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Theoretical Analysis of 630-nm Band
GalnP-AlGalnP Strained Quantum-Well
Lasers Considering Continuum States

Shun Tung Yen and Chien-Ping Le®enior Member, IEEE

Abstract—GalnP-AlGalnP strained quantum-well lasers with  strain into the QW can effectively improve the threshold
emission wavelength at 630-nm band are theoretically analyzed current for lasers with 633-nm emission wavelength [1]-[3].
in detail and then optimized. The valence band structure of paqyced threshold current has been achieved by using a highly
guantum wells is obtained by evaluating thes x 6 Luttinger—Kohn . .

Hamiltonian including the coupling among the heavy hole, the doped p-cladding layer [4]-[6] and AllnP cIaddlng. layers [7]'.
light hole, and the spin-orbital split-off hole bands. The effect of [8]. There have been several works on theoretical analysis
optical transition from/to continuum states not confined to the of the lasers [3], [6], [9]-[11]. The attentions were mainly
quantum well is studied. It is found that the optical transition focused on the QW'’s and the cladding layers. However, the

from/to the continuum states is serious as the band gap of the yenendence of the laser performance on confining layers has
confining layers is close to the quasi-Fermi level separation,
not yet correctly analyzed.

leading to considerable radiative current. This radiative current = ) .
is undesirable since the corresponding optical transition does not ~ 1he confining layers are generally deS|gned to provide a
contribute significantly to the threshold gain. The gain-radiative tight confinement of optical mode. To obtain a large con-

current characteristic is therefore poor for confining layers con-  finement factor, the refractive index and the thickness of the
taining a low Al content. To avoid unreasonable gain/absorption, confining layers have to be properly chosen. If the refrac-

the non-Markovian convolution lineshape is used instead of the i index is t | th tical fi t will t be
conventional Lorentzian lineshape. The leakage current is high Ive Index Is 100 low, the opucal confinement will no

for single quantum-well lasers with wide bandgap confining €nough. But if the refractive index is too high, the required
layers. It can be reduced by increasing the quantum-well number, narrow bandgap will cause a high carrier concentration in
the dopant concentration, and the band gap of cladding layers. the confining layers. Undesired electron-hole recombination
The calculated threshold current agrees well with the observation. in the confining layers may be therefore serious. In this

The band gap shrinkage due to the carrier-carrier interaction is . . .
considered to obtain an emission wavelength consistent with the PaPer, theoretical analysis of 630-nm GalnP-AlGalnP tensile-

experimental result. strained QW lasers is carried out. The effect of optical tran-

. sition involving continuum states not confined to the QW is
Index Terms—Quantum well lasers, quantum wells, semicon-

ductor device modeling, semiconductor lasers, spontaneous emisANcluded. The6 x 6 Luttinger—Kohn Hamiltonian containing
sion, visible lasers. deformation potentials is used for calculating the valence band

structure of strained QW'’s [3], [10], [12], [13]. It considers
the mixing of the heavy hole, the light hole, and the spin-
orbital split-off hole bands. Since the transition from/to the
HERE have been growing interests in GalnP—AlGaln€bntinuum states is considered, the gain/absorption spectrum
strained quantum-well (QW) lasers emitting at 630-nhecomes sensitively dependent on the convolution lineshape
band as a light source for optical-disk memory system, ladeinction. The non-Markovian lineshap [14]-[16] is adopted
printers, bar-code readers, and pointers, and as a replacenrerdgvoid an unreasonable gain/absorption which is obtained
for He—Ne lasers. However, this kind of lasers generally h#sthe conventional Lorentzian lineshape is used. To obtain
a high threshold current. The leakage current is serious dae emission wavelength consistent with the experiment, we
to the inherent limit of band gap for this material system. tonsider the bandgap shrinkage due to the carrier-carrier
is therefore important to comprehend the laser characteristigteraction. The material parameters such as Ithand X
and then to optimize the laser structure. The laser performartznd gaps and the band offsets are taken from the newly
depends on the strain and the thickness of the QW, theported data [11], [17], [18]. The gain and the radiative
material and the thickness of the confining layers, the dopanirrent are both divided into four components corresponding
concentration and the material of the cladding layers, and ®othe transitions: 1) from bound states to bound states, 2)
on. It has been demonstrated that introducin@® 7% tensile from continuum states to bound states, 3) from bound states to
continuum states, and 4) from continuum states to continuum
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of the confining layers for different QW numbers. The effects x 6 Luttinger—-Kohn Hamiltonian is block-diagonalized into

of the dopant concentration and the bandgap of the cladditwgp 3 x 3 blocks [12], [13]:

layers on the laser performance are also studied. The structures HU 0

are then optimized for single and double QW lasers. HY = { ?(’)X?’ HL } 2
This paper is organized as follows. In the next section, we 3x3

present the theory used for calculating the band structured)ere

the gains, the radiative currents, and the leakage currents. ;.

The calculated results and their interpretation are discussed %3 . ;
P+Q —Ts,y Ry FiSi V2R + =5y,

in Section lll. In the final section, the conclusion is drawn. V2
—_| RutiS, P-Q-Tg \/iQii\/gsk
I THEORY VERF 58 VIQFi\/is  P-Tn,
We consider GalnP-AlGalnP strained QW lasers with a (3)
conventional step separate-confinement heterostructure (SCHp. _ P, + P.
The total current of the laser is assumed to be composed %5_
two components: the radiative current and the leakage current. — Q’“;r Qe
The nonradiative Auger recombination current is neglectquk _ h—<’h t2_ a " 15} )
This is justified for this wide bandgap material system where 2mo 0z "0z
the small split-off energy suppresses the Auger recombination. K2 ) a
Only the electron leakage current over the p-cladding Iayer@k = 2o <’72/€t + 2$72$>
considered since it is much larger than the hole leakage current W23
over the n-cladding layer. Ry = — (72 + 73)k?
In calculating the threshold condition, we consider the gains 2mo 22
or Ioss:_es due to: 1) the bound-to—b_OL(rbd—> b), 2) the bound- Sp = —ih—\/gkt <2% s 3] )
to-continuum(b — ¢), 3) the continuum-to-bounde — b), 2myg Oz Oz
and 4) the continuum-to-continuug@ — c) transitions in the  P. = —a, (e, + €y +€-2)
waveguide region. The threshold condition is written as b
Q- = _5(5901‘ + eyy — 2e=2). (4)

Fow —b+ Gp—c+ Ge— +I'w c—e = O + 1 . .
Qw(g—s + g1 ge—) wag T @) o = U (or L) is the index for the tw@ x 3 blocks. The upper

Where gy, gy—e, ges, andg,_.. are the gain coefficients (or lower) _signs in (3) are for = U (or L). ng_ andI'z, are
arising from the four different transitionsy; is the internal the unstrained valence band edges. The split-off enexgy
loss due to other loss mechanisms ang is the mirror loss. therefore equal td's, —I'z. ky = (kZ+k7)*/% 71, 72, andys
I'qw is the optical confinement factor of the QW region. (FoR'® the_ Luttinger parameters, is the hydrostatic deformat!on
multiquantum well lasers, the QW region also includes tHg)tent!aI of the valence band arbds_the shear deformation
barriers between the welld)y is the confinement factor of POte_”tlaL&m, Eyy» a”d?zz are the diagonal elements of the
the waveguide region which is defined here to be compos&iiein tensor and are given by

of the confining layers and the QW region. Since the gains are _ _ag—a

functions of the quasi-Fermi levels for the conduction and the oz = Eyy = a

valence bands, the quasi-Fermi levels can be found by solving 201 5
the threshold condition (1). Once the quasi-Fermi levels are fa2 = _0_115”' ()

found, one can calculate the four components of the rad'at'&/eandao are the lattice constants of the strained layer material

current due to the four kinds of transitions. Since the eIectré%d the substrate, respectivelyy; and Cy, are the elastic

;:eld mh.tf;]e clad|§j|ng}[hlaye(rj'dt§pends or;).th?. majority tcarrtﬁsrtiffness constants.

ow which Supplles the radiative recombination current in e ¢ \y 4y function in the valence bands can be expressed as
waveguide region, one can calculate the drift leakage current ‘
only after the total radiative current is obtained. vo theoxe

VR =" 3 @)

v=1,2,3

A. Bound Subband Structures N . .
_ wheret)? . (=) are the envelope functions; is the subband
The k - p method is used to calculate the band structurgSgex A is the area of the QWK, = @k, + ijk,, and

For the valence subbands bound in the QW's, we use the_ ;. ;.| 1) are the new transformed Bloch functions
6x 6 Luttinger—Kohn Hamiltonian which includes the COUpI'”%ziven by [12], [13]
C

among the six hole bands [3], [10], [12], [13]. The strain effe
is also included in the Hamiltonian. It is necessary to consider lo,1) = 1[—|(X + iY)T)e_i%¢ Fil(X — iy)wei%nﬁ]

the spin-orbital split-off bands for accurate band structures 2 1
since the split-off energy is small for the wide gap material |5,2) = —— [—|(X — i)+ 2Zl>ei%¢
considered here. Under the axial approximation and assuming 2v/3

the layers are grown along tHeo1] direction ¢ axis), the i — (X +4Y)| + 2Z7)e”5¢]
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1

|0,3) = = [—|(X —4Y)T = Z])e'2?

S

6

Fil (X +4Y) |+ Z7)e 57 (7)

where ¢ = tan~*(k,/k,) ando = U (or L) for the upper
(lower) signs. The subband energy dispersion and the envelope

functions can then be obtained by solving the effective-mass :ﬁ:
equation "'qul“
D His ptrion, (2) = Enio by, (2)- 8) Ly —=|
.V . . . [ L |
If the spatial varying potential has reflection symmetry, then [ D L
H{’I:E?)(_Z) = H?fx3(z)v Erbnbkt = Eﬁfkg and T/}ﬁlbukt(—z) = =R
z/}rbnz/kt (Z)
To obtain the energy dispersion and the wave functions of
the conduction band, we solve the one-band effective-mass
equation
Rk 9 1 9 (@)
= to_ +V.
2 \ma  Ozxme, Oz
+ac(5xac + Eyy + EZZ)d):th (Z):| = E;:th ;:th (Z) (9)
wherem.; andm,.. are the electron effective masses in thg
plane and in the direction, respectivelyy., is the unstrained —— —
conduction band edge;,. is the hydrostatic potential of the —553:
conduction band¢>flkt (z) is the envelope function, andis the —’iLowl‘_
subband index. If the transverse effe<_:t|ve_ mass is Weakly_ l. Ly _,,‘
dependent orx or the envelope function is tightly bound in L N
the well, the solution of (9) can further approximate to f Ly, |
Prr, (2) = P, =0(2) — e R e——
h2k2 - (10)
Ery, =By, o+ 5
2mct
The actual electron wave function is ]
etkere (b)

O (r) = —¢% (2)|S 11
"’”( ) VA "kt( ) | 77> ( ) Fig. 1. The illustration for band profile at threshold. (a) Fictitious infinite

) o ) ) potentials are imposed at the two boundaries for discretizing the continuum
where 7 is the spin index which can be eithégror |. |S]) states. (b) The potential profile is modified to be symmetric.

and|S|) are the Bloch functions dfg. for spin up and spin

down, respectively. calculating the bound-to-free intersubband transition [21]. Due

to the reflection symmetry of the potential, the envelope wave
functions now have clear parity and one needs only to perform

The spontaneous emission due to optical transitions ifiwe overlap integral of envelope wave functions with the same
volving continuum states above the barriers is sometmsgrity_

important. It is however not easy to include this effect in noye that the discrete states in the Fig. 1(b) model are used

theqretical analysis. When a Ia§er is at threshold, the b?&qy for the carriers in the waveguide region but not for the
profile around the active region is nearly flat [19], [20]. This

TR S . carriers in the cladding layers. The use of the discrete states
situation is illustrated in Fig. 1. Because one side of the system _. . . .
is open, the states with-component energy higher than the" Fig. 1@ tq repla_ce the continuum states is reas_onable i
barrier are continuum. To make the problem solvable, one ctat\W dgmam S_'ZGLD is large enough. In the calculation, the
impose a fictitious infinite potential barrier on the open siddomain size is chosen to be large enough to make sure that
which is far away from the active region. In this case, thihe discrete states are dense enough to resemble the continuum
states become discrete but the problem is still cumbersorfiEates. In this situation, the physical quantities of the bound
For a large bound domain, a large number of subbands h&ystem are close to those of the open system. Furthermore,
to be treated. The computation can be further simplified gr a large Lp, the physical quantities of the bound system
changing the asymmetric potential profile in Fig. 1(a) to ghould not significantly depend on whether the system is

symmetric one in Fig. 1(b). This model has been used symmetric or not. In other word, the physical quantities of the

B. Continuum States Above the Barriers
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symmetric system should be close to those of the asymmetiie the densities of holes in the bound states and the continuum
one. However, as will be shown later, the computation for thetates, respectively. These carrier densities can be related to
former is much easier than that for the latter. their corresponding quasi-Fermi levels;. or Fr, [22].

For continuum states in the conduction band, the approxima-
tion (10) is also used. The electron wave functions can also be Optical Gain and Momentum Matrix Element
expressed in the form of (11). In the following, we will denote

AT . The optical gain is calculated based on the standard time-
the envelope wave function &g, (») and the eigenenergy as b 9

Fe : he bar f . id f ._dependent perturbation theory (the Fermi's Golden Rule).
nk, USING the bar for continuum states to avoid con USIOIrﬁcluding the effect of lifetime broadening, the gain coeffi-

with the bqund states. ) ients for transitions to bound valence statgs,, andg._.;,
For continuum states in the valence band, we neglect t S be written as [13]

band coupling. Only the diagonal elements of the effective

1 i a H . 2
Hamiltonian H3, 5 in (3) are used: g(hw) = — ;%WL . Z Z Z é'Man(/ft)|2
_ P+ Q - ]-_‘8'1; 0 0 re=07%0 Qw n=1,l o=U,Ln,m
Ay =— 0 P-Q-Ts, 0 e e N
0 0 P—_T;, X (fnkt fnlkt)L(hw nmky AC'U) o dky
(12) (17)

The effective mass equation is decoupled to three one-band _ )

effective-mass equations for the heavy hole, the light hol@hereq is the electronic chargeyo, ¢, ande, are the electron
and the spin-orbital split-off hole bands. The parabolic af?ass; the velocity of light, and the permittivity in free space,
proximation similar to (10) is also used to obtain the enveloggSPectively, andr. is the refractive index averaged over
functions and the energy dispersion of each band. The wal}é QW region.Lqy is the width of the QW region/y,,

functions are no longer mixed and can be expressed as and f.;, are the occupation probabilities falectronsin
the conduction and the valence bands, respectivie(fiw —

1k Ty _ cvo . . . .
0o (x) = e B () | (o)) for v=1,2,and 3 E7 Tk, — Aev) is the broadening lineshape function for the
VA inclusion of intraband relaxation effects and will be discussed
) _ _ ) (13) in the following subsection.
with the eigenenergy of7, ., where |(o,r)') is the ro-
tated cell-periodic function defined in the Appendix. Because R e e (18)
Hi. s = Hiys, we haveEy), = E°L, and¢)”, () =

is the transition energy and\., is the carrier-density-
dependent bandgap shrinkage energhd?? (k;) =

nm

(U, Ip|®)%,) is the momentum matrix element angl

is the polarization vector. Using the wave functions in (6)

In the calculation, we assume that the electrons in th@d (11), one can obtain the TE and TM squared momentum
conduction bands (including tHéand theX valleys) and the matrix elements [13]:
holes in the valence bands (including various hole bands) reach 5
their own quasi-equilibrium condition. The carrier distribution [Mre|* = |2 - M7, (k)|” =
satisfies the Fermi—Dirac distribution in each band and can be M vo . 2
determined by the corresponding quasi-Fermi level. This is a 4 [3|< Pm,v=1,k: | ¢nkt>|
good approximation in calculating the threshold current of a vo vo c |2
laser in which the stimulated emission is not significant. H vz V20 s g | D) }

Because the gain coefficients are functions of two variables, (19)
the quasi-Fermi levels of the conduction, and the valence
bands, it requires an additional condition to solve the threshoa}ad
condition (1). Assuming the active region is undoped and thep/ry|* =

z/}Tl;lI;/kt (Z) .

C. Carrier Density and Quasi-Fermi Level

nm

G- M (kt)|2

2 M2, (k)|

charge neutrality condition holds in the QW region, we have e 1 . N
nasw = Pow (14) = M; |<z/}rn,z/=2,kt - Ewnz,uz&kt | ¢nkt>| (20)
where with the average bulk momentum matrix element
NQW = Mhound T Meonti T QW (15) M} = %KS |p| X)| = émoEp (21)
is the electron density in the QW region and whereE, is the Kane’s energy parameter. For structures with

reflection symmetry, we have the propertiesyf/, (—z) =
el (2), Bl = ErL  andg:, having a clear parity. This

muvky mky mky!?
is the hole density in the QW region{_ , andnl .. arethe makes/Mrg|? and|Mrv|? independent of the indexesand
densities ofl" electrons in the bound states and the continuum The summations ovef and¢ in (17) can thus be replaced
states, respectivelyngW is the density of electrons whichby the factor 4, implying that we need to treat only one of the

populate theX valleys in the QW regionppouna @andpeons;  tWO 3 x 3 blocks when calculating the optical gain. This is

PQW = Pbound T Pconti (16)
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why we use the symmetric potential in Fig. 1(b) to calculat@ssume the quasi-Fermi levels are flat throughout a wide range.

the continuum states. This assumption is valid and often used in calculation [22].
For the b — ¢ transition, the optical gainy_.. can be
written as E. Lineshape Function
Gose(hw) To include the effect of the intraband relaxation, a broaden-
T ) ing lineshape function is generally used in the gain calculation.
=—F5—4 Z/ - M, (k)| There have been many reports on the gain analysis using the
nrceomiwLaow . . .
PO EQW T2 35,m Lorentzian lineshape function [3], [9]-[11], [13]. However,
» ( e _ o )L(hw _ g A )ﬁdk in spite of its simplicity, the Lorentzian Iin_eshape may cause
nhe T dmrk, nmyk, vl og unnatural results. The slow decay of the lineshape in the long

(22) wavelength range may cause an unreasonably large absorption

where the electron occupation probability in the valence ban%lfs[phOtons with energy well belpw the bangap, |r!con5|stent

o " oo .~ With the observed result. In this study, the choice of the
%, and the transition ener have the same defini-

my nmyk lineshape function is especially important since the effect of

tions described earlier except that the bound state ereygy the transition in the confining layers is included. A poorly

H 7 NGO
is replaced by the continuum state ener@l{wkt. For the chosen lineshape function will result in a large absorption loss
momentum matrix element®?? (k) = (¥¥7

nmy nivk (P12, ), in the confining layers. This problem can be avoided by using
we use the polarization dependent formula [22]-{25] (see t ore accurate lineshapes by considering the non-Markovian

Appendix): process in the intraband relaxation [14]-[16]. It is, however,
|Mrpoe | = |& - MY, Vzl(kt)|2 =|g-M" y:l(kt)|2 difficult to_calcu]atg theT non—!\/larkpvian .Iineshape functiqn
3 ' _ ' ) from the first principle in device simulation. Fortunately, it
= ng(l +cos® ) |[(r? ey i | D5, )|” (23) s found that the non-Markovian lineshape can be well fitted
1 _ ) by the simple form
|MTE,V=2|2 = gzwz?(‘5 — cos® 9)|<1/}rbrf:z/=2,kt | ¢$th>| (24) 1 I(E)
; L(E) = == (29)
(Mg msf? = S M50, | ) (25) N B+ TXE)
for TE polarization waves and with
[(E) = CelfreKeIEl (30)

£ M, oy (k)|

nm,y=

| Moy =1 |? =

3, ) o .2 where IV is chosen so that the lineshape functibQF) is
= My (1~ cos )| (rd 1k, | D5k, )|”  (26)  normalized. Only three fitting parameters, K, and Ko,
1 _ 5 are needed. These parameters are functions of the carrier
|Mry,p=2| = ZME(l +3cos” )| (e mor, | Por)|” (27)  density, temperature, and the band structures. However, in
S B 5 the interesting range of carrier density and temperature for
|Mrm,p=3]” = §Mb |<z/}rbrf:u=3,kt | ¢%kt>| (28) QW lasers, the lineshape is not sensitively dependent on these
o . . factors. So, in this study, we assume that the fitting parameters
for TM polarization waves, wheré = cos™" (k. /k). Strictly  are 4 constant. Fig. 2 shows the non-Markovian lineshape
speaking, there is no clearly definéd becauset. is not a with C = 0.005 eV, K, = 10 eV-!, andK, = 30 eV-! and
good quantum number in the layer structure without translatigy, ¢onyentional Lorentzian lineshape with a 0.1-ps relaxation
symmetry in the: direction. However, a cledr. can be found ine One can see that the non-Markovian lineshape has a low-
in each layer by using the one-band effective-mass equatighegy tail steeper than the high-energy one. The unnatural
(12). We averageos® 6 of each layer over the QW region, energy absorption due to the Lorentzian lineshape can
to obtain the squared momentum matrix element since t{heerefore be avoided.
b — ¢ transition mainly occurs in the QW region. Again, the \gte that in (17) and (22), we have considered the bandgap
squared momentum matrix elements here are independentQfiniage due to the carrier-carrier exchange. This effect
the indexes; and o and we have replaced the summations,ses red shift of the spectrum and is important to be included
overn ando by 4 in (22). in order to obtain an emission wavelength consistent with the

For the ¢ — c transition, the gaing._.. can also be g neriment. We use the 1/3-power formula for the bandgap
expressed as (22) but the integral of envelope wave funCt'%rlﬁinkage [22]:

in the momentum matrix element is carried out over the entire
domain defined in Fig. 1(b) and the average lenfthy in Ao, = —cX 10_87155{, (32)
(22) has to be changed to the entire domain dize The
cos? @ is here averaged over the waveguide region beca
the ¢ — ¢ transition occurs only in the waveguide region.
The TE and the TM gains are both calculated. The lasin
mode and the emission wavelength are obtained when
carrier density reaches the threshold condition (1). The quasiWe have considered four kinds of optical transitions which
Fermi levels are then obtained by solving (1) and (14). Wesult in four gain coefficients. At the same time, the transitions

L)(/jggerec is chosen to be 3.2. This 1/3-power relation has been
emonstrated to be valid at high carrier densities [26]-[28].

eRadiative Recombination Current



448 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 3, MARCH 1997

17 — ' : ' 3 emission rateR.y, ., the formula is
| D :
o Rppe = S [ 180
- E L 1z E sp,b—ec 2 sp,v\ /'t
‘> I premr wh cP’EOmOLQVV v=1,2,3nm
L 90 L i
R ] X fo (L= fro. VBT L (36)
=} b P ] nky - Jmrk, nmvk: o t
10t -7 ~
”E ; where the squared momentum matrix elements of spontaneous
5 102 b non-Markovian emission
8 1
5 N |Myp|? = _(2|MTEV|2 + | M, ?)
103 &
’ = _Mb |<z/}rnz/kt nkt>| (37)
10
-0.15 -0.10 -005 0.00 005 0.0 0.15 for » = 1, 2, and3. The spontaneous emission ratg, ...
Detuning energy (cV) can be expressed by (36) except thafy is replaced byLp

Fig. 2. The non-Markovian lineshape function (the solid line) with= and the integrals of the wave functions for momentum matrix

0.005eV,K; =10eV', andK> = 30 eV~ and the Lorentzian lineshape elements are over the entire domain, similar to the case in the
function (the dashed line) with a 0.1-ps scattering time. gain formulagb b
b

also cause radiative currents. The radiative current densityGs Leakage Current

also composed of four components: The formulas for the leakage current are derived following
the conventional method [22], [29]. The total current density is
Jrad = Jb—>b + Jb—>c + Jc—>b + Jomse (32)
Jiotal = Jrad + Jleakage- (38)

Each component of radiative current densities is calculated” . _
The hole leakage current over the n-cladding layer is neglected.

Jy—p = qLqwRspp— In the p-cladding layer, the total current density is

Joop = qLQVVRsp,c—J) (33) Jiotal = Jp + J, = Jp —+ Jleakage (39)

Jb—>c = qLQVVRsp,b—>C .
where.J,, and.J,, are the hole and the electron current densities
in the p-cladding layer, respectively, anfl is the same as
WhereRsp,b—>b7 Rsp,c—>b7 Rsp,b—>cu andRsp,c—>c are the Sponta' Jleakage- Companng (38) Wlth (39)' we have
neous emission rates due to the four corresponding transitions

. . . X . Jrad = Jp & clad 40
and Ly is the width of the waveguide region (see Fig. 1). 4= 7p = AhpPelad (40)
Note that forJ, s, J.—s, and.Jy—., the size of the QW region, where s, is the hole mobility,p.1,q is the hole density (near
Lqw, is used since the three recombination processes octhé waveguide region), anfl is the electric field, respectively,

mainly in the QW region. However, for the — ¢ radiative in the p-cladding layer. The leakage current density is further
current density/._. ., the recombination occurs throughout thelivided into

waveguide region and we multiplf., .. by Lwg. The
spontaneous emission rates for transitions to bound states, Jeakage = Jn = Jarite + Jdiffusion (41)
R, v—s and Ry, .5, can be calculated by the formula

Jc—>c = qLQVVRsp,c—>c

where
& Ticlad
Hp Pclad

Ry = __ O / | M ()| Jarite = QhnNclad = Jrad (42)

3
nh2e 50m0LQW o

. o N\ reve is the drift current density and
X fnkt( - rnkt) nmks o, o dkt (34)

1 27
where the squared momentum matrix element of the spontajdiﬂusion =5 =14+ /1+ <L_>
neous emission

1 Wy 2Z
|M,p|? = 5(2|MTE|2 + |MT1\4|2) x coth 2_Z 1+ <Ln> Jaiee  (43)
1
=M} b 35
27" V:12223|<1/m”’” "’”>| (33) is the diffusion current densityu,, ncad, and L, are the

electron mobility, the electron density near the waveguide
is the average of two TE polarization components and onegion, and the electron diffusion length, respectively, in the
TM polarization component. Again, summations oyeando  p-cladding layerJ¥,, is the thickness of the p-cladding layer,
have been replaced by 4 in formula (34). For the spontaneausl Z is the effective field length defined &= kpT/qF.
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TABLE |

The carrier densitie.j.q andn.j.q, are calculated by using MATERIAL PARAMETERS OFINP. GaP AnD AlP

the quasi-Fermi level difference obtained from the previous

calculation and requiring the charge neutrality in the cladding  Parameters InP GaP AlP
layer E, (V) h0.4 222 17.7
Pelad = Nelad + Na (44) A (eV) 0.108  0.08 0.07
where N4 is the doping concentration in the p-cladding layer, " 6.28 42 3.47
Ncad INCludes the electrons in thié and the X valleys, and b 08 0.98 0.06

Pealad CONtains holes in the split-off bands as well as in the 2 ’ ) ’
heavy-hole and the light-hole bands. Y3 2.76 1.66 1.15
. g 0.077 0.15 0.22

H. Material Parameters me /o

mi*/my D 2 22 22

The material parameters of the AlGalnP system lattice-
matched to GaAs are not as well known as those of the AlGaAs  m*/my 0.2 0.2 0.2
system. Recently, several measurements on this material sys-

. . A 58688 54512 54512
tem have given some reliable results [11], [17], [18], [30]-[34]. a (A)
The material parameters used in this work are mainly taken  Cn (10" dyne/cm?) [10.22 14.12 13.2
from the data reported recently by Meney al. [11], [17], C1> (10" dyne/cm?) [5.76 6.52 63
[18]. TheI" and X bandgaps of (AlGa, _.)q.5Ing 5P at 300
K are given by a.—a, (eV) 6.4 -96 -8.7
EL =1.900 +0.610z (eV) (45) b(eV) -6 L5 -16
E} =2.20440.085z (eV). (46)

the hole leakage current over the n-cladding layer can be
neglected. The internal loss is assumed toape= 10 cnt!

and the cavity length is 500m long, leading to a mirror loss
—AE, = —0.5AFE,(y) — 0.063z — 0.1572% (eV) (47) of a,,, = 24 cnTt. The temperature is 300 K.

AE,. = 0.5AE,(y) + 0.574z — 0.157z% (eV)  (48)

The band discontinuities for unstrained Ba_,P in
(Al .Ga _)o.5Ing 5P barrier are assumed to be

) ) A. Single QW
whereAE,(y) is the bandgap difference between,Ghng 5P , , , . .
and Ggln,_,P: In this subsection, single QW lasers are considered. Fig. 3

shows the TM peak gain versus the radiative current density
AE (y) = E4(GaysIng sP) — E4(GayIn,_,P) (49) for three different Al contents of the confining layer material
L " (Al;Ga _z)o.5INp 5P (z = 0.4,0.5, and 0.6). The confining
3??ng]e é’aﬁfr?aPPOfafglggg '_T_hge';/:n dg%/afgtr'ggcg?lstgfrzblﬁ)/ers are taken to be 100 nm. The TE peak gain is smaller
. » G&51N0.57, . . than the TM peak gain for the tensile-strained lasers. As can be
different from those reported in the earlier years [35]. How- oo .
. : . . spen, the transparency current density is lower for lasers with
ever, as will be seen in the following section, our calculated’, . . i -
results using the new parameters aaree well with the meas ae igher Al content in the confining layers. This is because
u'ts using wp gree welwi ULe8maller number of carriers spill over the barriers when the

results. The other parameters for (&la,_o)o.5INo.sP USed 0o niant i high. On the other hand, when the confining
in the calculation are obtained by linear interpolation amor'gyers have a low Al content, a large amount of spilled-

Ve . . L .
. . ) . - ver carriers cause a considerable radiative current which,
index for calculating optical modes is obtained from [35]. Thg18 will be seen later, does not contribute to the TM gain

mobilities of electrons and holes in the p-cladding layer are.. . e
assumed to bes, — 100 cm?V-s and 1y = 10 IV eefflmently. As a result, to reach the transparency condition,

respectively, and the electron diffusion lengthlis = 0.6 the _radiative current is lower _for the confin_ing layers with
pam. In caICl’JIating the band structures of strained Welis Wae higher .AI content. Thg spilled-over carriers also cause
ass.ume the deformation potential: e, — 3 - 1 ' “another qlsadvantagg which can.be clearly seen from .Flg. 3
o C that the differential gaiidg/dJ.q) is poorer for devices with
lower Al barriers. These results cannot be obtained without
considering the recombination of the spilled-over carriers,
In the section, we analyze the laser characteristics in detail recombinations due to the optical transition from/to the
by investigating the performance as a function of the confinimpntinuum states. Note that the differential gaindor 0.6 is
layer thickness, the Al content of the confining layers, amborer than forz = 0.5. This is because there is only a light-
the QW number. The laser structures are composed@hl-hole subband confined to the shallower QW = 0.5) but
(Al 7G&y.3)0.5In0.5P cladding layersi,, = 1 m) and 80A there are two subbands (one light-hole and one heavy-hole
Gayslng 4P tensile-strained QW's. The doping concentratiosubbands) confined to the deeper QW= 0.6). Since the
in the p-cladding layer is 1x 10" cm™3 and that in the optical transition to the heavy-hole subband contributes nearly
n-cladding layer is assumed to be sufficiently high so thab TM gain, the differential gain is poorer far= 0.6.

I1l. RESULTS AND DISCUSSION
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ig. 4. The bound-to-bound gairng,_.;, (the solid lines) and the

und-to-continuum gairny,_... (the dashed lines) versus the thickness
of confining layers for single QW lasers at threshold. Three different Al
contents of the (AIGa—.)o.5Ing 5P confining layers are considered,
ax = 0.4, 0.5, and 0.6.

Fig. 3. The peak gain versus the radiative current density characteristic
single QW lasers.Three different Al contents of the (BB . )o.5Ing.5P
confining layers are considered,= 0.4, 0.5, and0.6.

Lasers with high-Al-content confining layers have a draw-
back. Because of the high Al content, the refractive index @he use of the non-Markovian lineshape function alleviates
the confining layers is closer to that of the cladding layerthis problem and the results agree with the observation.
It results in a small confinement factor. So a higher gain is The radiative current densitie§_,;, and J,_.. are shown
needed for such devices to reach threshold. Since a largerFig. 5(a) as functions of the thickness of the confining
guasi-Fermi level separation is required to obtain a higher galayer and its Al content. Similar to the gain_.;, higher Al
the leakage current over the cladding layers becomes higheontents or smaller thicknesses of the confining layers lead

To understand the properties of the lasers, it is necess&mhigherJ,_ ;. Unlike the behavior of/,_;, J,_. is higher
to analyze in detail the behaviors of the gain, the radiatifer devices with a lower Al content in the confining layers.
current, the leakage current. Fig. 4 shows,, and g,_.. at The reason is similar to the case fgy_.., shown in Fig 4.
threshold versus the confining layer thickness for the thrétowever, different fromg,_.., which is much smaller than
different Al contents in confining layerér = 0.4,0.5, and gs—b, Jy—.'S are comparable ta),_;'s. This difference is
0.6). One can see thaj,_, is higher when the confining due to the lineshape function. The gain is very sensitive to the
layers are thinnery,_,,;, is also higher for higher Al content in detuning energy of the convolution lineshape function but the
the confining layers. These are all caused by the reductiont@ial spontaneous emission rate is independent of the lineshape
the confinement factor as a result of such structure changksction. As a result, a small gain does not necessarily mean
One can find that a deep QW (with a highin the confining @ low radiative current. Fig. 5(b) shows tke— c radiative
layers) has a smallej,_,.. There are two reasons. First, forcurrent densityJ._.. and the total radiative current density
a deep well, the difference of the occupation probabilitiedrad- ONe can see thal._..'s are almost linearly dependent

c vo is small. Secondly, the detuning enerlyy — ©On the confining layer thickness. This is because dhe c

nﬁ%kt _mﬁk; is far apart from zero so that the gajp_.. after transition occurs throughout the whole waveguide region. To
convolved by the lineshape function becomes very small. Agmonstrate the validity of our model, we have calculated
a result, for devices with high-Al confining layers (such athe bimolecular recombination coefficieBt by the empirical
z > 0.4), go—. can be totally neglected. Even for those withormula
low-Al confining Iayers,gb_w is still very small compa_red to Jose = Bl peonss. (50)
gv—b. Thec — b gaing._,, has a negative value and is much contt
smaller thary,_... The reason is because there are more hol@g& found that the coefficienB is 1.0~1.5x101° cmds™1,
in the continuum states than electrons in the continuum stai@sich is in excellent agreement with the experimental result
due to the fact that the conduction-band QW is much deeqg6]. The ¢ — b radiative currentJ,_;, can be neglected
than the valence-band QW [see (47) and (48)]. Ehe> ¢ compared with the other components of the radiative current
gain g._.. is the smallest of the four components of the gaisince thec — b transition occurs only within the QW region
because the transition energ}’7, ;. is much higher than the and the factorf’, (1 — 3. ) is small. Note that for devices
emission energyiw. with a shallow QW(z = 0.4), J,—. and J._,. are higher

The gain coefficients mentioned above are all very depetempared with those for devices with a deep QW. Since, as
dent on the convolution lineshape function. We have calculatddscribed above],_.. and J._.. do not contribute very much
the gains using the conventional Lorentzian lineshape. Absotp-the gain, the gain-radiative current characteristics should be
tion larger than 100 cm* were obtained for bothy._, and better for devices with deep wells. This is in agreement with
Jde—e. This is in conflict with the experimental observationthe result shown in Fig. 3. It is noteworthy that lasers with
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Fig. 5. (a) The bound-to-bound radiative current density., (the solid 0.0 ' :
lines) and the bound-to-continuum radiative current denkjty.. (the dashed 0 59 . 100 ) 150 200
lines) and (b) the continuum-to-continuum radiative current dengity.. Confining layer thickness (nm)

(the dashed lines) and the total radiative current denkity (the solid lines) ) )
versus the thickness of confining layers for single QW lasers at threshdidd. 7- The total leakage current densify.iage (the dashed lines) and
Three different Al contents of the (AGa; —.)o.5Ino.5 P confining layers are the total threshold current densify;, (the solid lines) versus the thickness of

consideredz = 0.4, 0.5, and0.6. confining layers for single QW lasers at threshold. Three different Al contents
of the (Al,Ga —,)o.5Ing 5P confining layers are considered= 0.4, 0.5,
and 0.6.

higher Al content(z = 0.5) confining layers have a lower

radiative current than those with= 0.4. This result is quite o\er level and may become serious above threshold. This
different from that without considering the optical transitiomnay result in a poor light—current characteristic if the laser is
from/to the continuum states [sefg_,;, in Fig. 5(a)]. improperly designed.

Fig. 6 shows the curves for the diffusion current density Fig. 7 shows the total leakage current denskyy... and
Jaiiusion @Nd the drift current density/wir at threshold. the threhsold current density, as functions of the confining
As can be seen/uigusion i higher than/Juir. In addition, |ayer thickness for the three Al contents in confining layers. As
Jaittusion &N Jarie are higher for devices with higher Al can be seen, the leakage current is serious and dominates over
confining layers. The diffusion current depends on the electrgfe radiative currentJieakage iS Very high for devices with
carrier densityn.iaq in the p-cladding layer, which is related;: = (.6, resulting in a very high/;,. But J;, for devices with
to the quasi-Fermi level separatidf}. — Ey,. For lasers with 5 = 0.5 is slightly higher than that for devices with= 0.4.

a high Al content in the confining layers, due to the large The emission wavelengths for devices with different struc-
separation between quantized levels in the conduction and thees are shown in Fig. 8. The emission wavelength depends
valence bands and the high gain required to reach threshad,the quasi-Fermi level separatiéh. — E;, and the bandgap
the quasi-Fermi level separatidi}. — E, is large. Compared shrinkage energy..... Since the separatiofi;. — Ex, is larger

with J,,q in Fig. 5(b), Jy.i is comparable to/.,4. SinceJy,irx  for higher barriers (having a largey, the emission wavelength
depends on/,.4, as expressed in (42), it increases with this generally shorter for higher Al content in the confining
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Fig. 8. The emission wavelength versus the thickness of confining laljig. 9. The bound-to-bound gainy,—; (the solid lines) and the

ers for single QW lasers at threshold. Three different Al contents of thmund-to-continuum gairy,—. (the dashed lines) versus the thickness

(Al;Ga—,)o0.5In0.5P confining layers are considered,= 0.4, 0.5, and of confining layers for double QW lasers at threshold. Three different

0.6. Al contents of the (AlGa —:)o.5In0.5P confining layers are considered,
z = 0.4, 0.5, and 0.6.

layers. The effect of the bandgap shrinkage is also important.

For example, as the confining layer thickness is small, the 750 ' ' '
emission wavelength is generally red-shifted. This is because
higher gains and higher carrier densities are needed to reach 700
the threshold condition, resulting in more serious band gap
shrinkage [see (31)]. Another example is that the emission — 650 |
wavelength forz = 0.5 is shorter than forc = 0.6. This is g
because the bandgap shrinkage is more serious fer 0.6 < 600 r
although its quasi-Fermi level separation is larger. E

According to the above analysis, we can now obtain an 550 | .
optimized single QW laser structure which has 4080-nm .. 06
(Alp.5Ga.5)0.5IN0.5P confining layers. The threshold current 500 e 1
density is~1.3 kA/cn? and the emission wavelengthAg634
nm. Single QW lasers have some drawbacks. They are all 450 . ' -
caused by the narrow gain region. The narrow gain region 0 50 100 150 200

gives rise to a small confinement factor and therefore a high Confining layer thickness (nm)

gain is needed to reach threshold. The quasi-Fermi lew. 10. The total radiative current densiff.q versus the thickness of

differenceEs. — Ejy is |arge and a high Ieakage current resultsonfining layers for double QW lasers at threshold. Three different Al contents
. N v . RS of the (Al.Ga, _.)o.5Ino.5P confining layers are considered= 0.4, 0.5,

In addition, the threshold carrier density is high for such laserg,q g ¢.

resulting in serious bandgap shrinkage. An undesired long

emission wavelength may be obtained. To obtain a low leakage

current and a short emission wavelength, multiple QW lasé§comes smallg,_..'s for N, = 2 are smaller compared

with a wide gain region are necessary. with those forN,, = 1. This is because the reduced quasi-
Fermi-level separation leads to the decrease in the occupation
probability differencef;, — fr7;, . Similar to the case for

B. Double QW's Ny = 1, go—. IS much smaller thany,—,;, and g._, and

In this subsection, we consider lasers with double QW'g¢—c can be totally ignored. So, in general, when calculating
The QW thickness is again 88 and the barrier sandwichedthe gain, one can actually only consider the- b gain.
between the wells is 48. The other parameters are the same For NV, = 2, the spontaneous emission rate is lower since
as those described before. the carrier densities are reduced. However, due to the increase
Fig. 9 shows the curves faj,_.;, and g,_. at threshold. in the thickness of the QW region, the radiative current
A remarkable difference between the curves and those shol@mot expected to have a significant change. The calculted
in Fig. 4 for single QW lasers is that the gaj_.,’s of the total radiative current densitie,,q are shown in Fig. 10.
double QW lasers are about three times smaller than thoseCefmpared with the curves fa¥,, = 1 shown in Fig. 5(b),
the single QW lasers. This is because the confinement factthe J,.q values are typically larger foN,, = 2.
for N,, = 2 are about three times larger than thosegr = 1. Although the radiative current increases, the leakage current
The threshold carrier density in the QW region is therefoie improved significantly. Shown in Fig. 11 is the plot for
greatly reduced and the quasi-Fermi-level separdtign- E;, the diffusion current density/yigusion and the drift current
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Fig. 11. The diffusion leakage current densifyifusion (the solid lines) Fig. 12. The total leakage current densify.,i... (the dashed lines) and
and the drift leakage current densitfy, ;s (the dashed lines) versus thethe total threshold current densify;, (the solid lines) versus the thickness of
thickness of confining layers for double QW lasers at threshold. Three differ@anfining layers for double QW lasers at threshold. Three different Al contents
Al contents of the (AlGa —.)o.5IN0.5P confining layers are considered,of the (Al.Gai —.)o.5Ino 5P confining layers are considered= 0.4, 0.5,

xr = 0.4, 0.5, and0.6. and 0.6.

density Jy.i¢. Compared with Fig. 6 fotV, = 1, Jyifusion 635
is reduced considerably, especially for confining layers with N=2
high Al content(xz = 0.6). Jq,s IS not improved as much as
Jiftusion SINCe Jyiey iS dependent ow.,q which rises when
the number of QW'’s increases. Different from the case for
N, = 1 (see Fig. 6),Jq.irx becomes higher thadygusion

for N, = 2. The total leakage current densitficaxage
and the threshold current densify;, are shown in Fig. 11.
Compared with Fig. 7 forV,, = 1, the leakage current is
reduced significantly, especially for largevalues. Note that
the leakage current still dominates over the radiative current
for x > 0.5 (compared with Fig. 10). The threshold current for
« = 0.6 is reduced significantly by adding an additional QW. 630 . - .
But for low Al content(z = 0.4~0.5), the threshold currents 0 50 100 150 200

are not improved very much. Confining layer thickness (nm)

Shown in Fig. 13 is the plot for the emission Wavelengmﬁig. 13. The emission wavelength versus the thickness of confining layers
Compared with Fig. 8 fotV,, = 1, the wavelength becomesfor double QW lasers at threshold. Three different Al contents of the
shorter for N,, = 2. This is because the threshold carrief?l>Ga—)o.5Ino 5P confining layers are considered,= 0.4, 0.5, and
density in the gain region is reduced. The band gap shrinkage
is thus not as serious as that faf, = 1. Forz = 0.5 and
0.6, the emission wavelength reaches a low value682 nm. We have studied the triple QW lasers. The results showed
Different from the case folV,, = 1, the emission wavelengththat the radiative current densities are typicaltg50 Alcn?
for devices withz = 0.5 is longer than that for devices withfor both z = 0.5 and 0.6. The diffusion current is slightly
z = 0.6. These calculated results are in good agreement withproved but the drift current basically remains the same as
the experimental results. So the effect of bandgap shrinkagdhist for N, = 2. As a result, the threshold current becomes
very important while analyzing such a kind of lasers. slightly lower for z = 0.6 but slightly higher forz = 0.5,

Now we can conclude that the optimum structure &y = compared with the threshold current i, = 2. The emission
2 is the one with50~150-nm (Aly 5Gay.5)0.51N0.5P confining wavelength forz = 0.5 is slightly longer 632 nm) but
layers if the other parameters are kept the same as before. $kghtly shorter forz = 0.6 (~631.2 nm) than the wavelength
threshold current density is-1.2 kA/cn? and the emission for N, = 2.
wavelength is~632 nm. Comparing the threshold current and
the emission wavelength between the optimum structures for o ]

N, =1 andN,, = 2, one can find that the double QW lasefc- Popant Concentration in p-Cladding Layer
is superior to the single QW laser since the short wavelengthFrom the previous analysis, one can find that the leakage
of 632 nm is desirable. current is still high for double QW lasers. In fact, due to

Further increasing the QW number does not significanttiie inherent limitation of available material for such lasers,
improve the threshold current and the emission wavelengthe leakage current is sensitively dependent on the doping
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Fig. 14. The total leakage current densifi.x... versus the dopant con- Fig. 15. The total leakage current densiy.kagc Versus the Al content of
centration in the p-cladding layer for single QW lasers at threshold. Thréfee (Al.Ga —4)o0.5IN0.5P cladding layers for single QW lasers at threshold.
different Al contents of the (AlGa,—.)o.5Ino.5P confining layers are con- Four different dopant concentrations in the p-cladding layer are considered,
sidered,» = 0.4, 0.5, and0.6. N4 = 05,1, 1.5, and 210'% cm™3.

concentration in the p-cladding layer. For a higher p-dopadopant density. Our calculation shows that a low threshold
concentration, the quasi-Fermi levels. and E;, are both current density of 620 A/ccan be obtained for lasers with
closer to the valence band. As a result, the electron densitynP cladding layers withV,, = 1x10'® cm~3. This result is
is reduced and the hole density rises. The diffusion amdnsistent with the observation [7]. However, in practice, the
the drift currents are therefore reduced. Fig. 14 shows thigh-Al cladding layers may cause other problems. Heavily
leakage current density at threshold as a function of tipedoped cladding layers are difficult to be obtained as the
dopant concentration of the p-cladding layer for single QW content increases. Additionally, tight confinement of the
lasers. Three Al contents of confining layers are consideragitical mode may lead to a poor beam divergence. These
xz = 0.4,0.5, and0.6. The confining layer thickness is taken tgproblems have to be considered in designing the lasers.
be 100 nm. As can be seen, the leakage current is very sensitive
to the dopant concentration when the doping concentration
<1.5x10' cm~3. The improvement on the leakage current
is effective by increasing the dopant in the p-cladding layer. We have theoretically analyzed in detail the 630-nm
So, the dopant concentration should be as high as possil@alnP—AlGalnP tensile-strained QW lasers. Thex 6
However, in reality, it is difficult to obtain a very high p-Luttinger—-Kohn Hamiltonian has been used for calculating
doping concentration in (AlGa _.)o.51Ng.5P with z > 0.7. the valence band structure including the coupling effect
of spin-orbital split-off bands. The effect of the optical
) transitions from/to the continuum states has also been taken

D. Al Content of Cladding Layers into account. The results show that although the gains due to

To further reduce the leakage current density, one can utilitee optical transitions from/to the continuum states are small
the cladding layers with a higher Al content. A higher Acompared to the gain due to the bound-to-bound transition, the
content in cladding layers gives rise to two advantages. Sirmegliative currents arising from the optical transitions from/to
the band gap becomes wider, the leakage of the minority ctite continuum states are significant and cannot be neglected.
rier is suppressed. In addition, the refractive-index differend® avoid unreasonable absorption below the band gap, a more
between the cladding and the confining layers is larger, and thractical lineshape function, the non-Markovian lineshape,
optical mode is more tightly confined so the confinement factshould be adopted for gain calculation. It has been shown that
becomes larger. This results in a lower threshold gain atfie use of such lineshape is very important for the correct
a reduced separation of the quasi-Fermi levels, which agaain calculation. The band-gap shrinkage effect due to carrier-
reduces the leakage current. Fig. 15 shows the leakage curcartier interaction has been considered. The results indicate
density at threshold versus the Al content of cladding layetisat the bandgap-shrinkage effect plays an important role in
for different p-doping concentrations. The lasers have a singlbtaining a correct emission wavelength.
QW. The Al content and the thickness of confining layers are The problem of leakage current is serious for single QW
taken to bex = 0.5 and 100 nm, respectively. The cavityasers. It can be improved by increasing the QW number, the
length is still assumed to be 50@m. It can be seen from p-cladding layer dopant concentration, and the band gap of
the figure that the leakage current is reduced consideraliy cladding layers. We have optimized the laser structures
by increasing the Al content in the cladding layers with o achieve a low threshold current and a short emission
low doping concentration. Low leakage current can therefoweavelength. For single QW lasers with (AGay 3)o.51N0.5P
be obtained by using the AlInP cladding layers with a higbladding layers, the optimized confining layers have been

IV. CONCLUSION
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found to be 108-150-nm (Ab.5Ga& 5)0.5IN0.5P. The calculated
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Similarly, the other squared matrix elements in (24)—(28)

threshold current density is-1.3 kA/cn? and the emis- can also be deduced by the same procedure.

sion wavelength is~634 nm for a 50Q:m-long cavity. For
double QW lasers, the optimized confining layers are BRO-

nm (Aly.5Gay.5)0.51N0.5P. The corresponding threshold current
density is ~1.2 kA/cn? and the emission wavelength is [1]
~632 nm for a 50Q:m-long cavity. The double QW laser

is preferred due to its shorter emission wavelength. Fur-
ther increasing the QW number does not make significantli2]
improvement on the threshold current and the emission wave-
length. 13]

APPENDIX 4]

The polarization dependent matrix elements in (23)—(28)
are derived in this appendix. Based on Kane’s theory [37]is)
the wave functions with small vectdrs have the following
set of transformed cell-periodic functions for the effective
hamiltonian Hg, 5 in (12):

(e, 1))

(6]

= S [0 i) et
Fil (X =" [)e'+?]
1

[7]
(A1)

2V — = X' — Y1 227 it 8
|(0,2)") 2\/3[ (X' —a¥") 17" +2Z1")e [8]
i — (X +iY) I +227)e7 3] (AD) g
(0:3)) = S [l =) 1 =2 1)t
Fi| (X iV + Z' e 5] (A3) [0
whereo = U (or L) is the index for the upper (lower) signs.
The transformeds’, X', Y/, and Z’ are related toS, X, Y, [11]
and Z at k = 0 by
X’ cosfcos¢ cosfsing —sinf | |X
Y'| =| —sing cos ¢ 0 Y | (A4) [12]
A sinfcos¢ sinfsing cosf Z
S =S. (A5) [13]

whereé = cos™(k./k) and ¢ = tan~'(k,/k,). The trans-
formation is taken so that the nex axis is along the wave [14]
vector k. Using the basis functions (A1)-(A3) and relation

(A4), the squared momentum matrix element [15]
z- M?L‘:n,l/:l(kt)|2 [16]
- . 1
= |<\Ij:7iz/=1,kt |p$|(1)n7w>|2
= {0, 1Y 1pal S0 Y| (022 s |5 ) | (27
1
= Z|<S|pg,;|X>|2(cosQ9(3052</)—i—sin2 ®) 18]
S [CEAP A (A6)  pgy
Taking average ovep and using (25), we have
3 _ [20]
z- lvl:z(:n,u:l(kt)|2 :gMbQ(l + C082 9)| <r(/}rl/7$,-z/=1,kt | ¢$th>|2
(A7) [21]

which is just the squared momentum matrix element in (23%.2]
The average ovep is associated with the axial approximatior{
of the band structure in the gain calculation.
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