices, as the leaked
ciency values of the 1300-nm InGaAsN QW lasers, COM-carriers into the SCH region have the probability of being

pared to 1190-nm InGaAs QW lasers, has been linked to aﬂecaptured back and recombine in the W24 The rela-

increase in the carrier/current leakage processes. Despite g ships of the total threshold current density and the cur-
deeper QW structure in the InGaAsN QW lasers, the expefritan injection efficiency with the thermionic carrier lifetime

mentally measured current injection efficiencyf) of 41 more complex, and are interrelated by the total recombi-
1300-nm InGaAsN QW reduces more rapidly with temperay,ation Jifetime in the QW and barrier regions and carrier
ture compared to that of the 1200-nm InGaAs QW |a§ers-capture time into the QW-1214The leakage currert.. ; has

As N is added into the QW to push the emission wavelength . . . .
. Q op 9% een described in Refs. 13 and 14 with the standard thermi-
longer, experiments have indicated thg of InGaAsN QW . o )
. . . onic emission theory, as follows:
lasers decreases as a function of increasing N cohfeFte

reduction in»;,; can result from active-layer carrier leakage. 47q(kgT)? Epi— Fi

Here, we identify a carrier-leakage process in INGaASN QW Jeei= 13 3 F{ T TR ) (1)
lasers as heavy-holghh) leakage due to poor active-layer .

hole confinement. wherem , E,;, andF; are the effective masses of the elec-

The thermionic carrier lifetime+,) in QW lasers is an trons or holes in the QW, the effective barriers and the quasi-
important factor in determining thg,,; of a laser"*?Alarge  Fermi levels for the electrons or holes in QW, respectively.
thermionic lifetime of the carriers in the QW indicates a The constant&gz andh represent the Boltzmann and Planck
minimal escape rate of the carriers from the QW to the sepasonstants, respectively. The carrier density in the QW is cal-
rate confinement heterostructy&CH).*»*>Minimal thermi-  culated by taking into consideration the two-dimensional
onic carrier escape rate out of the QW will lead to an in-(2-D) DOS of the strained QW, strain effects in band gap of
crease iny;, and a reduction in the temperature sensitivity ofthe QW, and the Fermi—Dirac statistits The thermionic
7inj -2 The conventional method to express the thermionicescape lifetime e ;) can be extracted by relating the ther-
lifetime is based on the model by Schneidgral,*® which  mionic leakage currentll, ;) and the carrier density in the

QW (Ngw), with consideration of the structure. The total
YEMail: tansu@cae.wisc.edu current leakage from the SQW tooth sidesof the SCH,
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FIG. 1. Band line-up for conduction and valence bandgaf1190-nm
INg 4Gy sAS QW and (b) 1295-nM 1 4453 5740 99sdNo.oos2 QW lasers, FIG. 2. The electron- and hole-thermionic escape lifetimes of 1190-nm

with GaAs barriers. INg 453y s7As QW and 1295-nm 1,45 ay 5AS.903dNo.00s2 QW lasers with
GaAs barriers, at a temperature of 300 K, as functions of carrier density.

contributed by carrier i(electrons or holes is Jg

=Jee i rightT Jee i _lert- The total thermionic escape lifetime |n0.493).6ASo.99J“0.005 QW are measured experimentalfif
of carrier i (r,;) can be expressed astll=1/7eq | sgh Themg for InGaAs QW and InGaAsN QW here are calcu-

. _ lated as 0.04m, and 0.068n,, respectively, withm, as
T 1/7ee i en- For the case of symmetiical bariers o5 of electron. Theny, for both InGaAs and InGaAsN
(Jee i _right=Jee i_lerr), the expression X[ ;=2/7ee ; Will be  Qw utilized in calculation is 0.45%,. Due to the large
obtained. strain of the InGaAs and InGaAsN QW, the hole band-
In this study, ther,e ; values are analyzed for the case of structure consists of only hh subbands in the 2-D states, with

the 1190-nm emitting InGaAs QW and 1300-nm emitting light-hole states having bulk-like3-D) properties.
INnGaAsN QW lasers. These 1190—1300-nm InGABRQW By utilizing the parameters listed in Refs. 14—20 and in
lasers, shown schematically in Fig. 1, are similar to laser&ig. 1, there, jcan be calculated for electrons and holes for
that have been published previousfin which a very high  both InGaAs and InGaAsN QWs, as shown in Fig. 2. For the
In-content (~40% and minimum N-content(~0.5%  case of an InGaAs QW, the,, (~50-160 pgof electrons is
InGaA{N) QW are utilized to achieve high-performance comparable to that~55-60 p$ of heavy holes, for typical
=1190-1300-nm emitting lasers with GaAs as thieect threshold carrier density of interest Ngy~1.5-4
barrier to the QW. Large-band-gap AlGa, s layers are X 10'® cm™3). In the case of an InGaAsN QW, thg, of the
utilized as then- and p-cladding layers, to ensure minimal heavy hole is significantly smaller thaf of the electron.
carrier leakage from SCH region to cladding layers. The exThe electrons are very well confined in InGaAsN QW, as
istence of the small N content-0.5%—2% in the InGaAsN  indicated by the large, (~40—-100 n$ of the electron for
QW affects mainly the conduction band, which allows for typical threshold conditions. This large, of electrons in
the approximation of many of the material parameters of thdnGaAsN QW is expected, owing to its large conduction-
In,Gay _As;_,Ny, QW with those of the IyGa, _,As QW?e bandloffset AE.~450 meV). On the other haqd, the heavy
The compilation of the parameters used here follows thédole is very poorly confined due to the large disparity of the
treatment in Refs. 16 and 17 for the effective masses of thdEc and AE,. The small valence-band offsetAE,
electrons, band-gap energy, and conductidiE)- and va-  ~99 meV) in InGaAsN QW results in picosecond-range
lence AE,)-band offsets. of approximately 5—6 ps, for typical threshold conditions.
We determine the approximate band-offset values by fitDue to the significantly smaller, of the hole in InGaAsN
ting the theory with themeasuredvalues from the experi- QW the hh leakage is the dominant leakage mechanism for
ments. The conduction-band-offset rati@ = AE./AE,) the InGaAsN QW. Severe thermionic carrier leakage leads to
for highly strained (In>20%) InGaAs—GaAs materials has @ reduction in thep, at threshold;"*? distinct from the
been predicted to be in the range of 60% to 6%__20F0r above-thr85h0|d7inj ,23 and will in turn lead to an increase in
the case of the InGaAsN QWxperimentaktudies’*”show  the Jy, of the QW laser.
that Q. is as high as 77%—-80% for the case of  There;for the InGaAs and InGaAsN QWs are shown
INo.2658 6AS0.08No 015- Additional recent work! has also in Figs. 3a) and 3b). At elevated temperature T(
demonstratecexperimentallythe reduction in the valence- =360 K), 7, 0f the heavy hole reduces to only 3 ps. In the
band offset AE,) in InGaAsN QW as a result of N incor- case of the InGaAs QW, the lowest. is approximately 21
poration into the InGaAs QW. We found very good agree-ps at an elevated temperature of 360 K. The severe hh leak-
ment in emission wavelength and QW composition betweemge at elevated temperature for InGaAsN QW lasers, serves
theory and experiment, withQ. values of 65% and as one of the contributing factors that leads to the highly
82% for 63-A Inp,GasAs QW, and the 63-A temperature-sensitiveT{~70—90 K) threshold current of
INg 4858 5ASp 993N0.0062 QW, respectively. The composi- high-performance, 1300-nm InGaAsN QW lasers. Though
tions, the QW thickness, and the emission wavelengththe hole-leakage processes play a vital role in InGaAsN QW

of both the 60-A IgGaysAs QW and 60-A lasers at high temperature, Auger recombination and other
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(a) FIG. 4. The electron- and hole-thermionic escape lifetimes of the 1295-nm
InGaAsN QW lasers with various barriers, at temperature of 300 K, as
6 functions of carrier density.
< lasing-performance and high-temperature-operation 1300-nm
n InGaAsN SQW lasers. Due to the complexity in determining
== T=330 K i\ the parameters for InGaAsN materials, it is not the intent of
-’ —— HE- ) . )
- *F i ' this letter to provide the most accurate values of the thermi-
:l . ! onic carrier escape time from InGaAsN QW. Rather it is to
g . T=360 K o point out the significance of the thermionic cgrrier escape
e 3 il LT P S v | processes in 1300-nm InGaAsN QW lasers, which have been
- . . . .
T~ neglected in previous analysis under the assumption of
5 63'}7 Ing 3Gay.57AS)993sNo00ss QW strong electron confinement.
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