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We present a model for the optical properties of interdiffused InGaAs/InP quantum well structures.
The structure is investigated in a two-phase group V interdiffusion that is characterized by three
parameters: the interdiffusion coefficient in the barrier layer, the well layer, and the concentration
ratio of diffused species at the well/barrier interface. The quantum confined Stark effect is
considered including the exciton and full subband under an applied electric field. Results show
interesting optical properties for the TE and TM polarization and a tunable operation wavelength
near 1.55mm for modulators. ©2000 American Institute of Physics.@S0021-8979~00!00609-5#

I. INTRODUCTION

InGaAs/InP quantum well~QW! structures have being
investigated for a variety of optoelectronic devices, such as
modulators,1 detectors,2 waveguides,3 and lasers4 at 1.3–1.55
mm wavelengths. Recent improvements in metalorganic va-
por phase epitaxy5 and molecular beam epitaxy6 have en-
abled high-quality InGaAs/InP strained-layer structures to be
fabricated. There is a growing interest in selective area dis-
ordering of these QW structures7 using masked ion
implantation8 and masked impurity diffusion,9 with special
emphasis on high-performance device applications and
monolithic integration. The disordering process involves
thermally induced interdiffusion of the constituent atoms
across the well/barrier interface, where the rate of the inter-
diffusion process is a function of the nature and dose~con-
centration! of the implanted~impurity! ions, also the anneal-
ing temperature and time. The interdiffusion process
modifies the compositional profile of the as-grown square
QW to produce a graded profile, known as diffused QW
~DFQW!, which modifies the electronic and optical proper-
ties of the QW structure. This interdiffusion process provides
a useful tool for the controlled localized band gap engineer-
ing, which is required for the development of optoelectronic
devices and integrated circuits.10

QW devices are important for the next-generation of op-
toelectronic systems and the properties of these devices are
strongly dependent on their subband structure. Thermal in-
terdiffusion can modify the structure of the QW, which

changes band gap energy of the QW structure. Thermal in-
terdiffusion occurs at temperatures above 800 °C in
GaAs/AlxGa12xAs QW structures11 and above 500 °C in
In0.53Ga0.47As/InP QW structures.12 In InGaAs/InP QW
structures, the interdiffusion mechanisms are more complex
since interdiffusion can occur for both group III~In, Ga! and
group V ~As, P! atoms. It is precisely this possibility which
enables interdiffusion to both increase and decrease the QW
band gap depending on whether the group III or group V
atoms are moving. It is extremely important to understand
this interdiffusion mechanism. The confinement profile of
interdiffused GaAs/AlxGa12xAs single QW has been de-
scribed by an equation having a smooth symmetric profile.13

Nevertheless, the interdiffusion processes in In0.53Ga0.47As/
InP QW is not fully understood. Recently, three types of
interdiffusion models have been studied:~i! group III and
group V interdiffusion, which produces either a compressive
or tensile strained QW;~ii ! group III interdiffusion, which
only produces a compressive strained well layer and a tensile
barrier layers, and~iii ! group V interdiffusion, which is only
governed by a two phase interdiffusion process where the
well is under tensile strain while the barrier is compressively
strained. Nakashimaet al.14 reported that the main interdif-
fusion species in In0.53Ga0.47As/InP QW structures annealed
at 700 °C are group V atoms, as shown by x-ray analysis,
while Temkinet al.15 reported that transmission electron mi-
croscopy could not detect a graded layer at the well/barrier
interface after interdiffusion. Yet, a qualitative investigation
of the quantum confinement energies by Fujiet al.12 sug-
gested that the concentration of group V atoms was discon-
tinuous at the interface while Mukaiet al.16 proposed a two-
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phase diffusion model that is supported by experimental
evidence. Subsequently a model has been developed using a
time dependent diffusivity.17

The interband electroabsorption near the band edge of
the QW structure has received considerable attention for
modulator applications. QW structures have a much larger
change in electroabsorption than bulk GaAs and InP due to
the quantum confined Stark effect.18 The optical properties
of DFQWs have also attracted attention for the improvement
of optical device performance and optoelectronic
integration.19 Most of these studies, however, are concerned
with the AlGaAs/GaAs and InGaAs/GaAs material systems.
In this article, the electric field induced change in the absorp-
tion coefficient and refractive index around the exciton band
edge of an InGaAs/InP single QW structure are studied theo-
retically as a result of group V interdiffusion only.

II. THE MODEL

The QW structure studied here consists of a single as-
grown In0.53Ga0.47As well which is clad above and below
with thick lattice matched InP barrier layers and the structure
is grown on an InP substrate. Interdiffusion in the DFQW is
modeled, assuming different anion diffusion rates exist for
the well and the barrier layers where an abrupt jump of group
V element concentration is formed at the interface;20 this
process is known as a two-phase interdiffusion. The extent of
interdiffusion is characterized by diffusion lengthLd , which
is defined here asLd5(Dt)1/2 ~D is the diffusion coefficient
and t is the annealing time!. In the case of two-phase anion
interdiffusion, two diffusion lengths are required on the
grounds that the extent of the interdiffusion in the well and
barrier layers is different;Ld

W andLd
B are defined as the well

and barriers layers, respectively. The electron and hole sub-
bands are calculated numerically, taking into consideration
the conduction band nonparabolicity and valence band mix-
ing under an applied electric field, using the scheme devel-
oped by Bloss.21 These subbands are then utilized to calcu-
late the heavy-hole~HH! and light-hole ~LH! related 1S
exciton binding energies and wave functions by a
perturbative-variational method.22 In terms of an optical
waveguide structure, for light propagating in the plane of the
QW layers the TE and TM polarizations have theirE field
vectors perpendicular and parallel to the QW growth axis,
respectively. The external electric field is applied perpen-
dicular to the QW layers, as in ap-i-n structure.

A. Two-phase group V interdiffusion

Annealing InxGa12xAs/InP QW structures produces in-
terdiffusion across the well/barrier interface due to the dif-
ference of concentration gradients. It has been reported that
interdiffusion in GaAs/AlxGa12xAs occurs above 800 °C,16

while in In0.53Ga0.47As/InP it starts at;500 °C.16 In addition,
interdiffusion is a more complex process in the
InxGa12xAs/InP system because both group III and group V
atoms can participate in the interdiffusion process.

As for the case of only group V interdiffusion,
InxGa12xAsyP12y will be formed in the well and InAsyP12y

in the barrier. In addition, the lattice constant of the barrier

layer is greater than that of the substrate, resulting in a biax-
ial hydrostatic strain on the barrier layer parallel to the inter-
facial plane and a uniaxial shear strain perpendicular to the
interfacial plane.

Secondary ion mass spectroscopy has shown thatD III

'DV at higher temperatures, whereasDV.D III at lower
temperatures; also the rate of interdiffusion was limited by
the InP barrier layers.23

As for a heterojunction or a QW structure, the interdif-
fusion process can be described by a linear diffusion equa-
tion ~1!. In the QW structure the InGaAs well layer is sur-
rounded by two InP barrier layers and, if the diffusion
coefficients are assumed to be different for the well and bar-
rier layers, the diffusion equations governing this system are

] f i~z,t !

]t
5Di

]2f i~z,t !

]z
, t>0, ~1!

where f is the As concentration andD is the corresponding
diffusion coefficient,i 5B ~denotes barrier! when uzu>Lz/2
and i 5W ~denotes well! when uzu<Lz/2.
The boundary conditions are

f B~z,t !5k fW~z,t !, for z→6Lz/2, ~2!

DB

] f B~z,t !

]t
5DW

] f W~z,t !

]z
, for z→6Lz/2, ~3!

wheref B and f W are the concentrations of the diffusing spe-
cies ~As! on each side of the well/barrier interface, andk is
the concentration ratio of diffused species at the well/barrier.
Equation~2! describes the discontinuity of the concentration
at the interfaces and Eq.~3! describes the flux continuity.

Considering an undoped, single InxGa12xAs well layer,
lattice matched to semi-infinite InP barriers, it is found that
the concentration of the interdiffused atoms across the QW
structure, after interdiffusion, is solved using the finite dif-
ference method. In the present anion interdiffusion model,
since only group V~As and P! interdiffusion exists,W is a
constant and is given byW050.53. Therefore, from the
above equations the anion interdiffusion in an
InxGa12xAs/InP QW is characterized by the two diffusion
lengths,Ld

W5ADWt andLd
B5ADBt for the well and the bar-

rier layers, respectively. WhenLd
W5Ld

B the interdiffusion is
one phase process.

The compositional profiles in the DFQW structure imply
that the carrier effective masses, the bulk band gap, and the
strain vary across the QW. Consequently, the carrier effec-
tive mass mr* (z) is z dependent and is obtained from
mr* (z)5mr* (W0 , f ), where mr* (W0 , f ) is the respective
bulk carrier effective mass, andr denotes the electron~C!,
the heavy hole (V5HH) or the light hole (V5LH). The
unstrained band gap in the wellEg(W, f ) is also a function
of the compositional profile, so that after interdiffusion the
unstrained potential profileDEr(W, f ) varies across the well
and is given by

DEr~W0 , f !5QrDEg~W0 , f !, ~4!

whereQr is the band offset andDEg is the unstrained band
gap offset.

3419J. Appl. Phys., Vol. 88, No. 6, 15 September 2000 Weiss et al.
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B. Bound states

As long as the thickness of the QW layer is within the
critical layer thickness regime, the QW structure will be co-
herently strained after interdiffusion, with a biaxial hydro-
static strain parallel to the interfacial plane and a uniaxial
shear strain perpendicular to the interfacial plane~plane of
the QW!. In addition, the shear strain causes the LH band to
couple with the spin-orbit split-off band.

The change in the bulk band gap due to the biaxial com-
ponent of strainSi(w, f ) is given by24

S'~W, f !522a~w, f !@12c12~w, f !/c11~w, f !#e~w, f !,
~5!

where

a~w, f !52H @c11~w, f !12c12~w, f !#
dEg~w, f !

dP J Y 3

and c1 j (w, f )( j 51,2) are the elastic stiffness constants,
wheredEg(w, f )/dP is the hydrostatic pressure coefficient
of the lowest direct energy gapEg . The splitting energy,
Si(w, f ), between the HH and LH band edges induced by
the uniaxial component of strain is given by

Si~w, f !52b~w, f !@112c12~w, f !/c11~w, f !#e~w, f !, ~6!

whereb(w, f ) is the shear deformation potential. The cou-
pling between the LH and the splitoff band gives rise to an
asymmetric HH to LH splitting, so that

SiHH~w, f !5Si~w, f !, ~7!

SiLH~w, f !52@Si~w, f !1D0~w, f !#/21@9$Si~w, f !%2

1$D0~w, f !%222Si~w, f !D0~w, f !#1/2,

~8!

whereD0(w, f ) is the spin-orbit splitting. The confinement
potential of the interdiffused QW, which is obtained by
modifying the bulk postprocessing potential profile with the
variable strain effects, is given by3,5

Ur~z!5Qr@DEg~w, f !2S'r
~w, f !#6Sir~w, f !, ~9!

whereS'r
(w, f ) is the change in the bulk band gap due to

the biaxial component of strain, andSir(w, f ) is the potential
corresponding to the HH and LH band edge splitting induced
by the uniaxial component of strain. The positive and nega-
tive signs represent the confined HH and LH profile, respec-
tively, and for the confined electronsSir(w, f )50.

This interdiffusion produces a nonsquare potential pro-
file that alters the band gap energy and it can be applied to
fine tune the band gap energy.

In the presence of an external applied fieldF, the profile
becomes

Ur~z!5Qr@DEg~w, f !2S'r
~w, f !#6Sir~w, f !1zeF,

~10!

wheree is the electric charge andz is the growth direction.
The subband structure atG ~zone center! can be deter-

mined using the Schro¨dinger equation with the BenDaniel–

Duke model25 which applies the envelope function approxi-
mation. The one-dimensional Schro¨dinger equation for the
interdiffused quantum wells is:

2
\2

2

d

dzF 1

mr* ~z!

dx r1~z!

dz G1Ur~z!x r1~z!5Er1x r1~z!,

~11!

where the growth directionz is the confinement axis,x r1(z)
is the envelope wave function,Er1 is the quantized energy
level, mr* (z) is the carrier effective mass in thez direction,
and 15p or q refers to the quantized subband energy levels
for the electron and holes respectively. This equation is
solved numerically to obtain the quantized energy levels
(ECp ,EHq) and the envelope wave functions (xCp ,xHq).
Hence, both the interband transition energy levelsEg1ECp

1EHq between thepth conduction subband and theqth va-
lence subband and the corresponding overlap integral
^xCpuxVq& can be determined by using the wave functions as
follows:

^xCpuxVq&5E
2zb

zb
xVq* ~z!xCp~z!dz, ~12!

with 2zb and zb taken to be the boundaries wherex r1(zb)
→0.

C. Excitons

In order to account for the excitons, another Hamiltonian
matrix element is added to the original matrix element. The
1S bound exciton wave function is determined by a
perturbation–variational method.22 To facilitate the calcula-
tion, a variational parameterl is included, and by minimiz-
ing the following equation,26 the envelope function is given
by

E E dze dzVuxC1~ze!u2uxV1~zV!u2

3$ 1
4 aB1Z2 1

2 pZ@H1~4lZ/aB!2N1~4lZ/aB!#%, ~13!

wherezC andzH represent the position of the electrons and
holes, respectively,Z5uzC2zHu,xC1,xH1 are the electron
and hole envelope wave functions, respectively,H1 andN1

are the Struve and Newmann functions of the first order re-
spectively, andaB54\pe2/(m i* e2) is the exciton Bohr ra-
dius.

The 1S exciton envelope wave function,x1S(r), and the
binding energyEb are defined by

x1S~r!5
4b

aBA2p
exp~22rb/aB! ~14!

and

Eb524l2R,

where R5m i* e4/32p2e2\2 is the exciton Rydberg energy
andr is the relative distance between the electron and hole in
the QW along the transverse direction, which is parallel to
the QW plane andm i* 5memi /(me1mi) is the reduced mass
in the transverse direction.
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D. Absorption coefficient and refractive index

The TE and TM polarized absorption coefficients are
considered at the Brillouin zone centerG, including the 1S
exciton, all bound states and the two dimensional~2D! en-
hanced Sommerfeld factor.

As for the bound state contribution to the absorption
coefficient at the band edgeG region of the Brillouin zone
aod(v) is given by

aod~v!5
e2m i* v

6e0c0nrme* ECV
2 Lz

M0(
p,q

u^xCpuxVq&u2I pq~\v!,

~15!

where

M05
Eg~Eg1D0!

Eg1 2
3 D0

;

I pq~\v!5E
0

`

`~E!S~E!L~E!dE,

S~E!5
2

11exp~22pAR/E!
,

and

L~E!5
GB

p$@ECV1E2\v!21GB
2%

,

whereS(E) is the Sommerfeld enhancement factor,L(E) is
the Lorentzian broadening factor,GB is the bound state line-
width broadening factor~half width half maximum!, `(E) is
the polarization factor,ECH(5Eg1EC11EH1),Eg is the in-
terdiffusion induced band gap atz50,c0 is the velocity of
light in free space,«0 is the permittivity of free space and
mc* is the effective electron mass.

As for the light propagating along the QW growth axis
there is only one polarization where the electric field vector
is in the plane of the QW and the polarization factor is given
by ‰53/2~HH!, 1/2 ~LH!. Nevertheless, for the light propa-
gating parallel to the quantum well layer both the TE and the
TM polarizations exist and there are electric field vectors
both parallel and perpendicular to the plane of the quantum
well. The polarization factors are given by

`TE5H 3
4 ~11ER! HH

5
4 ~12 3

5 ER! LH

`TM5H 3
2 ~12ER! HH

1
2 ~113ER! LH

whereER5(ECp1EHq)/(ECp1EHq1E).
The exciton absorption coefficienta1S(v) is given by

a1S~v!5
Av

c0nr
ux~r50!u2

Geb

p$~Eexc2\v!21GeB
2 %

, ~16!

where

A5
e2\2

2«0me* ECV
2 Lz

M0u^xCi uxVi&u2`,

Eexc5EC11EH11Eg1Eb is the exciton transition energy
and GeB5exciton linewidth ~half width half maximum!
broadening factor. As for the 1S exciton only,r50 is al-
lowed and hencè TE53/2~HH!, 1/2 ~LH! and`TM50~HH!,
2~LH!.

The absorption coefficientsa are obtained usinga
5abd1a1S so that its changes due to an external field can be
found by subtracting the value without electric field from the
one with field, that isDa5a(F), 2a(F50). Using the
Kramers–Kro¨nig relationship, the change in refractive index,
which is determined from the change in absorption coeffi-
cient, is given by27

Dn~E!5
c

p
PVE

0

` Da~E8!dE8

~E8!22E2 , ~17!

whereE is the photon energy andPV is the principal Cauchy
integral.

This model enables an effective determination of the two
important optical parameters, the change of both the absorp-
tion coefficient and the refractive index with applied external
field.

III. RESULTS AND DISCUSSION

A. Implementation of the model

The as-grown structure analyzed here is an
In0.53Ga0.47As/InP single QW with a well widthLz5100 Å.
The as-grown QW is assumed to be fabricated on the InP
substrate with the InGaAs well layer being lattice matched to
the InP barrier layers. The interdiffusion of group V anions is
modeled by two-phase diffusion models which consist of
three parameters—the interdiffusion coefficients of the bar-
rier DB and well DW layers; and the concentration ratio of
the diffused species at the well/barrier interfacek. Each of
these three parameters needs to be determined for each inter-
diffusion process to enable the model to be applied to real
processes. Experimental results of the low temperature inter-
diffusion induced transition energy shifts for various well
widths have already been reported.20 This enables realistic
low temperature interdiffusion parameters to be determined
and utilized in the model.

The material parameters applied to model the QW struc-
tures are the linear interpolation between the binary param-
eters given in Table I. The generalized parameterT and the
binary compoundsAB, AC, BC, andBD can be derived from
the four binary parameters using the following interpolation
scheme:28

T~w, f !5~12w! f TBC1w f TAC1w~12 f !TAD

1~12w!~12 f !TBD .

The conduction band offset valueQC used here is 0.675,
which is in agreement with experimental values obtained
previously using optical techniques.29 The full-width-half-
maximum broadening factor is taken to be 20 meV.30 These
values have been used to determine the transition energies
and the corresponding wave functions. In this model, for an
annealing temperature of 650 °C,DB is fixed at 1.9
310219cm2/s20 and DW and k are varied. The calculated
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interdiffusion induced band gap energy shift is shown in Fig.
1 for various well widths and annealing times, which show a
consistent trend corresponding to the experimental data. In
the above calculation, for annealing times of 2, 6, and 8 h,
DW is taken to be 1.3310217, 1.0310217, and 1.2
310217cm2/s, respectively, andk is 18, 24, and 23, respec-
tively. In the case of the 15 h diffusion, it is assumed that
they are of the same order as the values for the 8 h diffusion.
These values are used in the subsequent calculation of the
QW Stark effect and optical parameters.

The electro-optic effect is solved using the above param-
eters. The width of the quantum well is set at 14 nm because
such QWs have a ground state transition energy correspond-
ing to a wavelength of;1.55 mm, which is of interest for
optical fiber applications. The effects of annealing time and
applied electric fields are considered to determine the change
in absorption coefficient and refractive index.

B. Interdiffusion effects in quantum wells

The group V atomic profiles across the QW before and
after interdiffusion are shown in Fig. 2. As the diffusion
length increases, As atoms diffuse into the InP barrier and P
atoms diffuse into the QW, forming an InGaAsP/InAsP in-
terface while the Ga and In profiles are unaffected. The As
and P concentration profiles in the interdiffused QW struc-
ture are determined using the finite difference method. Since
the InGaAs lattice constant is always greater than that of
InGaAsP, a tensile strain is produced in the QW layer near
the interface. Similarly, as the lattice constant of InP is al-
ways smaller than that of InAsP, the barrier layer near the
interface is compressively strained. Consequently, interdiffu-
sion in lattice matched InGaAs/InP results in a strained QW
structure.

The electron confinement profiles under the influence of
an external electric field for interdiffusion lengths of 0 and
13.4 nm are shown in Fig. 3. As we can see, apart from the

TABLE I. InGaAsP material parameters at room temperature~300 K! (m059.11310231 kg, «0

58.85 pF/m).

Unit InwGa12wAsfP12 f

Eg eV 1.3521.17f 10.668(12w)20.069f (12w)10.18f 2

10.03(12w) f 210.758(12w)220.322f (12w)2

D0 eV 0.34(12w) f 10.41w f10.08(12w)(12 f )10.11w(12 f )
me m0 0.0632(12w) f 10.0213w f10.17(12w)(12 f )10.077w(12 f )
mlh m0 0.088(12w) f 10.024w f10.16(12w)(12 f )10.12w(12 f )

mhh m0 0.5(12w) f 10.41w f10.54(12w)(12 f )10.6w(12 f )

c11 31011 dfn/cm2 11.9(12w) f 18.329w f114.05(12w)(12 f )110.11w(12 f )
c12 31011 dfn/cm2 5.38(12w) f 14.526w f16.203(12w)(12 f )15.61w(12 f )
a0 Å 5.6533(12w) f 16.0583w f15.4505(12w)(12 f )15.8687w(12 f )
dEg /dP eV/bar 11.3(12w) f 110.2w f110.7(12w)(12 f )18.4w(12 f )
« ~static! «0 13.18(12w) f 114.55w f111.1(12w)(12 f )112.35w(12 f )
B eV 21.7(12w) f 1(21.8)w f1(21.8)(12w)(12 f )1(22.0)w(12 f )
mlhi m0 0.23(12w) f 10.082w f10.34(12w)(12 f )10.29w(12 f )

mhhi m0 0.11(12w) f 10.031w f10.19(12w)(12 f )10.15w(12 f )

FIG. 1. QW transition energy shift as a function of well width for
In0.53Ga0.47As/InP QW after annealing at 650 °C for (Dt) values of 2 and
8 h using data from Ref. 20.

FIG. 2. The As and P compositional depth profiles across the QW for
as-grown (Ld50 nm) and interdiffused (Ld513.4 nm) QW structures.
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interdiffusion of the QWs, the square confinement profile is
first changed to nonsquare confinement profile withLd

50 nm @Fig. 3~a!#. The confinement profile is changed to
nonlinear in shape withLd513.4 nm@Fig. 3~b!#. This leads
to the decreasing of QW depth. It can also be seen that the
disordered QW can also produce an asymmetric, nonlinear
confinement profile due to the lowering of the barrier on one
side with applied electric field.

Figure 4 shows the effect of the electric field on the
electron and heavy hole ground state wave functions forLd

50. The field induced shift of the electron eigenfunction to
the right and that of the heavy hole eigenfunction, together
with the increased penetration of the wave functions out of
the well, are clearly evident. Thus, in the presence of an
electric field, the overlap integral between the electron and
heavy hole wave functions is reduced. For instance, its
square shape from values around 0.98 in the absence of any
field decreases drastically to around 0.34 when a field of 50
kV/cm is applied.

C. Quantum confined Stark shift

The exciton binding energy decreases with increasing
applied field strength in all cases. The applied field causes

the electrons and heavy holes to move to the opposite sides
of the well, which makes the exciton less two dimensional,
thereby reducing the binding energy. In the initial stages of
interdiffusion, the exciton binding energy shift decreases
slightly followed by an increase to a value larger than the
as-grown case. This reflects that there exists a changing ef-
fective width of the confinement profile, modified by the
interdiffusion induced strain and applied field experienced by
the electron and HH ground states.

The variation of the exciton Stark shift energy for the
HH related transitions with applied electric field for various
values ofLd are shown in Fig. 5. This Stark shift is much
larger in magnitude than the exciton binding energy shift,
indicating that the major contribution to the Stark shift
comes from the ground state (C1 – HH1) transition energy.
As for small diffusion lengths and applied fields, the Stark
shift is lower than that of the as-grown structure, while for
the rest of the cases the Stark shift is greater in the interdif-
fused structure than in the as-grown structure. These results
show that for a sufficiently large value ofLd , the exciton
Stark shift in the disordered QW is greater than in the as-
grown structure, implying that the applied field lowers the
ground state subbands, and thus the band-gap transition en-
ergy, to a greater extent in the case of interdiffused QW in
comparison to the as-grown structure.

D. Electroabsorption

The absorption coefficient spectrum is a function of the
number and strength of the allowed transitions, and of the
individual contributions of the HH and LH transitions to the
two polarizations. This gives rise to the structure in Figs.
6~a! and 6~b!. It can be seen that the TM absorption coeffi-
cient spectra contain less structure. Since the contributions of
the HH transition to the TM polarization are much less pro-
found, the LH subbands dominate the transition due to the
optical selection rules.

From the room temperature absorption coefficient spec-
tra, the exciton peak shifts to the lower energy with increas-
ing applied field, indicating that the quantum-confined Stark
effect takes place. At the same time, it decreases in value
because the applied field pulls apart the electron and HH
wave functions, reducing the overlap integral of electron–
hole wave function. The exciton peak and the overall absorp-

FIG. 3. The electron confinement profiles for as-grown (Ld50 nm) and
interdiffused samples (Ld513.4 nm) and fields of 0, 20, and 50 kV/cm for
a well width of 15 nm.

FIG. 4. Square of the wave function ofE and HH in a QW structure with a
15 nm wide well.

FIG. 5. The variation of the Stark shift energy forLd of 0, 5, and 13.4 nm.
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tion coefficient are reduced at the same time because the
overlap integral is one of the factors affecting the absorption
coefficient. The decrease in the exciton peak for similar val-
ues of applied field is larger for the interdiffused QW than

for the as-grown QW. In the interdiffused QW, the electron
and hole wave functions are less confined, resulting in a
larger penetration out of the well while the electric field pulls
apart the two wave functions. Consequently, the electron–
hole wave function overlap, and thus the exciton peak, is
reduced to a greater extent.

An improvement of the electroabsorption can be
achieved with a largerLd for the TE mode with applied field
50 kV/cm. The change of absorption coefficient withLd

513.4 nm is increased by 25% as compared withLd

50 nm, as shown in Fig. 7~a!. This implies that the absolute
maximum change in absorption coefficient can be achieved
in InGaAs/InP interdiffused structure because of a weaker
confinement. This enhancement gives an improved on/off ra-
tio for the same waveguide modulator length or a reduced
device length for the same on/off ratio, the latter being par-
ticularly attractive for high speed optoelectronic applications.
As for the TM mode, the same change in absorption coeffi-
cient with increasingLd except a shift of the spectrum as
shown in Fig. 7~b!. This is due to the fact that HH~which
dominates the TE transition! is more sensitive to the field
induced well shape change as it is closer to the bottom of the
well.

FIG. 7. The change in spectral absorption coefficient for:~a! TE and~b! TM
polarizations for an applied field of 50 kV/cm andLd50, 7.75, and 13.4 nm.

FIG. 8. The change in refractive index spectra for:~a! TE and ~b! TM
polarizations with an applied field of 50 kV/cm andLd50, 7.75, and 13.4
nm.

FIG. 6. The QW spectral absorption coefficients for:~a! TE and ~b! TM
polarizations for applied fields of 0 and 50 kV/cm withLd513.4 nm.
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E. Change in refractive index

Spectra of the change in refractive index are shown in
Figs. 8~a! and 8~b!. As for spectra with the same electric field
applied but with different diffusion lengths, the change is a
little larger when diffusion length increases. During the in-
terdiffusion, the compositional profile and the consequent
strain modification result in an increase of the ground state
transition energy. A shift in thenr spectrum is obtained when
a higher field is applied. The transition energy decreases and
the ‘‘blueshift’’ phenomenon is observed. These results dem-
onstrate that using a field of** kV/cm Dnr remains constant
although its maximum is blueshifted. This implies that such
an electro-optic modulator can be tuned to operate at differ-
ent wavelengths, while the other device characteristics are
retained.

IV. CONCLUSION

In this article, the effects of the electric field on the
optical parameters of In0.53Ga0.47As/InP diffused QWs have
been modeled to provide an insight into the use of interdif-
fusion QWs to tune the characteristics of electro-optic modu-
lators for a range of applications centered around a wave-
length of 1.55mm. The results show that using only group V
interdiffusion, an enhanced QW electroabsorption can be
achieved for the TE polarization, while for the TM, there are
no significant changes that can be recognized with the excep-
tion of the blueshift of the spectrum. Both of these effects are
subject to a small or zero change of electro-optic effect, that
is very small modulation chirping. These effects are of mass
importance for the application of optical modulators operat-
ing around 1.55mm.
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