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Optical Gain of Interdiffused InGaAs—GaAs
and AlGaAs—GaAs Quantum Wells
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_Abstract—We have analyzed theoretically the effects of inter- SiO, or SN, deposited on the wafer [6], [11]-{13]. We can
diffsuion on the gain, differential gain, linewidth enhancement control the vacancy distribution and, as a result, the bandgap
factor, and the injection current density of Iny.»Gay sAS-GaAs  ghifis hy patterning the cap layer or depositing some diffusion

and Al 3Gap.rAs—GaAs quantum-well (QW) lasers. We have . . . . .
calculated the electron and hole subband structures including the Parriers. This technique has the advantage of not introducing

effects of valence band mixing and strains. The optical gain is then any additional impurities into the crystal.
caculated using the density matrix approach. Our results show  Recently, there are a large number of experimental studies of
that the gain spectrum can be blue-shifted without an enormous the application of interdiffusion techniques to the fabrication

increase in the injected current density. Imposing an upper limit - ¢ ) ey heterostructure lasers and the integration of lasers
(416 A.cm™*) on the injection current density for a typical laser

structure, we find that the InGaAs—GaAs and AlGaAs-GaAs Qw  With different wavelengths monolithically. In the fabrication
lasers can be blue-shifted by 24 and 54 nm, respectively. Our Of buried heterostrucuture lasers [1]-[3], [14], [15], regions
theoretical results compare well with the tuning ranges of 53 and of the wafer are disordered by interdiffusion so that they
&%ngt\ésfc;ﬁggtfﬁé ﬁ:giﬁ;;ggﬁe%mis Llsigrngeefﬁfgi“:ﬁe“ﬁ-n}'—nhis become passive regions with different refractive indexes and
of laser operation wavelength for muI?iwaveIength applicationsg.] provides optical g_wdlng. The |Qtegrat|on of_Ia_sers with differ-
- ent wavelengths is made possible by modifying the bandgaps
Index Terms—Diffusion processes, quantum heterostructures, of gifferent regions in the wafer with interdiffsuion techniques
guantum-well devices, quantum-well interdiffusion, quantum- .
well lasers. [16]-[20]. Experimental results show that the wavelengths
can be shifted significantly without a tremendous increase
in the operation current of the laser. This demonstrates that
. INTRODUCTION interdiffusion can be used to make devices for multiwavelength
HE interdiffusion of 1lI-V compound semiconductorapplications. To understand these experimental results for the
quantum-well (QW) structures has been investigatétesign of devices fabricated using interdifffusion techniques,
extensively in recent years [1]-[21]. One of the reasons fifris necessary to know quantitatively how the laser charac-
the strong research interest in this technique is that it offdgyistics are changed with the degree of interdiffusion. There
a simple way to modify the compositional profile of an ags already a theoretical study by the authors [21] on the
grown square QW to a graded one. Apart from this, the stroeffects of interdiffusion on the gain of QW lasers, which,
dependence of interdiffusion rates on the amount of crysts@vertheless, is not comprehensive in that some important
defects make this technique very versatile for modifying trgharacteristics such as the differential gain and linewidth
bandgap in a small region of a wafer by controlling the defeenhancement factor are not included. Apart from this, the
distribution. The interdiffusion rate can be increased by ordestyained layer systems InGaAs—GaAs which is important for
of magnitude in the presence of neutral or charged impuritibigh-speed optical communication are not studied in [21]. It
or vacancies at group lll lattice sites. If one can modifis the main objective of the present paper to study in detail
according to a pattern the compositon profile and the bandghp effects of interdiffusion on the optical gain, differential
of a wafer, then it is not only possible to tune the operatingpin, and linewidth enhancement factor of AlGaAs—-GaAs
wavelengths of optoelectronic devices for optimization buaind InGaAs—GaAs lasers with various values of injected
also to integrate them monolithically. It is easy to pattercarrier densities. The results reported should be useful for the
the impurity distribution with a mask during ion implantatiordevelopment of interdiffused QW lasers as they cover a wide
or diffusion [1]-[4], [7]-[10]. After annealing, patterns ofrange of operation conditions and can be used to assess the
bandgap shifts are produced. Ga vacancies, which enhaimterdiffusion as a viable technique to fabricate QW lasers for
the interdiffusion rates, are usually produced by the outaultiwavelength applications.
diffusion of Ga atoms into a dielectric cap layer such as The organization of this paper is as follows. Firstly, in
Section II-A, we briefly discuss the model of interdiffusion
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TABLE |
MATERIAL PARAMETERS USED IN THE NUMERICAL CALCULATION

Iny Gag_,As Al Ga;_,As
a@ 5.6533+0.405y 5.6533+0.0078x
Ey (eV) 1.425-1.501y+0.436y 1.424+1.594x+x(1-x)(0.127-1.31x)
Ci1 (10'" dyn/cn?) 11.9-3.571y 11.9+0.12x
Ci2 (10'! dyn/cn?) 5.38-0.854y 5.38-0.08x
dE,/dP (107% eV/bar) 11.3-1.1y 11.5-1.3x
b (eV) -1.7-0.1y -1.7+0.2x
m./mg 0.0632-0.0419y 0.0632+0.0856x+0.023%x
My /Mo 0.5-0.09y 0.50+0.2x (x0.45)
my/mo 0.088-0.064y 0.088+0.0372x+0.0162x
Ag (eV) 0.34+0.07y 0.34-0.065x

are included as an appendix. In Section Ill, we discuss teemiconductors such as GaAs-based materials, it is a good
theoretical results. We will pay particular attention to hovapproximation that the conduction and valence bands are
the laser characteristics such as the gain and differentildcoupled. A parabolic band model and the Luttinger—Kohn
gain, etc., are affected by interdiffusion. Finally, a conclusiotjamiltonian with strain components are used for the con-
which includes a comparison with experiments, is presentddction and valence bands, respectively. The electron states

in Section IV. near the conduction subband edge are assumed to be almost
purely s-like and nondegenerate (excluding spin), while the

Il. THEORETICAL MODEL hole states near the valence subband edge are almost purely
p-like and fourfold degenerate (including spin). The envelope
A. Interdiffusion Model function scheme is adopted to describe the slowly varying

part of the wave function. The effects of the QW confinement
Interdiffusion across the heterointerface alters the compggstential on the energies and envelope functions of the electron
sition profile across the QW structure. In AlGaAs-GaAs anghg hole subband edge at the zone centre of the Brillouin
strained InGaAs-GaAs QW structures, only the interdiffusiojhne can be calculated separately, according to the Ben—Daniel

of group-lll atoms occurs, i.e., Al, In, and Ga atoms, sinC&nd Duke model, using the one-dimensional Sdmger-like
there is no As concentration gradient across the interface. Th,ation that follows:

diffusion of group Ill atoms in the QW structure is usually

described by the Fick’s law with constant diffusion coefficients #2? d 1 din(z)

in both the well and barrier layers. The composition profile” 5 g, |:m*J_r(z) dz } +Un(2) - tni(2) =Ertpmi(2)
after interdiffusion is characterized by a diffusion lendth, 3)
which is defined ad.q = /(Dt), where D is the diffusion

coefficient andt is the annealing time of thermal processing,\,herez/jrl(z) is the envelope function of thigh subband for
Consider a single AlGaAs-GaAs QW with the as-grown Adlectrons(r = ¢) or holes(r = hh,lh for heavy hole and
mole fraction equal ta:, the compositional profile of Al after |ight holes, respectively)n® () is the corresponding carrier
interdiffusion is given by effective mass in the: direction, E,; is the subband-edge

1 L. 42 L. —9, energy, andl,.(z) is the confinement potential of the QW
a:Al(Z):azo{l——[erf< ad V)—i—erf( ad V)}}

5 AL AL determined by considering (1), (2), and the equations for the
d d 1 conduction and valence band edge, which can be obtained
(1) from the material parameters given in Table I. Equation (3) is

wherez denotes the coordinate along the crystal growth direg2!ved numerically using a finite difference method with the
tion andL. is the as-grown well width. The In mole fractionc@rresponding confinement profile.

across the InGaAs—GaAs QW structure after interdiffusion js T"€ mixing of the light hole and heavy hole in the valence
given by band structure, which have strong effects on the optical

properties, is described by the Luttinger—Kohn Hamiltonian
yn(z) = 20 [erf <Lz + 2z> ¢ erf <Lz - 22)} (2) [22]- Asaresult of band-mixing, the envelope function as wel
2 4L, 4L, as the periodic part of the Bloch wave function are functions of
. . . k,,, the wavevector in the plane perpendicular to the direction
where g is the as-grown In mole fraction and the QW ISo1</crystal growth. To find the valence subband structures and
centered atz = 0. . - ; .
the envelope functions of a QW, it is necessary to diagonalize
the Luttinger—Kohn Hamiltonian with the appropriate confine-
B. Band Structure Model ment potentials for heavy and light holes. In this paper, we
To calculate the electron and hole wave functions in QW’'sdopt the effective Hamiltonian approach described in [23]
we use the multiband effective mass theory. For most Ill-¥ calculate the valence subband structure. In this approach,




CHAN et al. OPTICAL GAIN OF INTERDIFFUSED InGaAs-GaAs AND AlGaAs-GaAs QW'S 159

the hole envelope function®;(k,/, z) for spin components components, after interdiffusion, are given by [24], [25]
s = £3/2,+1/2 of the Luttinger—Kohn Hamilotonan at any

finite &, is expressed as a linear combination of the envelope €an =eyy = €(y) (72)
functions,(z) atk,, = 0 as follows: &z = —2[cr2(y)/c11(W)le(w) (7b)
Exy =Eyz = €z = 0 (7C)

M
ok, z) :Z dsi(ky)) vsu(z), s=3%,-5.5,3 (4) wheree(y) is strain between Ga_,As and GaAs and is
=1 defined to be negative for compressive strain, affy)’s are
the elastic stiffness constants. The change in the bulk bandgap,

where 1),,(z) are the zone-centé;;, = 0) envelope func- S (y), due to the biaxial component of strain is given by

tions of valence subbands obtained by solving (3)&nd¥k,,)
are coefficients to be determined by the Rayleigh—Ritz vari- S1(y) = —2a(y)[1 — c12(y)/c11(y)] e(w) (8)
ational method.s = +1/2 and s = £3/2 denote the light i i ] )

hole and the heavy hole subbands considered in (3). THherea(y) is the hydrostatic deformation potential calculated
accuracy of this approximation depends afi the number TOM

of wave functions used in the linear expansion. In this study, _ 1 dE,(y)

a basis set of 40 envelope functions is used in the calculation oly) = "3 [e1a(y) + 2e12(w)] dP ©
a”‘?' th? resu_lts obtained are accurate_within the energy ralidtere dE,/dP is the hydrostatic pressure coefficient of the
WhICh is typlcal for QW Iaser_ (_)peratlon. Accordmg _to thefowest direct energy gag,. The splitting energys (),
Raleigh—Ritz method, the coefficients, (k) are coefficients poyeen the HH and LH band edges induced by the uniaxial
of the eigenvectors of the following effective Hamiltonian: strain is given by

Bspp+5, O b 0 S, /(y) = =b([L + 2c12(y)/c11(y)] e(y) (10)
c* E_l/g — S// 0 BT
B* 0 E+1/2 _ g// T whereb(y) is the shear deformation potential. The parameters
0 B* o E_3/2 + g// a,b,c;j,dE,/dP in the above equations are assumed to obey

(5) Vegard's law and their dependence on the composition is
shown in Table I. There is a coupling between the LH band

where E, - B and C' are M by M submatrices with matrix and the spin-orbit split-off band due to the uniaxial strain

elements given by which shifts the LH subband energies and is included using a
perturbation approach as in [26]. The energy shifts of the HH
3712 B2 oo and LH band edges due to the uniaxial strain are given by
Mo —oo Syyaa(y) =5S/(y) (11)
-w_?,;,j<z> hiailz) O ) Lu) ==1/25;, ) + (Ao(w)]
Bjj =32 = yp(—k, — ik) / dz + 1720908, ()Y {Au(1) Y =25, (9) Ao ()] /2
o ) —co (12)
“3/2,4(2) 9z V-1/2,4(%) (6b) respectively, where\,(y) is the spin-orbit splitting. The QW
K2 ) confinement potential after the disordering proc&ssy) is
Exsyej0 =6 Em,j — 2m, /i k7 (6¢)  obtained by modifying the unstrained potential profile after
52 processing,(AE,.(y), by the variable strain effects, and is
Exir9j =6y ELj — 5—— k) (6d) given by
2m//L
Ur(y) = AE(y) — S1-(y) £5,/+(y) (13)

where v, is the Luttinger parameter anfj’ = 1,2,--- N, )
Ey; and Ep; denote thejth subband energy of the heavyWhere Si.(y) = @-S1(y), the + and — signs represent the
and light hole, respectively, an,, is the diagonal submatrix confined HH and LH profiles, respectively, i (y) =
containing the potential due to strains in the crystal latticd; @c: @r is the band offset ratio which is taken to be 0.7:0.3.
the expressions of which will be discussed in the following
section. D. Gain, Differential Gain, and Linewidth

Enhancement Factor

C. Strain Effects The optical gain is calculated using the density matrix

From the expression of the JGa _,As lattice constant approach given as

given in Table I, we can determine the strain of the inter- 2rq’h 07 9
diffused InGaAs—-GaAs QW. The in-plane straify) across EDY (2r) / dky/le - Brs(ky )]
the well depends on the In mole fractignand therefore has . N

the same error function profile as the composition. Assuming (B (k) — ES(kyy) — E)

that the growth directior: is along (001), then the strain x [f(E(k ) — fM(EME, )] (14)

2 21 F )
- negcm Ly,
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wheregq is the electric chargey is the refractive indexgo is understand the effects of interdiffusion on characteristics such
the dielectric constant of the vacuumjs the speed of light, as the gain and differential gain, etc., it is necessary to know
L., is the width of the QW,E is the photon energyP,., the subband energies and the subband structure. Owing to the
is the optical matrix element for transition between #ik limitation in space in the present work we only discuss the
electron subband and tkéh valence subband,is a unit vector subband edge energies which have strong effects on the carrier
along the polarization direction of the optical electric fielddistribution and the optical characteristics.
and f¢(E¢) and f*(E;) are the Fermi distribution functions The subband edge energies of the interdiffused
for electrons in therth conduction andth valence subband, Al 3Ga,;As—-GaAs and In.Gay sAs—GaAs QW's
respectively. Expressions for the optical matrix elemdnts considered here are shown in Figs. 1 and 2 as a function
will be discussed in the Appendix. To include the spectraf L,. It is to be noted that the zero-energy reference is
broadening of each transition, the gain in a single QW struaken to be the bottom of the respective QW'’s. We note
ture is convoluted with a Lorentzian line-broadening functiothat at the early stage of interdiffusiofLy < 15 A for
L(F — E') over all transition energieg’ and is given by both Aly3Ga)sAs—GaAs and Ip.GaysAs—GaAs QW's)
) all the subband energies increase with the increasé. jn
G(E) :/ dE' g(E"L(E — E'). (15) except fo[’ the top subband (c3 and hh3 in Fig. 1). When
Ly > 15 A, all the subband energies start to decrease with
The full width at half maximum (FWHM) of the lineshapeld: The increases in the subband energies are due to the
function is about 6 meV. The expression for the spontanedggluction of the effective well widths wheh, is small. At

emission rate can be obtained from the gain expression ¢ €arly stage of interdiffusion, the chemical composition
replacing the carrier occupation factgf — f” by the expres- at the center of the QW is changed by a negligible amount
sion f¢(1 — f*) and then summing over the optical mode<£nd, as a result, the potential at the center of the nonsquare

The differential gaindg/dN is calculated using the following QW is the same as the bottom of the square QW. So at this
expression: stage, the bottom potential of the nonsquare QW changes by

a negligible amount. Since interdiffusion changes an abrupt
step potential at the interface into a graded potential, the
effective well widths seen by the low-lying subbands, for

example, the first subband, are reduced. A detailed discussion

Whﬁ:gE“r']thvr;gtﬁ hgrtlzgnecneer:]ge??rf]g;tlgrt?se galiger dgrr;:g.ter of the effects of interdiffusion on subband structures in terms
yp of the potential profiles in various stages of interdiffusion

that determines the performance of semiconductor laser bg be found in a previous work by the authors [27]. The

under CW o_peratlon_and under high-frequency m.Odqlat'OHighest subband bounded by the QW potential is less affected
The factor« is the ratio of the change of the refractive |nde>6y the reduction in the effective well width as the highest
" VV\\I'::E :22 (C:Z::Iig: 3‘;22';31\7 \:\?hit?r? izh:)r(lgéér;;zeazptlcal 98N bband energy is close to the barrier potential and the wave
g Y: P function is spread out in a wider spatial region. As a result,
4r dn/dN the highest subband energy only increases by a negligible
Y dg/dN (A7) amount whenLy < 15 A.
The increases in subband energies for ¢2, hh2, lhl, and
where A is the wavelengthdn/dN in (17) can be obtained Ih2 in Alg 3Ga 7As—GaAs QW in Fig. 1 are larger than the

99 g Ny g GEN +AN) = GEN)

dN ANS0 AN

(16)

from dg/dN by the Kramers—Kronig transformation. increase in cl and hhl, which leads to an increase in energy
separation between the first subband and subbands lying above.
[ll. RESULTS AND DISCUSSION In the case of Ip,Gay sAs—GaAs QW, the increases in ¢2 and

In this section, we present and discuss the numerical &3 energies are less than the increase of c1 and as a result the
sults of lattice-matched AlGa,;As/GaAs diffused QW'’s separation between cl and the subbands above are reduced.
(DFQW's) and strained §,Ga sAs/GaAs DFQW's. In the For the hole subbands in the lsGa sAs—GaAs QW, the
numerical calculation, all the room-temperature values of tigg@ergy separations between the hhl and hh2 are increased
material parameters are used and they are listed in TablVith L4 when L, is less than 15A. We point out here that
Owing to the lack of space, we only consider the effects of ifor the Iy 2Gay sAs—GaAs QW there is no bound light hole
terdiffusion on the laser characteristics of, AGa, ;As—GaAs subband because the energy shift of the light hole due to the

and Iny»GaysAs—GaAs QW’'s with well widths equal to compressive strain in the InGaAs layer causes the formation
100 A. of a potential barrier for the light hole in the InGaAs layer.

) ) ) When L4 is greater than 15&, the subband energies start
A. The Subband Edge Energies and the Quasi-Fermi Energigjecrease gradually as the nonsquare QW potential starts to
When the QW'’s are interdiffused, the potential profiles diecome shallow and the effective well width starts to increase.
the QW's are modified to error function profiles according The increases in the energy separations between the first
to (1) and (2) given in Section II-A. The bottoms of thesubband and those lying above due to the decrease in the

electron and hole confinement potentials are increased aff&ctive well width lead to an increase in the quasi Fermi
the interband transition energies as well as the operatienergy (hereafter referred as Fermi energy) as more carriers
wavelengths are blue-shifted as a result of interdiffusion. T@n occupy the first subband. The electron and hole Fermi
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Fig. 3. The electron and hole Fermi level energies relative to the bottom of
the lowest subbands plotted as a functionZgf for various injected carrier
densities for the Al 3Gay 7As—GaAs QW.

Fig. 1. The subband bound state energies as a functidiydir interdif-
fused Ab 3Gay.7As—GaAs QW with an as-grown well width of 100
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Fig. 2. The subband bound state energies as a functidiydir interdif-
fused I 2 Gay s As—GaAs QW with an as-grown well width of 108 Fig. 4. The electron and hole Fermi level energies relative to the bottom of
the lowest subbands plotted as a functionZgf for various injected carrier

. . densities for the In>Ga s As—GaAs QW.
energies measured from the first subband edge are shownin 0258 5 Q

Figs. 3 and 4. For Al3;Ga 7As—-GaAs QW's, the electron ) ) )
and hole Fermi energies for various carrier densities shoWi¢rease leads to an increase in the density of states and hence

in Fig. 3 increase slightly withL, when L; < 10 A and reduces the Fermi energy. The combination of the effects of

then decrease fof.;, > 10 A. This trend can be explainedthe changes in energy separation and effective mass results in
by the increase in energy separations between subbands2 Regligible change in the Fermi energy. The increase in hole
contrast to the Al;Gay-As—GaAs QW, the electron Fermiéffective mass is due to the following two mechanisms: the
energy in I »Ga, sAs—GaAs QW starts to gradually decreaseutdiffusion of In atoms from the well into the barrier and
for Ly > 0. The gradual decrease in electron Fermi energithe increase in valence band mixing whep increases. An

is the result of the reduction of energy separation betwe@nhancement of heavy and light hole mixing is a result of the
the first and second conduction subbands whgrincreases. reduction of energy separation between heavy and light hole
For the hole Fermi energy, there is a negligible increase evgtbbands. Wheid.; increases, hhl, hh2, hh3, and hh4 shift
though the separation between the first two subbands increaggard in energy toward light hole subbands as the light hole
with L; when L, < 10 A. The increase in the hole Fermisubbands, which are above the barrier, are less affected by
energy is negligible because there is an increase in the htlle changes in the potential profile. The resulting increase in
effective mass in the direction perpendicular to the crystalibband mixing reduces the curvatures of the hole dispersion
growth when the QW is interdiffused. The hole effective massirves and increases the effective masses.
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Fig. 5. The TE mode gain, differential gain, and linewidth enhancemehtg. 6. The TE mode gain, differential gain, and linewidth enhancement
factor of the A} 5Ga 7As-GaAs QW plotted as a function of photon energyfactor of I »Ga sAs-GaAs plotted as a function of photon energy for
for Ly = 0, 5, 10, 15, 20, 30, 40, and 58. L, = 0,5, 10, 15, 20, 30, 40, and 5A.

The Changes in Fermi energies discussed above will aﬁ&i@Ctl’Oﬂ and hole OCCUpation probabilities of the first subband
the optical gain through changing the conduction and valen@Bd as a consequence enhance the optical gain. This increase
band occupation probabilities, which will be discussed in detdil 9ain at the early stage of interdiffusion gives a range of
in the following section. Ly in which one can tune the operation photon energy of
the laser without any deterioration of the gain and substantial
increase in the injected current. Although the peak gain starts
to decrease wheiy; > 10 ,5\, we note that the peak gain
at Ly =15 A is approximately the same as that bfy = O.

The gain, differential gain, and linewidth enhancemeritherefore, we can shift the operation energy by about 50 meV
factors for Ap 3Gay 7As—GaAs and Ip,Gay sAs—GaAs QW’'s  without reducing the peak gain. A very similar trend is also
are shown in Figs. 5 and 6, respectively. Only an injectaabserved in the numerical results for the gain of the TM mode,
carrier density of 5x 102 cm~2 is considered as the gain ofwhich is not discussed in detail here. The dependence of the
the as-grown square QW with this injected density exceedain spectra of the jpGa sAs—GaAs QW onL, shown in
the loss (about 1200 cm) of a typical laser structures.Fig. 6 is markedly different from those of AsGay ;As—GaAs
To calculate the loss, we take the following typical values that whenL, is increased from 0 to 16\ the gain peak
for the optical confinement factof = 0.04, laser cavity of Ing.Ga) sAs—GaAs is gradually reduced in contrast with
length L = 300 zm, and mirror reflectivityR = 0.32, and the slight increase in plsGa& ;As—GaAs. The decrease in the
nonradiative absorptionr = 10 cntt. The total loss equals gain peak when increasing; from 5 to 10Ais larger than the
48 cnt! and the minimum material gain to support lasinglecrease due to changidg from 0 to 5A. This implies that
is 1200 cntt. When the interdiffusion lengthL,) increases, the tuning of the laser operation wavelength with interdiffusion
the gain, differential gain, and linewidth enhancement facttechnique in the I,Gay sAs—GaAs QW cannot be carried out
spectra shift to shorter wavelengths, which is the result of tindthout reduction in peak gain. If we want to keep the gain
increase in transition energy between the hole and electron fipebk within 95% of the gain peak of the as-grown well, the
subbands as the well composition changes. We notice that éperation photon energy can only be tuned by about 10 meV
the Aly 3Gay 7As—GaAs QW the gain peak first increases bwhich is smaller than the tuning range ofyAlGa, ;As—GaAs.
2%—3% wherl is increased to about 1 and then gradually When L, is increased beyond 4,(3.1, the decrease in gain is
decreases wheny is further increased. The decrease in gaiguite rapid as there is an increase in the number of conduction
with Ly when Ly > 20 A is quite rapid as the peak gainband bound states.
at Ly = 20 and 40A are, respectively, 95% and 50% of As the degree of interdiffusion increases the differential
the peak gain of the as-grown square QW. This trend cgain and the linewidth enhancement factor spectra are blue-
be explained by the behavior of the Fermi energy discussglifted as the gain spectra. However, in contrast with the
in Section IlI-A. The hole and electron Fermi energies fogain spectra, it is interesting to note that the differential gain
Al 3Gay 7As—GaAs QW's first increase wheh; < 10 A and the linewidth enhancement factor around the gain peak
and then decrease ds,; is further increased beyond 1. wavelengths are not strongly dependent by as the gain
The increases in the Fermi energies result in increases in fpectra for both AIGaAs and InGaAs QW's. In the differential

B. Gain, Differential Gain, and Linewidth
Enhancement Factor
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Fig. 7. The schematic diagram showing the relation between the gain 2 1000
spectrum, the joint density of states and the functifi{l — f<) for >
L; = Li,Lo. 2 500

100 200 300 400 500 600 700

gain (linewidth enhancement factor) spectra, there is a shoulder current density (Alcri )

(elbow) around the transition energy of the gain peak due to _
the step in the joint density of states near to the bandg '&},8' The peak gain of the AkGay 7As—GaAs and Ip.;Ga sAS-GaAs
s plotted against the injected current density due to spontaneous emission

energy. The height of this shoulder (elbow) is approximatefy; gifferentL,’s. The curves foi; = 0, 5, 10, and 1% for AlGaAs-GaAs

the largest differential gain (smallest linewidth enhanceme@w are too close to be resolved.

factor) one can obtain from the material around the gain

peak by tuping the operation wavelength. We notipe that i Injection Current

both material systems the dependence of the height of the ) o ) )
shoulder (elbow) onL, is weak (about 10%—-20%) if the In quer to assess_|nterd|ffu3|on as a viable .technlque
carrier density is kept constant. This implies that we cdR' Shifting the operation wavelengths of lasers integrated
tune the operation wavelength of the laser by interdiffusighonelithically, it is necessary to know how the injection

without any substantial deterioration in the relaxation oscifU'rent changes with the degree of interdiffusion. In Fig. 8,

lation frequency and chirping performance. To understaf Show the dependence of the peak gain on the injected
the effect of interdiffusion on the differential gain [we onlyCurrent density due to spontaneous emissionZiprbetween

need to consider the differential gain here as the linewidth and 50A. For 0 < Ly < 15 A, the peak gain of the
lo.3Gay.7As—GaAs QW has a small dependence Ilgnand

enhancement factor is related to the differential gain by (17)], e
we consider the following approximate expression of tHgUS the curves in Fig. 8 for thede; cannot be resolved. We
differential gain: have ignored _the components Qf the injection curren'F due to
other mechanisms such as carrier leakage as we are interested
in the material performance in the present paper. The material
dE peak gain shown in Fig. 8 can be compared with the loss
—F} of 1200 cnt! in a typical laser structure and determine the
dn required injected current density. From Fig. 8, the as-grown
(18) Al 3Gay 7As—GaAs and Ip.Ga sAs—GaAs QW’s require
current densities of 320 and 220/ém~2, respectively, to
where D(E) and P? are, respectively, the joint density ofreach the lasing threshold. Whehy, is increased from 0 to
states and the optical matrix element. The tefif(1 — 50,&, the current density should be increased to a value larger
f¢) dES /dn), is greater than the terrff*(1 — f*) (dE}/dn), than 700 Alcm=2 to keep the peak gain equal to the loss,
which will be ignored in the following discussion, as thavhich is more than two times the current requirement of an as-
electron effective mass is smaller than the hole effectiggown square well. For practical operation of interdiffused QW
masses andE¢ /dn is greater tham EY /dn. To illustrate the lasers, we have to limit the injected current after interdiffusion
relation between the gaid)(E), dg/dn, and f¢(1 — f°¢), we and therefore limit the degree of interdiffusion, assuming that
show the dependence of these quantities schematically onwe can allow an increase in the injected current by 30%
photon energy in Fig. 7. The functioff (1 — f¢) has a peak after interdiffusion and the peak gain is still 1200 th
at the Fermi energy. Wheh;; is increased, the electron FermiFrom Fig. 8, the maximunig for Aly3Ga sAs—GaAs and
energy is decreased so the curve for the funciféfl — /¢) Ing.Gay.sAs—GaAs QW's that still satisfy the current and
shifts to the left in the schematic diagram and the value ghin limits are, respectively, 25 and 1. The degree of
the functionf¢(1 — f¢) at the gain peak wavelength increasemterdiffusion in InGaAs QW's is smaller than that of the
with Ly. The factordE% /dn decreases with the increase irAIGaAs QW's, because the current density we consider for
L, and so compensates for the increaseffifl — f°). As InGaAs is smaller. If we allow a current density comparable
a result, the differential gain is not strongly dependent do that of AlGaAs, theL, for InGaAs can be increased to
Ly. 20 A. We have also plotted the peak wavelength of the

dg _
dn

dES,

DBYIPR| 1 - 1) =

_ fh(]. _ fh)
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Ly > 0. These behaviors can be explained in terms of the

s S S S P L
2 165 [ oA AGanslGahs Lz=1004 1 effects of interdiffusion on the electron and hole quasi-Fermi
2 FnTen2 energies. As a result, the tuning range (10 meV) of InGaAs
5 160 ] QW's is smaller than that of the AlGaAs QW's (50 meV)
,§ 155 ] for a fixed injected carrier density and an allowed variation
s of peak gain within 10% of the as-grown value. In practice,
T 1.50 . we can increase the tuning range by increasing the injected
< carrier density in the application of the technique to laser
s Nl T canaicane Li00h ] fabrication. To study this aspect, we have calculated the peak
E apn-set? . gain as a function of the injected current density as well as
21327 1 the interdiffusion lengthL,. For a maximum injection current
o 1.30 density of about 416 Acm~2, the tuning range of AlGaAs
.§ 128 and InGaAs QW'’s are, respectively., 54 and 24 nm,'which is
& acceptable for multiwavelength applications. The tuning range
T 126 | can also be increased by allowing a higher injection current
= 1_243 e density.

0 5 10 15 20 25 30 35 40 45 50 It is interesting to compare our results with some experi-

Ld A ments. Meehamt al. [16] have obtained an emission energy

Fig. 9. The photon energy of the peak of the gain spectrum plotted aduning range of 53 meV by interdiffusion for a double QW
function of L, for different carrier densities. laser at 300 K. The injected current is increased from 555 to
675 Alcn? after the laser is interdiffused. Since there are

gain spectrum versug,, for various well carrier densities W0 QW's, the current required for each QW is approximately
in Fig. 9 in order to determine the tuning capability of the’7 and 338 A/cm" for the as-grown and interdiffused
interdiffusion technique. We notice that the peak wavelength®/V's, respectively. Nagaét al. [20] have obtained a shift

Of the Iaser galn Spectrum for MG% 7As_GaAS |S qUIte n energy Of 66 meVOWh”e the threShO|d current increases by
insensitive to the carrier density but is strongly dependedpout 33% for a 60% AlGaAs-GaAs QW. Although some
on the value ofL,. For Iny»Ga, sAs—GaAs QW's there is details of the devices studied in these experiments are not
a strong dependence of the peak wavelengthd.grand a known,_we can still ma]<e some approximate cqmparisons.
noticeable dependence on the carrier density. In the preseFm Figs. 8 and 9, we find that when the current is increased
case, we find from Fig. 9 that the MGa, -As—GaAs Qw from 270 to 338 A/crITQ, the corresponding increase bf is

can be tuned by about 100 meV, equivalent to 54 nm. TH@m O to about 20A and the gain peak energy is shifted
tuning range for 1§..Ga, sAs—GaAs is about 15 meV, which Py about 55 meV. This theoretical tuning range is close
equals 12 nm. The tuning range of,kGa sAs—GaAs is (0 those found in experiment. As a conclusion, our study
limited as we restrict the current density between 220 afows that the interdiffusion technique is useful for tuning
286 A/cm2. Nevertheless, if we allow the current densityh€ operation wavelengths of QW lasers for communication
to increase to the limit for the AlGa As-GaAs Qw applications.

(416 A/cm~2), the wavelength tuning range is increased to

24 nm corresponding to a change in photon energy of about APPENDIX
30 meV. OPTICAL MATRIX ELEMENT
When the subband envelop functions are obtained, the
V. CONCLUSION optical matrix elements can be calculated by the following
expression:

We have analyzed theoretically the effect of interdiffu-
sion on the laser characteristics ofgAlGa, ;As—GaAs and P, = (r|ps) (A1)
Ing 2 Gay sAs—GaAs QW’s. We have modeled the composition
profile of interdiffused QW's using error function profileswherer ands denote the Bloch functions of electron or holes
and calculated the subband structures including the effectsa@ld |r) = (2)|u)e’* ™, 4(z) is the envelope function along
valence band mixing using an effective Hamiltonian approadie » direction, and) is the periodic and rapidly varying part
The optical gain, the differential gain, and linewidth enhancef the Bloch function. The periodic part of the Bloch function

ment factors can be calculated from the subband structufggelectrons (hereafter referred as the Bloch states) are given
using the density matrix approach and the Kramers-Kronjg,

transformation. Our results show that the operation wavelength

can be blue shifted by the interdiffusion techniques without [uie) =Is) 1
any impractical increase in the injected current density. The Iue_'l/2> =|s) |
peak gain of AlGaAs QW'’s is increased by less than 10%

by interdiffusion whenL, is less than 14 and drops below where] and | denote the up and down electron spinors and
the peak gain of the as-grown square well whHen> 15 A |s) is the s-like conduction-band Bloch state. For holes, the
For InGaAs QW'’s, the peak gain begins to decrease whBioch states are represented by the linear combinations of the

(A2)
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products of the spinor and thelike valence-band Bloch states [9]
|ps). |py), and|[p.) are given by

_ [10]
o) = 7; (ps) +ilp)) 1
Wy -1 . [11]
) = = [lpe) +ilpy)) L ~2lp) 1]
u2) = 5 [pa) = ilpy)) T +21p) 1] 12
) = % (Ipe) = dlpy)) L (A3) (03

The squared of optical matrix elements for the TE polariza-
tion (the optical electric field is polarized in the—y plane) [14]
and the TM polarization (the optical electric field is polarized
in the =z direction) are obtained within the envelope function
approximation. (15

(1) For the TE polarization,

. [16]
&+ Ppq(ky))I* = |(x|pls)|®
(5 (W5 lss2.0 P + (5 [0—3/2,0) )
+ 5 (pliorog) P+ W o] 1
(Ad)
(2) For the TM polarization, (18]
é'qu(k//)F:g |<x|p|8>|2 [19]

(R —1/2.0)* + [(W5l01/2,0)7) (AS)
where (¢;]1), ) is the overlap integral of the envelope funcy,
tions. The expression fofz|F;|s) is
my Ey(Eg+ A)
2m. E,+ % A

[21]

(2| Pe|s)|* = (A6)
where A is the spin-orbit splitting energyy, is the bandgap [22]

energy, andn. is the electron effective mass. The expressiorig3]
of ¥, , (s = —3/2,---,3/2) are given by (4).

[24]
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