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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 1.55 m for modulators. © 2000 American Institute of Physics. 关S0021-8979共00兲00609-5兴

I. INTRODUCTION

InGaAs/InP quantum well 共QW兲 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
m wavelengths. Recent improvements in metalorganic vapor phase epitaxy5 and molecular beam epitaxy6 have enabled high-quality InGaAs/InP strained-layer structures to be
fabricated. There is a growing interest in selective area disordering 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 interdiffusion process is a function of the nature and dose 共concentration兲 of the implanted 共impurity兲 ions, also the annealing 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
共DFQW兲, which modifies the electronic and optical properties of the QW structure. This interdiffusion process provides
a useful tool for the controlled localized band gap engineering, which is required for the development of optoelectronic
devices and integrated circuits.10
QW devices are important for the next-generation of optoelectronic systems and the properties of these devices are
strongly dependent on their subband structure. Thermal interdiffusion can modify the structure of the QW, which
a兲
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changes band gap energy of the QW structure. Thermal interdiffusion occurs at temperatures above 800 °C in
GaAs/Alx Ga1⫺x As 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 共In, Ga兲 and
group V 共As, P兲 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/Alx Ga1⫺x As single QW has been described 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: 共i兲 group III and
group V interdiffusion, which produces either a compressive
or tensile strained QW; 共ii兲 group III interdiffusion, which
only produces a compressive strained well layer and a tensile
barrier layers, and 共iii兲 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. Nakashima et al.14 reported that the main interdiffusion species in In0.53Ga0.47As/InP QW structures annealed
at 700 °C are group V atoms, as shown by x-ray analysis,
while Temkin et al.15 reported that transmission electron microscopy could not detect a graded layer at the well/barrier
interface after interdiffusion. Yet, a qualitative investigation
of the quantum confinement energies by Fuji et al.12 suggested that the concentration of group V atoms was discontinuous at the interface while Mukai et 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 absorption coefficient and refractive index around the exciton band
edge of an InGaAs/InP single QW structure are studied theoretically as a result of group V interdiffusion only.

layer is greater than that of the substrate, resulting in a biaxial hydrostatic strain on the barrier layer parallel to the interfacial plane and a uniaxial shear strain perpendicular to the
interfacial plane.
Secondary ion mass spectroscopy has shown that D III
⬇D V at higher temperatures, whereas D V⬎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 interdiffusion process can be described by a linear diffusion equation 共1兲. In the QW structure the InGaAs well layer is surrounded by two InP barrier layers and, if the diffusion
coefficients are assumed to be different for the well and barrier layers, the diffusion equations governing this system are

II. THE MODEL

where f is the As concentration and D is the corresponding
diffusion coefficient, i⫽B 共denotes barrier兲 when 兩 z 兩 ⭓L z /2
and i⫽W 共denotes well兲 when 兩 z 兩 ⭐L z /2.
The boundary conditions are

The QW structure studied here consists of a single asgrown 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 length L d , which
is defined here as L d ⫽(Dt) 1/2 共D is the diffusion coefficient
and t is the annealing time兲. 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
B
barrier layers is different; L W
d and L d are defined as the well
and barriers layers, respectively. The electron and hole subbands are calculated numerically, taking into consideration
the conduction band nonparabolicity and valence band mixing under an applied electric field, using the scheme developed by Bloss.21 These subbands are then utilized to calculate the heavy-hole 共HH兲 and light-hole 共LH兲 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 their E field
vectors perpendicular and parallel to the QW growth axis,
respectively. The external electric field is applied perpendicular to the QW layers, as in a p-i-n structure.
A. Two-phase group V interdiffusion

Annealing Inx Ga1⫺x As/InP QW structures produces interdiffusion across the well/barrier interface due to the difference of concentration gradients. It has been reported that
interdiffusion in GaAs/Alx Ga1⫺x As 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
Inx Ga1⫺x As/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,
Inx Ga1⫺x Asy P1⫺y will be formed in the well and InAsy P1⫺y
in the barrier. In addition, the lattice constant of the barrier

 f i 共 z,t 兲
 2 f i 共 z,t 兲
⫽D i
,
t
z

f B 共 z,t 兲 ⫽k f W 共 z,t 兲 ,
DB

t⭓0,

for z→⫾L z /2,

 f B 共 z,t 兲
 f W 共 z,t 兲
⫽D W
,
t
z

for z→⫾L z /2,

共1兲

共2兲
共3兲

where f B and f W are the concentrations of the diffusing species 共As兲 on each side of the well/barrier interface, and k is
the concentration ratio of diffused species at the well/barrier.
Equation 共2兲 describes the discontinuity of the concentration
at the interfaces and Eq. 共3兲 describes the flux continuity.
Considering an undoped, single Inx Ga1⫺x As 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 difference method. In the present anion interdiffusion model,
since only group V 共As and P兲 interdiffusion exists, W is a
constant and is given by W 0 ⫽0.53. Therefore, from the
above equations the anion interdiffusion in an
Inx Ga1⫺x As/InP QW is characterized by the two diffusion
B
lengths, L W
d ⫽ 冑D W t and L d ⫽ 冑D B t for the well and the barB
rier layers, respectively. When L W
d ⫽L d 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 effective mass m r* (z) is z dependent and is obtained from
m r* (z)⫽m r* (W 0 , f ), where m r* (W 0 , f ) is the respective
bulk carrier effective mass, and r denotes the electron 共C兲,
the heavy hole (V⫽HH) or the light hole (V⫽LH). The
unstrained band gap in the well E g (W, f ) is also a function
of the compositional profile, so that after interdiffusion the
unstrained potential profile ⌬E r (W, f ) varies across the well
and is given by
⌬E r 共 W 0 , f 兲 ⫽Q r ⌬E g 共 W 0 , f 兲 ,

共4兲

where Q r is the band offset and ⌬E g is the unstrained band
gap offset.
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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 coherently strained after interdiffusion, with a biaxial hydrostatic strain parallel to the interfacial plane and a uniaxial
shear strain perpendicular to the interfacial plane 共plane of
the QW兲. 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 component of strain S 储 (w, f ) is given by24
S⬜ 共 W, f 兲 ⫽⫺2a 共 w, f 兲关 1⫺c 12共 w, f 兲 /c 11共 w, f 兲兴 ⑀ 共 w, f 兲 ,
where

再

a 共 w, f 兲 ⫽⫺ 关 c 11共 w, f 兲 ⫹2c 12共 w, f 兲兴

dE g 共 w, f 兲
dP

冎冒

共5兲

3

and c 1 j (w, f )( j⫽1,2) are the elastic stiffness constants,
where dE g (w, f )/d P is the hydrostatic pressure coefficient
of the lowest direct energy gap E g . The splitting energy,
S 储 (w, f ), between the HH and LH band edges induced by
the uniaxial component of strain is given by
S 储 共 w, f 兲 ⫽⫺b 共 w, f 兲关 1⫹2c 12共 w, f 兲 /c 11共 w, f 兲兴 ⑀ 共 w, f 兲 , 共6兲
where b(w, f ) is the shear deformation potential. The coupling between the LH and the splitoff band gives rise to an
asymmetric HH to LH splitting, so that
S 储 HH共 w, f 兲 ⫽S 储 共 w, f 兲 ,

共7兲

S 储 LH共 w, f 兲 ⫽⫺ 关 S 储 共 w, f 兲 ⫹⌬ 0 共 w, f 兲兴 /2⫹ 关 9 兵 S 储 共 w, f 兲 其 2
⫹ 兵 ⌬ 0 共 w, f 兲 其 2 ⫺2S 储 共 w, f 兲 ⌬ 0 共 w, f 兲兴 1/2,
共8兲
where ⌬ 0 (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
U r 共 z 兲 ⫽Q r 关 ⌬E g 共 w, f 兲 ⫺S⬜ r 共 w, f 兲兴 ⫾S 储 r 共 w, f 兲 ,

共9兲

where S⬜ r (w, f ) is the change in the bulk band gap due to
the biaxial component of strain, and S 储 r (w, f ) is the potential
corresponding to the HH and LH band edge splitting induced
by the uniaxial component of strain. The positive and negative signs represent the confined HH and LH profile, respectively, and for the confined electrons S 储 r (w, f )⫽0.
This interdiffusion produces a nonsquare potential profile 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 field F, the profile
becomes
U r 共 z 兲 ⫽Q r 关 ⌬E g 共 w, f 兲 ⫺S⬜ r 共 w, f 兲兴 ⫾S 储 r 共 w, f 兲 ⫹zeF,
共10兲
where e is the electric charge and z is the growth direction.
The subband structure at ⌫ 共zone center兲 can be determined using the Schrödinger equation with the BenDaniel–

Duke model25 which applies the envelope function approximation. The one-dimensional Schrödinger equation for the
interdiffused quantum wells is:
⫺

冋

册

1 d  r1 共 z 兲
ប2 d
⫹U r 共 z 兲  r1 共 z 兲 ⫽E r1  r1 共 z 兲 ,
2 dz m r* 共 z 兲 dz
共11兲

where the growth direction z is the confinement axis,  r1 (z)
is the envelope wave function, E r1 is the quantized energy
level, m r* (z) is the carrier effective mass in the z direction,
and 1⫽ p 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
(E Cp ,E Hq ) and the envelope wave functions (  Cp ,  Hq ).
Hence, both the interband transition energy levels E g ⫹E Cp
⫹E Hq between the pth conduction subband and the qth valence subband and the corresponding overlap integral
具  Cp 兩  Vq 典 can be determined by using the wave functions as
follows:

具  Cp 兩  Vq 典 ⫽

冕

zb

⫺z b

* 共 z 兲  Cp 共 z 兲 dz,
 Vq

共12兲

with ⫺z b and z b taken to be the boundaries where  r1 (z b )
→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 calculation, a variational parameter  is included, and by minimizing the following equation,26 the envelope function is given
by

冕冕

dz e dz V兩  C1共 z e 兲 兩 2 兩  V1共 z V兲 兩 2

⫻ 兵 41 a B ⫹Z⫺ 21  Z 关 H 1 共 4Z/a B 兲 ⫺N 1 共 4Z/a B 兲兴 其 ,

共13兲

where z C and z H represent the position of the electrons and
holes, respectively, Z⫽ 兩 z C⫺z H兩 ,  C1 ,  H1 are the electron
and hole envelope wave functions, respectively, H 1 and N 1
are the Struve and Newmann functions of the first order re2
spectively, and a B ⫽4ប  ⑀ 2 /(  *
储 e ) is the exciton Bohr radius.
The 1S exciton envelope wave function,  1S (  ), and the
binding energy E b are defined by

 1S 共  兲 ⫽

4␤
a B 冑2 

exp共 ⫺2  ␤ /a B 兲

共14兲

and
E b ⫽⫺4 2 R,
4
2 2 2
is the exciton Rydberg energy
where R⫽  *
储 e /32 ⑀ ប
and  is the relative distance between the electron and hole in
the QW along the transverse direction, which is parallel to
the QW plane and  *
储 ⫽m e m 储 /(m e ⫹m 储 ) 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 center ⌫, including the 1S
exciton, all bound states and the two dimensional 共2D兲 enhanced Sommerfeld factor.
As for the bound state contribution to the absorption
coefficient at the band edge ⌫ region of the Brillouin zone
␣ od(  ) is given by

␣ od共  兲 ⫽

e 2 *
储 
2
6e 0 c 0 n r m e* E CV
Lz

M0

兩 具  Cp 兩  Vq 典 兩 2 I pq 共 ប  兲 ,
兺
p,q

共15兲

where
M 0⫽

E g 共 E g ⫹⌬ 0 兲
E g ⫹ 23 ⌬ 0

I pq 共 ប  兲 ⫽
S共 E 兲⫽

冕

⬁

0

E exc⫽E C1⫹E H1⫹E g ⫹E b is the exciton transition energy
and ⌫ eB ⫽exciton linewidth 共half width half maximum兲
broadening factor. As for the 1S exciton only,  ⫽0 is allowed and hence 㜷 TE⫽3/2共HH兲, 1/2 共LH兲 and 㜷 TM⫽0共HH兲,
2共LH兲.
The absorption coefficients ␣ are obtained using ␣
⫽ ␣ bd⫹ ␣ 1S 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 is ⌬ ␣ ⫽ ␣ (F), ⫺ ␣ (F⫽0). Using the
Kramers–Krönig relationship, the change in refractive index,
which is determined from the change in absorption coefficient, is given by27
⌬n 共 E 兲 ⫽

;

1⫹exp共 ⫺2  冑R/E 兲

c
PV


冕

⬁

0

⌬ ␣ 共 E ⬘ 兲 dE ⬘
,
共 E ⬘ 兲 2 ⫺E 2

共17兲

where E is the photon energy and PV is the principal Cauchy
integral.
This model enables an effective determination of the two
important optical parameters, the change of both the absorption coefficient and the refractive index with applied external
field.

㜷 共 E 兲 S 共 E 兲 L 共 E 兲 dE,
2

3421

,

III. RESULTS AND DISCUSSION

and
L共 E 兲⫽

A. Implementation of the model

⌫B

 兵 关 E CV ⫹E⫺ប  兲 2 ⫹⌫ B2 其

,

where S(E) is the Sommerfeld enhancement factor, L(E) is
the Lorentzian broadening factor, ⌫ B is the bound state linewidth broadening factor 共half width half maximum兲, 㜷(E) is
the polarization factor, E CH(⫽E g ⫹E C1⫹E H1),E g is the interdiffusion induced band gap at z⫽0,c 0 is the velocity of
light in free space,  0 is the permittivity of free space and
m c* 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 ‰⫽3/2共HH兲, 1/2 共LH兲. Nevertheless, for the light propagating 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
㜷 ⫽
TE

再
再

㜷 TM⫽

3
4

共 1⫹E R 兲

5
4

共 1⫺ 53 E R 兲

HH

3
2

共 1⫺E R 兲

1
2

共 1⫹3E R 兲

LH
HH
LH

where E R ⫽(E Cp ⫹E Hq )/(E Cp ⫹E Hq ⫹E).
The exciton absorption coefficient ␣ 1S (  ) is given by

␣ 1S 共  兲 ⫽

⌫ eb
A
兩  共  ⫽0 兲 兩 2
, 共16兲
2
c 0n r
 兵 共 E exc⫺ប  兲 2 ⫹⌫ eB
其

where
A⫽

e 2ប 2
2
2 0 m *
e E CVL z

M 0 兩 具  Ci 兩  Vi 典 兩 2 㜷,

The as-grown structure analyzed here is an
In0.53Ga0.47As/InP single QW with a well width L z ⫽100 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 barrier D B and well D W layers; and the concentration ratio of
the diffused species at the well/barrier interface k. Each of
these three parameters needs to be determined for each interdiffusion process to enable the model to be applied to real
processes. Experimental results of the low temperature interdiffusion 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 structures are the linear interpolation between the binary parameters given in Table I. The generalized parameter T and the
binary compounds AB, AC, BC, and BD can be derived from
the four binary parameters using the following interpolation
scheme:28
T 共 w, f 兲 ⫽ 共 1⫺w 兲 f T BC ⫹w f T AC ⫹w 共 1⫺ f 兲 T AD
⫹ 共 1⫺w 兲共 1⫺ f 兲 T BD .
The conduction band offset value Q C used here is 0.675,
which is in agreement with experimental values obtained
previously using optical techniques.29 The full-width-halfmaximum 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, D B is fixed at 1.9
⫻10⫺19 cm2/s20 and D W and k are varied. The calculated
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TABLE I. InGaAsP material parameters at room temperature 共300 K兲 (m 0 ⫽9.11⫻10⫺31 kg,  0
⫽8.85 pF/m).
Unit
Eg

eV

⌬0
me
m lh
m hh
c 11
c 12
a0
dE g /d P
 共static兲
B
m lh储
m hh储

eV
m0
m0
m0
⫻1011 dfn/cm2
⫻1011 dfn/cm2
Å
eV/bar
0
eV
m0
m0

Inw Ga1⫺w As f P1⫺ f
1.35⫺1.17f ⫹0.668(1⫺w)⫺0.069f (1⫺w)⫹0.18f 2
⫹0.03(1⫺w) f 2 ⫹0.758(1⫺w) 2 ⫺0.322 f (1⫺w) 2
0.34(1⫺w) f ⫹0.41w f ⫹0.08(1⫺w)(1⫺ f )⫹0.11w(1⫺ f )
0.0632(1⫺w) f ⫹0.0213w f ⫹0.17(1⫺w)(1⫺ f )⫹0.077w(1⫺ f )
0.088(1⫺w) f ⫹0.024w f ⫹0.16(1⫺w)(1⫺ f )⫹0.12w(1⫺ f )
0.5(1⫺w) f ⫹0.41w f ⫹0.54(1⫺w)(1⫺ f )⫹0.6w(1⫺ f )
11.9(1⫺w) f ⫹8.329w f ⫹14.05(1⫺w)(1⫺ f )⫹10.11w(1⫺ f )
5.38(1⫺w) f ⫹4.526w f ⫹6.203(1⫺w)(1⫺ f )⫹5.61w(1⫺ f )
5.6533(1⫺w) f ⫹6.0583w f ⫹5.4505(1⫺w)(1⫺ f )⫹5.8687w(1⫺ f )
11.3(1⫺w) f ⫹10.2w f ⫹10.7(1⫺w)(1⫺ f )⫹8.4w(1⫺ f )
13.18(1⫺w) f ⫹14.55w f ⫹11.1(1⫺w)(1⫺ f )⫹12.35w(1⫺ f )
⫺1.7(1⫺w) f ⫹(⫺1.8)w f ⫹(⫺1.8)(1⫺w)(1⫺ f )⫹(⫺2.0)w(1⫺ f )
0.23(1⫺w) f ⫹0.082w f ⫹0.34(1⫺w)(1⫺ f )⫹0.29w(1⫺ f )
0.11(1⫺w) f ⫹0.031w f ⫹0.19(1⫺w)(1⫺ f )⫹0.15w(1⫺ f )

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,
D W is taken to be 1.3⫻10⫺17, 1.0⫻10⫺17, and 1.2
⫻10⫺17 cm2/s, respectively, and k is 18, 24, and 23, respectively. 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 parameters. The width of the quantum well is set at 14 nm because
such QWs have a ground state transition energy corresponding to a wavelength of ⬃1.55 m, 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 interface while the Ga and In profiles are unaffected. The As
and P concentration profiles in the interdiffused QW structure 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 always smaller than that of InAsP, the barrier layer near the
interface is compressively strained. Consequently, interdiffusion 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

FIG. 1. QW transition energy shift as a function of well width for
FIG. 2. The As and P compositional depth profiles across the QW for
In0.53Ga0.47As/InP QW after annealing at 650 °C for (D t ) values of 2 and
as-grown (L d ⫽0 nm) and interdiffused (L d ⫽13.4 nm) QW structures.
8 h using data from Ref. 20.
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FIG. 5. The variation of the Stark shift energy for L d of 0, 5, and 13.4 nm.

FIG. 3. The electron confinement profiles for as-grown (L d ⫽0 nm) and
interdiffused samples (L d ⫽13.4 nm) and fields of 0, 20, and 50 kV/cm for
a well width of 15 nm.

interdiffusion of the QWs, the square confinement profile is
first changed to nonsquare confinement profile with L d
⫽0 nm 关Fig. 3共a兲兴. The confinement profile is changed to
nonlinear in shape with L d ⫽13.4 nm 关Fig. 3共b兲兴. 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 for L d
⫽0. 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.

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 effective 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 of L d 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 interdiffused structure than in the as-grown structure. These results
show that for a sufficiently large value of L d , the exciton
Stark shift in the disordered QW is greater than in the asgrown structure, implying that the applied field lowers the
ground state subbands, and thus the band-gap transition energy, to a greater extent in the case of interdiffused QW in
comparison to the as-grown structure.
D. Electroabsorption

C. Quantum confined Stark shift

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

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共a兲 and 6共b兲. It can be seen that the TM absorption coefficient spectra contain less structure. Since the contributions of
the HH transition to the TM polarization are much less profound, the LH subbands dominate the transition due to the
optical selection rules.
From the room temperature absorption coefficient spectra, the exciton peak shifts to the lower energy with increasing 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. 4. Square of the wave function of E and HH in a QW structure with a
15 nm wide well.
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FIG. 6. The QW spectral absorption coefficients for: 共a兲 TE and 共b兲 TM
polarizations for applied fields of 0 and 50 kV/cm with L d ⫽13.4 nm.

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 values of applied field is larger for the interdiffused QW than
FIG. 8. The change in refractive index spectra for: 共a兲 TE and 共b兲 TM
polarizations with an applied field of 50 kV/cm and L d ⫽0, 7.75, and 13.4
nm.

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 larger L d for the TE mode with applied field
50 kV/cm. The change of absorption coefficient with L d
⫽13.4 nm is increased by 25% as compared with L d
⫽0 nm, as shown in Fig. 7共a兲. 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 ratio for the same waveguide modulator length or a reduced
device length for the same on/off ratio, the latter being particularly attractive for high speed optoelectronic applications.
As for the TM mode, the same change in absorption coefficient with increasing L d except a shift of the spectrum as
shown in Fig. 7共b兲. This is due to the fact that HH 共which
dominates the TE transition兲 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: 共a兲 TE and 共b兲 TM
polarizations for an applied field of 50 kV/cm and L d ⫽0, 7.75, and 13.4 nm.
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E. Change in refractive index

Spectra of the change in refractive index are shown in
Figs. 8共a兲 and 8共b兲. 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 interdiffusion, the compositional profile and the consequent
strain modification result in an increase of the ground state
transition energy. A shift in the n r spectrum is obtained when
a higher field is applied. The transition energy decreases and
the ‘‘blueshift’’ phenomenon is observed. These results demonstrate that using a field of** kV/cm ⌬n r remains constant
although its maximum is blueshifted. This implies that such
an electro-optic modulator can be tuned to operate at different 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 interdiffusion QWs to tune the characteristics of electro-optic modulators for a range of applications centered around a wavelength of 1.55 m. 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 exception 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 operating around 1.55 m.
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