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The Effect of Carrier-Induced Change on the
Optical Properties of AlGaAs—GaAs
Intermixed Quantum Wells

Michael C. Y. Chan, Paul C. K. Kwokylember, IEEE and E. Herbert LiSenior Member, IEEE

Abstract—The carrier-induced effects in the change of ab- a square QW. However, they have not considered the optical
sorption and refractive index on the AlGaAs-GaAs intermixing  parameter changes due to carrier injection, which was very
modified quantum wells (QW's) have been investigated theo- jmhqrtant in the design of optical devices. Some researchers

retically. Band-filling, bandgap shrinkage, and free-carrier ab- h | ted th If istent calculati f sub
sorption have been included for various carrier concentrations. ave aiso reported on the seli-consistent calculation or sub-

The Schrodinger and the Poisson equations have been consid-Pand structure and optical spectral of a heavily doped n-type
ered self-consistently. The polarized absorption coefficients are GaAs—GaAlAs superlattice [8]. Recently, Chen, Juang, and

calculated using the Kanek - p method for a four band model Chang [9] presented a report on the carrier-induced effects
and followed by the Kramers—Kronig transformation to obtain on the energy shift in GaAs—AlGaAs multiple quantum well

the refractive index change. The results obtained show a more . . .
enhanced bandgap renormalization and change of absorption, but laser diodes. The authors emphasised the fact that little work

a reduced change in refractive index for the larger intermixing Nhad been reported to apply a self-consistent manner to the
extents. It is important to know the carrier-induced optical bandgap shrinkage effect to treat MQW lasers systematically,

parameter changes the intermixed QW's because of their recent though there already existed a number of models. However,
interests in photonics. only optical gain was considered in this paper and only a
Index Terms—Charge carrier processes, optical refraction, bulk refractive index was used. In addition, some researchers
quantum-well interdiffusion, quantum-well intermixing, quan-  perform detailed investigation on the injected carrier effects on
tum wells. the carrier-induced shift and broadening of optical spectra in
an AlGaAs-GaAs QW with a gate electrode [10], and on the
changes in the absorption and refractive index for intersubband
. INTRODUCTION optical transitions in GaAs—AlGaAs QW's [11], as well as
ECENT INTEREST in lasers and modulators has ledn the tensile-strained multiple QW structure [12]. Also, the
many researchers to investigate the carrier-induced efcitonic quenching effects in absorption and refractive index
fects on semiconductors. Theory and experimental resuias been reported [13]. In fact, the carrier-induced effects in
show that the interactions between carriers (electron—electrdme change of absorption coefficient and that of refractive index
hole-hole, and electron—hole) may cause the emission waaee still not available comprehensively.
length (energy) to shift, which is known as bandgap renormal-In this paper, the main aim is to investigate the effects of
ization [1]. In addition, they will also result in a change otarrier-induced changes in absorption coefficient as well as
absorption coefficient and thus a change in refractive indesfractive index of the GaAs—4IGa _,,As DFQW. There has
in the semiconductor materials, such as bulk and quantim@en no reports (both experimentally and theoretically) so far
well (QW) structures including nonsquare shape well produced the corresponding research. This study has a considerable
by alloy composition intermixing in thermally diffused QWsignificance on the design of devices such as modulation
(DFQW) [2]. As a consequence, the carrier-induced effedbped photodetectors, QW lasers, photonic switches, and
is very important in the design of photonic devices such asodulators. In Section Il, the DFQW confinement profile is
switches [3], modulators [4] and filters [5]. Moreover, the@btained with different diffusion lengths. The energy levels
carrier-induced refractive index changes are also importarid their associated wavefunctions in these DFQW struc-
for laser design [6] and as new optical probing techniquésres are calculated by solving both the Sxhinger and
for GaAs devices as well. the Poisson equations self-consistently. It is followed by
In terms of the effect of the carrier on the optical propertiesalculating the absorption coefficient for TE and TM polar-
in QW structures, a handful of reports are available. Touritaations, and followed by the absorption coefficient change,
and Suzuki [7] proposed a self-consistent method in solvinghich is defined as the difference between the absorption
eigenvalues and eigen-functions when carriers were injecteccmefficient with carrier injection in QW and that without
carrier injection. The change in refractive index can be deter-
mined directly by applying Kramers—&nig transformation.
Manuscript received March 2, 1998; revised June 1, 1998. In Section lll, the results obtained from the model and their
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Il. MODEL will be further modified according to the carrier injected into

In this paper, the focus will be on the carrier-induce® QW ) , .
changes in absorption coefficient and refractive index for 1€re, we consider one of the carrier effects: Bandgap
GaAs-Al,Ga,_,As DFQW. Three carrier effects are in-shrinkage. The basic mechanism of bandgap shrinkage is

cluded, namely: bandgap shrinkage, band-filling, free-carrif}at the injected electrons will occupy states at the bottom
absorption. of the conduction band. If the concentration of electrons

is large enough, the electron wave functions will overlap,

A. Band Structure of DFQW with Carrier Injection forming a gas of interacting particles. The electrons will r_e'pel

one another by the repulsive Coulombic forces. In addition,

The QW structure to be modeled here is an unstrainefectrons having the same spin will try to repel one another
AlGaAs—GaAs single QW, which is undoped and free of unwhich results in screening of electrons and a decrease of their
intentional impurities. The carriers are assumed to be injecteflergy, thus, lowering the energy of the conduction band edge
into the QW region from outside at the two end of the thiclgrises. A similar corresponding effect for holes increases the
(>50 nm) barriers. The intermixing process is characterized byergy of the valence band edge. The sum of these effects
a diffusion lengthL, defined asy = (Dt)'/2, whereD andt  accounts for bandgap shrinkage. Bandgap shrinkage effects

are the diffusion coefficient and annealing time, respectivelyre mainly dependent on free-carrier density, and are nearly
The intermixed Al composition profiles(») across the QW independent of impurity concentration.

structure is given by: In this paper, both electrons and holes are treated self-
1 ([ 19 consistently. The initial potential profil&, ,.(z) for electrons,
w(z) = wo{l _z [erf<w> heavy and light holes are already given by (3), ilé.(») =
2 Lqg Vo,»(2). By solving (3) we can solve foF,, and¥,.,, which

. (L. —22) (1) is the energy level and wave function for tHth sublevel
ter Ly respectively. The electron, heavy and light hole distributions
are denoted by (z), pun(2), andpm(z), respectively, and are

wherewy is the as-grown Al fraction in the barrief,. is the  gptained from the solution of the Séfinger equation as [7]
as-grown width of the QW is both the quantization and the

growth axis (QW centered at= 0) anderf denotes the error  7.(2) } _ Z U2 £ (EBre, E,) (4)
function. Equation (1) is used to obtain the intermixing induced p.(*) —

bandgapF,(z) = E4(w = w(z)) and other spatially varied 1 e

intermixing parameters, such as effective mass and dielectric Ny = L_/ ne(2) dz (5a)

constants. The intermixing induced QW confinement profile = —j& N

. . 1 Zb 1 Zb

is defined here by Py = L_/ pun(z) dz + L_/ pm(z)dz  (5D)
Un(2) = Qr[Ey(2) — E4(z = 0)] ) ' ’

where f.. is the Fermi-Dirac distribution function an#, is
where the subscript denotes the electror{s) in the conduc- the Fermi energyN, and P, are the carrier density of the hole
tion band(r = ¢), and heavy or light holes in the valenceand electron density, respectively, ahd is the well width in
band are represented by € v = hh or 1h). Also the zero the » direction.
potential is defined as that at the bottom of the QW without The Fermi-Dirac distribution functions are given by:
carriers, and?,. is the band offset splitting ratio.

In the envelope function scheme with the Ben-Daniel and.(E,) = !
Duke model [14] using a position dependent effective mass, 1+exp[(Eg+Ee.o+(my/me) By — Eye)/(kpT)]
the DFQW subband edge in thevalley can be calculated by fo(E) = 1
the one-dimensional Sabdinger-like equation. The envelope 1+exp[(Ee,v — (me/mu)Ey — Ey,) [(kpT)]
function ¥,..(2) and eigenenergy¥,.. can be solved by (6)

where E, = (h%k?)/2mg, m,. is the reduce mass of electron
} +Un(2)Wre(2) = Ere¥re(2)  and holes in( the 2r/ansverse direction.

3) The quasi-Fermi energy is obtained by the self-consistent
wheref = 1,2,--- are the QW subband levels for either thealculation. Using the given initially set carrier density or
electrons, heavy holes, or light holes respectively,.(w = P) in (5), a value of quasi-Fermi energy in the Fermi-Dirac
w(z)) is the carrier effective mass in thedirection (denoted distribution is initially guessed and then inserted in (4) to
by 1), E,.. is the subband-edge energy, and the origin @btain an initial guess of theVy and F,. These carrier
the potential energy is taken at the bottom of the DFQWistributions is used in (5) to obtain the estimated carrier
Equation (3) is solved numerically using a finite differencdensity. By comparing the estimated carrier density in (5) with
method with the confinement profile defined in (2) and thile initial setV andP, the value of the quasi-Fermi energy can
boundary condition is taken to be zero at the end of the barrleg obtained if the difference between the initially $étand
(W,e(2p) = 0,2, = 50 nm) [15]. It should be noted that theP and the estimated carrier density [from (5)] is small. This
confinement profiles for electrons, heavy holes and light holgsessing procedure of the quasi-Fermi energy can be looped

_ h_2 i 1 d\I/T[ (Z)
mi (z) dz
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iteratively until the values of carrier density converge (withithat injection will result in band-filling effects from both the
~1%). electrons and holes.

Once the carrier spatial distributions are obtained, we canOnce the electron and hole envelope wavefunctions and sub-
then estimate the many-body carrier effects, namely thand energy levels of the QW structure have been determined,
Hartree term and exchange-correlation term. Hartree terthe linear absorption coefficiert(«) may be determined in
Vie, Vi, and Vi, are obtained from the Poisson equatiorterms of the imaginary part of the dielectric functiep(w)
as using the relation:

d? 4re wea(w)

3 Vie(2) = == =) + o)~ ne(2) o )= ) 0

Vinn(2) = Vin(2) = = Ve (%) whereng.s(w) andc, are the refractive index of the DFQW

% = r(w) is the dielectric constant. The boundary conditiohl€] and the speed of light, respectively. The incoming elec-
is taken a¥imy(2), Vinu(z) andVi(z) equal zero at, = + tromagnetic radiation is taken to be propagating parallel to the

50 nm. The exchange-correlation teff. is given by zy plane (perpendicular te axis) of the QW layer, therefore
« ande, are anisotropic [17] with polarization (TE or TM).

Vier(z) = — 2 [1+ 0.0545r0 In(1 + 11.4/r0)] Since we are interested in the QW quantization effect which

’ whro ®) manifests itself over a limited energy range above the bandgap,

dr 5 1 1 we use anex(w) calculation based on the direct interband
307 Ne Do transitions around the absorption edge in thealley with a
parabolic band. Thus the absorption coefficietiw) becomes
where parametef is defined bys = (4/97)'/3. [18]
The effective potential for carriers is given by the sum of e 2
the initial confinement potential profile of the DFQW, Hartree () = o Z (e | ) |2 ¢’h” Ey(Eq + Do)
term, and exchange-correlation term: CNRero £ 6m.E2, E,+ 21
U, = U+ Vi, +Vxc, 9) X (o = f)I/2) TETM (11)

(Eew — hw)? + (T/2)°
where the symbol= is an algorithmic equality sign for
iteration purposes. To initialized/,, = V, .., will be set for

RHS of the expression. Inserting this new potential equati “ . . . .
(9) into the Schidinger equation (3) again, new energ?ﬁduced bandgap at = 0, ¢, is the velocity of light in free

. NG . . 28pace kg is the permittivity in free spacen. is the effective
levels and carrier distributions are obtained. By contmum‘gJ /10 P ty pacen.

. . : . i ectron massyg.s(w) is the refractive indexA, is the spin-
this iterative Iooplng until the va_lues df,., converge (within orbit splitting energy in the valence banH, is broadening
1 meV) we obtain the self-consistent energy levels.

factor, and the other standard physical constants having their

_ o usual values. All these parameters are functiond pfwhen
B. Absorption Coefficient appropriate.

In (11), ™™ ™™ is the polarization factorfc, v is the Fermi
distribution, £. ., = E, + E. + Eu, E, is the intermixing

The absorption coefficient for the case of zero carrier The polarization factor now accounts for both the TE and
injection, o = « (N = 0), will first be considered. The TM polarizations, and is given by [19]

absorption coefficient with carrier injectiofiy = « (N > 0), 3(1+Eg), hh

will then be determined, in which another carrier-induced etE = {541 3 g’ Ih (12a)
effect is included: Band-filling. Band-filling accounts for a 13( ~5)Br,

reduction in absorption for photon energies slightly above o™ = {15(1 — Eg), hh (12b)
the nominal bandgap and it has been observed for several 3(1+3ER), Th
semiconductors when they are doped. This effect is MQgfqre

pronounced in semiconductors with small effective masses > I

and bandgaps. In the case of n-type semiconductors, due to Ep = Dot Bve

the sufficiently low density of states in the conduction band, Ecot+Eve +E

only a relatively small amount of electrons can fill the bangbr all possiblel and 7.

to an appreciable depth. When the lowest energy states in thehe excitonic effects are included which is according to a
conduction band are filled, electrons from the valence haveggeviously published model [20]. The absorption spectrum has

acquire energies greater than the nominal bandgap so that th@ypical intensity-dependent behavior, which can be described
can be optically excited into the conduction band. Therefongy model curves: [21]

a decrease in the absorption coefficient at energies above the Ctosecit
bandgap is observed. The situation is similar for holes in p- () = Minear + ——— - (13)

. . . . 1+1/1,
type materials, but their larger effective mass means a higher
density of states and hence a smaller band-filling effect forvehere a0 represents an unsaturable backgroud absorp-
given carrier concentration. Because band-filling is a result 8dn, aexciton 1S the excitonic contribution to the absorption
free carriers, injection should be equivalent to doping, excepaefficient with saturation intensity,.
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C. Carrier-Induced Absorption Coefficient TABLE |
and Refractive Index Change LisT oF PARAMETERS USED IN THE MODEL

Once we calculate the absorption coefficient of the rametor formula Unit
GaAs-Al,Ga;_,As QW with and without carrier injection, E
we are able to compute the change in absorption coefficient Eg 1.424 + 1.594w + w(1-w)(0.127--1.31w) eV
Aa, which is given by mye(w), mi(w) | 0.0632 +0.0856w + 0.0231w? mo

Aa = a(w) — ap(w). (14) m, (W) 0.33 +0.18w mo
. L : 0372w +0. :

The change in refractive indexAng.;, due to the (W) 0.088 + 0.0372w + 0.0163w o
change in absorption coefficient, can be calculated by the mun(w) (10.06-5.24w)" mo
Kramers—Kbnig transformation [22},which is given by m(w) (5.24-1.98wy" mo

h < Aa(F 31
Anpet(E) = 2PV / Sl s o 210910 ke
4 o (E)?—E2 13.8-3.12
K . . Ko
where PV stands for the principal Cauchy integral ahd= % 8.8542 x 1072 C(Vm)!
hw is the photon energy, the units afand E are cnt! and ‘L6
eV, respectively. We now consider the last effect—free-carrier e see fel. —
absorption. It accounts for the situation that a free carrier can T 300 K
absorb a photon and move to a higher energy state within a Qc 06 o

band. This involves the intraband absorption. For the intraband
optical transition, the absorption is given by [18]
A. DFQW Band Structure
w |epee |(1'/2)

a(w) = (Np—Nyg) In the model that we use, we assume that the energy at 0 eV,
enrertio ¢ (Ee— B —hw)? + (I'/2)? for the confinement profile of electrons (heavy and light holes),
) ) (16) s taken at the bottom (top) of the conduction (valence) band
where|cpueer| = [({reez|¢re)| is the overlap integral between,yihoyt any injected carriers. We note thatlasincreases, the
the /th and £'th subbands. N depth of the well decreases accordingly. However, when the
On the whole, the three carrier effects: band-filling, bandg@@rier concentration increase, the well depth increases, which
shrinkage, and free-carrier absorption, can produce substanta} e to the bandgap shrinkage effect. By comparing the QW
cont.ributions to the totalAnger. The band-filling and free- bandgap transition energies, i.£(c1 —hh1) and E(e1—1h1),
carrier absorption effects both produce a negat\er.r for o gifferent values oflLy, and carrier concentrations. The
wavelengths in the transparent regime of the semiconductgts,qqap modifications caused by changes in carrier concentra-
while bandgap shrinkage produces a positi¥eres in the oy are also much smaller than those caused by changes in
same regime. WhenL. is equal to 7 nm, where the Al concentration is set
to 0.2 andN = 10'" cm—3, E(el —hhl) increases from 1.48
Ill. RESULTS AND DISCUSSIONS to 1.59 eV (blue shift 0f~110 meV) when the diffusion length

In this paper, we have considered the carrier-induced effel§s/@ised from 0 to 3 nm. I is changed to 14.5 nm (not
in the change of absorption coefficient as well as refractifOWn here)E(cl—hhl) increases from 1.44 to 1.49 eV (blue
index of GaAs—Al Ga_.,As QW's in room temperature (300 shift of ~50 meV) when the diffusion length is raised from 0
K). Since the equations used depend on a number of mateffa3 M- Therefore it is easily seen that the blue shift due to
parameters, their value at the correct temperature is importdHgrmixing becomes less sensitive if well width is increased.
to the accurate determination of the QW properties and hencéS discussed previously, the bandgap shrinkage effect gives
they are listed in Table . rise to a downward (upward) shift of the confinement profile
The QW's to be considered here consist of the well widthf electrons (heavy and light holes), see in Fig. 1. On the other
of 7 nm, the diffusion length is taken as 0, 1, 2, 3 nm thaand, when the diffusion length increases, the QW profiles will
Aluminum concentration is chosen as 0.2, a1nd,finally, irRecome less confined, which results in more eigen-states to be
electron and hole concentrations are takedVas P — 1016, generated. For example, whén = 7 nm, Al concentratior=
10'7, 10'8 cm~3. In addition, the conduction band offset ratid-2- L4 = 0, and injected carrier concentratien10'® cm™?,
is 0.6. The full-width at half-maximum (FWHM) bound statd"€ number of eigen-levels of heavy holes, light holes, and
broadening is taken as 10 meV. The broadening ratio of he£§Ctr9”S are equal to 5, 2, and 2, respectively. However, if the
to light hole is 1.5. In the following discussions, a default QVfiiifusion length was raised to 3 nm in the above case, the cor-
structure {. = 7 nm, wo = 0.2) will be used to illustrate responding three numbers equal to 10, 5, and 5, respectively.
and facilitate discussions. Other structures are similar in trend
and will not be discussed explicitly here unless otherwigg Apsorption Coefficients
mentioned.

The TE and TM polarized absorption coefficient is shown
1For a good discussion of the Kramers—Kroenig relation, see [22]. in Fig. 2 (default set) for various carrier injection levels and
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0.20 S — 0.20 ——— a lattice matched system. Also, the number of upward edges
(bound state resonance) in the absorption spectrum with carrier
injection ranging from 1.4 to 1.6 eV for both TE and TM
modes are different. For TE mode, there are two clear upward
edges while for TM mode, there is only one upward edge. The
reason is that there are two possilkkhh transitions within
the above range of photon energy in the former case. In the
latter case, onlye-lh transitions are possible, therefore only

0.00 + o . 0.00 o 7 one possiblee-lh transition in the above range. It accounts
oW wm' . for the different number of upward edges in the absorption
000 30 10 10 30 50 %50 @0 10 10 30 so Spectrum in these cases.

Position (nm) Position (nm) Another important implication that can be observed from the

(@) (b) absorption coefficient spectrum is that the first band-edge of
the absorption coefficient is blue-shifted and reduced in magni-
tude when the diffusion length increases, as can be observed in
experiment [25]. In the above case, as shown in Fig. 2 (a)—(d),
the exciton band-edge of the absorption coefficient spectrum
without injected carriers occurs at around 1.475, 1.50, 1.55,
and 1.59 eV when the diffusion length is taken as 0, 1, 2, 3
nm, respectively. This occurs because bélfel — hhl) and
E(el —1h1) increases with an increasing diffusion length. As
carrier concentration increases, the magnitude of absorption
decreases although the band-edge energy remains about the
same for most small; cases. This feature is observed in

o
e
[#)]
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L
(o]
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Energy (eV)
©
e
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o
(=)
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------ 10"em®

-0.05 1 1 1 L -0.05

-50 -30 -10 10 30 50 -50 -30 -10 10 30 50 ) . ) L
Position (nm) Position (nm) experiments. However as the injected carrier concentration is

© (d) raised to approximately 19 (cm—32), the absorption edge of
the QW in all fourL, cases is blue shifted to the corresponding
0.2. @)Ly =0. )Ly =1nm. (c)Ly; =2 nm. (d)L; = 3 nm. 1.477, 1.51, 1.553, and 1.592 eV.

Fig. 1. Confinement profiles for electrons whén = 7 nm, Al conc.=

intermixing extents. A general trend to observe is that the ) ) o
amplitude and band-edge energy of the absorption coeffi: €hange in Absorption Coefficient
cient decreases as the injected carrier concentration increase¥he change in absorption coefficiefzh«) is calculated by
Thus, the absorption coefficient at the edge of spectrusubtracting the absorption coefficient with carrier injection,
is at maximum (due to exciton) when no carrier injection (N > 0), from that without carrier injectiony, (N = 0).
occurs, and it continues to reduce when the injected carrierom the previous section, in most cases, it is known that
concentration increases from £0to 10'® (cm™3) for all A« should always be negative sincey is always smaller
intermixing extents. than «g (with excitons). Moreover, becausedecreases with
The carrier-induced effect, band-filling, has also been coan increasing injected carrier concentrations, we can then
sidered when calculating the absorption coefficient. This effastderstand thaltA«| should be larger for the cases of higher
is taken into consideration by including a new tefth,(E) — carrier concentrations. This is also observed in experiment
fe(E)], the probability of upward transition, in our calculatior{17], [23].
of absorption coefficients. In fact, we find that this term The TE and TM polarizedA« are shown in Fig. 3(a)—(d)
decreases when the injected carrier concentration increaseant (e)—(h), respectively. ThAc, in general, reduces with
accounts for the major contribution of the amplitude changésreasing L, becausex decreases with intermixing. This
for different carrier concentrations. effect is more enhanced for cases of high carrier injections.
The absorption spectrum for TE mode is significantly diffThe shapes of the TE and TK« spectra are quite different.
ferent from that for TM mode, as can be seen from Fig. Phe number of downward edges for these two polarization is
(a)—(d) and (e)—(h), respectively. For TM mode, the saturatioot equal. The reason is similar to that given in the previous
of Ih absorption is observed for which the hh peak absorptiaection. The first downward edge of thev spectrum is blue-
is absent. For TE mode, both hh and |h peaks are presehifted when the injected carrier concentration increases. In
and the spectrum reproduces all the features observedttia default set shown in Fig. 3(a)—(d) for '‘fecm—2 carrier
the usual geometry as in the unpolarized QW’s. For TMoncentration, the peak TE absorption coefficient is about 8.5,
mode, only the light hole peaks are observed with a sligBt 7.5, 5.5 1000 cnt?) for the diffusion lengthL; =0, 1, 2,
increased of the oscillator strength. This is in good qualitatidnm respectively. If the well width is increased from 7 to 14.5
agreement with experimental results [23], [24]. According tom, not shown here, their corresponding values are 10, 8, 8,
Fig. 2(a) and (e), the first upward band-edge of the absorptiand 8 (<1000 cnt!). Also observed in the spectra is that the
spectrum of the TM mode “lags” that of the TE mode. Thigv-step-like feature becomes more significant in the narrow-
occurs becaus&(el — hhl) is smaller thanZ (el — lh1) in  well cases, this is because of the quantum confinement is much
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Fig. 2. Absorption coefficienty for TE mode whenL. = 7 nm, Al conc.= 0.2. TE: (@)L, = 0, (b) Ly = 1 nm, (c) Ly, = 2 nm, and (d)
Ly; = 3 nm. TM: (e)—(h) as in TE.

stronger here than a wider QW, which resembles a more bulk- Change in Refractive Index

like material in particular for largely. The reason is that The change in refractive indeXnr.; can be obtained from
the intermixing, if it is extensive enough, actually turns a QW « directly by applying the Kramers—kinig Transformation.
material into a bulk-like averaged material. Some irregularitiggccording to Fig. 4, it can be noted that theng.; Spectra

are shown in the spectra when carrier concentration and intdepend strongly on the injected carrier concentration for
mixing extent are both increased, as can be seen in Fig. 3¢d)allerL,;'s. The amplitude of the change in refractive index
and (h). increases when the injected carrier concentration increases. A
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Fig. 3. Change in absorption coefficietta for TE mode whenL. = 7 nm, Al conc.= 0.2. TE: (@)Ly = 0, (b) Ly = 1 nm, (¢)Ly; = 2 nm,
and (d) Ly = 3 nm. TM: (e)—(h) as in TE.

general trend also observed is that when the photon energy ihe position of the peak value oAng. is also de-
less than the bandgap energy, the change in refractive ingendent on the diffusion lengtth,. It will be blue-shifted

is very small. As the photon energy approaches the banddhphe diffusion length increases. According to the results
energy, the amplitude ahng.; reaches the peak value (fromobtained in the previous section, for the default set with
negative to positive), but when the photon energy exceeds tNe = 10'® cm™!, An attains its maximum magnitude at
bandgap energy, the change in refractive index again retuthe left N-shape dispersion when the photon energy is about
to a small value. This feature is observed in experimentald7-1.58 eV for the diffusion lengtih, = 0-3 nm, see
results [26]. Fig. 4(@)—-(d). The well width also has a significant effect
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on the position of the peak value din. If the well width the blue-shift effect induced by intermixing with injected
is 7 nm and Al concentration is 0.2, the peak value ocarriers is less significant in the QW structure with larger well
curs at about 1.48 and 1.60 eV (a blue shift of 120 meWyidth.

when the diffusion length is 0 and 3 nm respectively. How- We have also considered the final carrier-induced effect in
ever, if only the well width is increased to 14.5 nm, nothe calculation of the change of refractive index: free-carrier
shown here, the peak value @ng.s occurs at 1.52 and absorption. However, this effect is quite insignificant, as its
1.574 eV (blue shift of only 50 meV) when the diffusionorder of magnitude is about 10. Thus, on the whole, there
length is 0 and 3 nm respectively. Thus it implies thare only two main carrier-induced effects that contribute to
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the changes in absorption coefficient as well as in refractib@ave an advantageous implication to carrier injected devices,
index: Bandgap shrinkage, and band-filling. such as lasers, since chirping can be reduced by utilizing
DFQW's.
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