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Electronic states of ultrathin InAsÕInP „001… quantum wells: A tight-binding study of the effects
of band offset, strain, and intermixing

N. Shtinkov,* P. Desjardins, and R. A. Masut
Département de Ge´nie Physique and Groupe de Recherche en Physique et Technologie des Couches Minces (GCM),

École Polytechnique de Montre´al, C.P. 6079, Succursale ‘‘Centre-Ville,’’ Montre´al QC, H3C 3A7, Canada
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We investigate theoretically the electronic structure of strained ultrathin InAs/InP~001! quantum wells
~QWs!, using the semiempiricalsp3d5s* nearest-neighbors tight-binding model, the virtual crystal approxi-
mation, and the surface Green’s function matching method. The energies of the bound states and the optical
transitions are calculated for QW widths from 1 to 4 monolayers and for valence band offsets varying from 0.2
to 0.9 eV. The dependence of the transition energies on strain is investigated. The intermixing effects are
studied for~i! graded interfaces with a diffusion concentration profile and~ii ! InAsxP12x /InP QWs of varying
composition with abrupt interfaces. The effect of strain on the transition energies is found to be small for thin
wells, whereas the effect of intermixing is significant and cannot be neglected. Comparing the results with
experimental data, we conclude that the electronic structure of ultrathin InAs/InP~001! QWs cannot be
accurately described within the simple model of a rectangular QW. The effect of intermixing however is
sufficient to explain the experimental results within a reasonable range of band offsets and structure param-
eters.

DOI: 10.1103/PhysRevB.66.195303 PACS number~s!: 73.21.Fg, 78.67.De
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I. INTRODUCTION

Ultrathin InAs/InP quantum wells~QWs! have recently
received considerable attention since, besides their pote
applications in optoelectronic devices,1 they provide an in-
teresting simple materials system for fundamental studies2–5

The electronic states in ultrathin QWs are still not well u
derstood. The majority of works rely on the envelope fun
tion approximation~EFA! in order to describe theoreticall
the electronic structure. The predictions of the EFA mod
however are highly questionable in the case of ultrat
QWs, as has been shown by recent tight-binding~TB!
calculations.6–8 The experimental data for ultrathin InAs/In
QWs, in particular, show significant discrepancies with
results from EFA calculations.2,3 A recent TB calculation5

also failed to explain the experimentally observed transit
energies in these systems.

The discrepancies between theory and experiment
usually attributed to monolayer fluctuations in the Q
width, leading to additional lateral confinement of excito
and therefore changing the transition energies, or to the
sible failure of macroscopic elasticity theory to properly p
dict the interatomic spacing in layers with thicknesses in
monolayer range. However, there are a number of quest
able assumptions usually made in theoretical calculatio
which may lead to deviations in the obtained results. One
the most important approximations is to assume abrupt in
faces, where the transition between the well and the ba
material occurs within one monolayer~ML !. Real interfaces,
however, are in most cases nonabrupt due to grading
interface roughness. It has been shown that a very s
amount of interface grading can alter significantly the tra
sition energies and can change the electronic propertie
lattice-matched systems.9–12 The effect of interface grading
on the electronic states of strained-layer semiconductor
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erostructures is still underinvestigated. There is experime
evidence that significant intermixing may occur at InAs/In
heterojunctions~see, e.g., Refs. 13 and 14!. Its impact on the
electronic states, however, has been theoretically stu
only in intentionally annealed structures.15 For strained het-
erojunctions the effect of grading is twofold: the change
the concentration profile leads to a change of the potentia
the QW in the same way as in lattice-matched systems, b
also leads to a change of the strain field in the growth dir
tion due to the smooth transition between the two materi
It can be expected that these effects will be more pronoun
in ultrathin QWs, because thinner wells are more sensitive
changes of the interface potential. Thus, taking into acco
the interface grading should provide a more adequate m
of the electronic structure of such systems.

Another possible effect of intermixing is to have a certa
nonzero concentration of the barrier material in the w
layer. This would lead to a QW in which the total amount
the well material is not equal to an integer number of mon
layers. To the best of our knowledge, this possibility has
been investigated with TB methods until now~in previous
studies on interdiffusion10–12the amount of the well materia
is kept constant and equal to that of a perfect rectang
QW!. The effect of strain on the electronic states also ha
be considered in order to take into account the possible st
relaxation in such structures, and also to assess the effe
the possible deviations in the calculated energies due to
use of the macroscopic elasticity theory.

In this work we present tight-binding calculations of th
electronic states in ultrathin InAs/InP~001! QWs. We start in
Sec. II with a brief outline of the theoretical models used
the calculations. In Sec. III we investigate systematically
effect of the band offset, strain, and intermixing on the tra
sition energies of QWs with thicknesses from 1 to 4 ML. T
intermixing effects are studied by considering~i! graded in-
terfaces with a diffusion concentration profile and~ii !
©2002 The American Physical Society03-1
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TABLE I. Band gaps and effective masses at theG point for unstrained bulk InAs and InP, and for InA
biaxially compressed in the~001! plane to the lattice constant of InP. The values in the columns (sp3s* ) and
(sp3d5s* ) are calculated using the tight-binding models of Refs. 18 and 19, respectively. The values
Ref. 16 are based on a critical review of the available experimental and theoretical data.

InP InAs Strained InAs
Parameter sp3s* sp3d5s* Ref. 16 sp3s* sp3d5s* Ref. 16 Parameter sp3s* sp3d5s*

Eg , eV 1.410 1.424 1.424 0.430 0.418 0.418Eg(HH), eV 0.511 0.443
Eg(LH), eV 0.670 0.600

me* /m0 0.128 0.074 0.080 0.038 0.024 0.026 meuu* /m0 0.049 0.025
me'* /m0 0.063 0.039

mhh* /m0 0.600 0.387 0.532 0.436 0.318 0.333 mhhuu* /m0 0.071 0.041
mhh'* /m0 0.041 0.030

mlh* /m0 0.133 0.099 0.121 0.043 0.029 0.027 mlhuu* /m0 0.109 0.062
mlh'

* /m0 0.120 0.099
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InAsxP12x /InP QWs of varying composition with perfectl
abrupt interfaces. The results are compared with experim
tal data. The final discussion and conclusions are prese
in Sec. IV.

II. THEORETICAL DETAILS

We start by choosing an appropriate TB model for p
forming the calculations. We consider two candidates:
nearest-neighborssp3s* model of Voglet al.17 with param-
eters modified in order to include the spin–orbit coupling18

and the newersp3d5s* model of Jancuet al.19 ~in the origi-
nal work the spin–orbit coupling is taken into account!. In
order to compare the two models, we have calculated
band edge energies and the effective masses at theG point of
the Brillouin zone in bulk unstrained InP and InAs. The r
sults are shown in Table I. The data from a recent refere
work16 are also shown in the table. The latter are deriv
from a critical review of all the available experimental a
theoretical data on the investigated compounds.

It is seen that there are large discrepancies between
results obtained using the oldersp3s* model and the refer-
ence data for both the band gaps and the effective mas
except for the InP hole masses. This is a consequence o
fact that thesp3s* parameters given in Ref. 18 are based
outdated band structure data, and is also due to the intri
deficiencies of the nearest-neighborssp3s* TB scheme.20 In
contrast, thesp3d5s* model gives exact results for the ban
edge energies. The effective masses obtained by thesp3d5s*
model also are in good agreement~within 8%! with the ex-
perimental data except for the InP valence band effec
masses, where the differences are 28% for the heavy
mass and 18% for the light-hole mass. Since the gro
states energies depend mainly on the band edge energie
on the effective massesin the well, it is evident that, at leas
for our purposes, the description of the electronic struct
obtained by thesp3d5s* TB model is much better than th
one obtained by the commonly usedsp3s* model. Therefore
we adopt thesp3d5s* model for our calculations.

The strain is incorporated in the TB Hamiltonian as usu
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scaling the two-center integralsi j k with the bond length
using a modified Harrison’s rule21

i j k~d!5S d0

d D n i j k

i j k~d0!, ~1!

where d (d0) is the strained~unstrained! interatomic dis-
tance. For the exponentsn i j k we use the values of Ref. 1
(sp3s* ) and Ref. 19 (sp3d5s* ), which are obtained by fit-
ting the bulk deformation potentials. The strain-induc
crystal-field splitting of the on-sited-orbital energies is also
taken into account.19 The interplane distances in the directio
perpendicular to the interfaces are calculated using the m
roscopic elasticity theory, with bulk lattice constants a
elasticity moduli of InAs and InP taken from Ref. 16. Th
calculated band gaps and the effective masses of InAs, b
ially compressed in the~001! plane to the bulk lattice con
stant of InP are also shown in Table I. The calculat
conduction- and valence-band dispersion curves of the b
compounds in thê100& and ^111& directions are shown in
Fig. 1.

The material parameters at the interfaces and in
InAsxP12x alloy are calculated using the virtual-crystal bu
parameters in the following manner: for the parameters o
cation ~In! layer the average concentration of As in the tw
adjacent anion (AsxP12x) layers are taken; for the param
eters of an anion layer the concentration of As in this laye
used; and for the parameters of the interaction betwee
cation and an anion layer the concentration of As in the an
layer is used. This approach is widely used in tight-bindi
heterostructure calculations and ensures the averaging o
parameters at the common ion~In! interface layer, instead o
abruptly ‘‘switching’’ from InAs to InP parameters at an a
bitrary interface boundary of zero width.

In order to obtain the energies and the spatial distribut
of the bound states, we use the Green’s function formali
The Green’s functions of the barrier and the well materia
G(b) andG(w), are computed using efficient algorithms.22–24

Then they are matched at the two interfaces, using the
face Green’s function matching method,25 in order to obtain
the Green’s function of the structureG(s). The energies and
3-2



ELECTRONIC STATES OF ULTRATHIN InAs/InP . . . PHYSICAL REVIEW B 66, 195303 ~2002!
FIG. 1. Bulk band structures of InP~a!, InAs
~b!, and InAs biaxially strained in the~001! plane
to the bulk lattice constant of InP~c!, calculated
using thesp3d5s* tight-binding model.
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the spatial distributions of the states are calculated from
local density of states~LDOS!,

N~E,n!52
1

p
lim

e→10
Im Tr@Gn,n

(s) ~E1 i e!#, ~2!

whereE is the energy,n is the layer index, andGn,n
(s) is the

diagonal element of the Green’s function. We use a fin
value of e50.001 eV, this is also the precision used to d
termine the energies of the bound states.

The effect of the interface grading on the transition en
gies is studied using the simple diffusion model of grad
presented in Ref. 9. This model does not take into acco
lateral roughness and steplike interface structure, instea
uses a concentration profile, averaged over the layer pla
This limitation is a consequence of the use of the virtu
crystal Hamiltonian and can be overcome by using m
sophisticated methods like the supercell technique10 or the
coherent potential approximation26 within the adopted
Green’s function approach. However, for the present w
we favor the simplicity of the diffusion model and th
virtual-crystal approximation. The diffusion lengthLD is
used as a parameter, giving the amount of grading prese
the structure. Small values ofLD between 0~abrupt inter-
faces! and 2 ML are used in order to model the interfa
grading. The strain in graded QWs is taken into account
assuming an in-plane lattice constant equal to that of b
InP throughout the structure and calculating the interpl
distances by using a linear approximation for the elastic
moduli of InAsxP12x .

As usual in TB calculations, the heterojunction band o
set is taken into account by adding a constant value to
diagonal tight-binding parameters~i.e., to the on-site orbita
energies! of the well material, thus shifting its entire ban
structure with this value. However, the strain changes
energies of both the valence and the conduction band,
thus the value added to the TB parameters is not equal to
actual offset between the valence band maxima of the
materials. From here on, except where explicitly specifi
19530
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otherwise, by ‘‘valence band offset’’~VBO! we shall mean
the latter value, i.e., the ‘‘strained’’ VBO between InAs an
InP. The constant added to the diagonal TB parameter
InAs ~i.e., the ‘‘unstrained’’ valence band difference! may be
obtained by adding to this value the position of the valen
band maximum of strained InAs. In thesp3d5s* parameter-
ization used in this work the latter is equal to 0.089 eV.

In the literature there is no clear indication for the effe
of strain on the VBO. It has been argued on the basis
self-consistent TB calculations that the band offset
strained heterojunctions depends on strain.27 Such a depen-
dence may affect the bound states energies especiall
structures with graded interfaces. On the other hand, it
been shown that the interdiffusion in systems with a comm
atom does not change the VBO.28 Therefore we use the
simple linear dependence of VBO on the alloy compositio
resulting from the linearity of the virtual crystal approxim
tion.

III. RESULTS AND DISCUSSION

A. Band offset

Various values for the VBO of the InAs/InP~001! hetero-
junction have been reported in the literature. A compreh
sive review of the available experimental and theoretical
sults can be found in Ref. 16, where a recommended valu
0.35 eV is given for the unstrained heterojunction, cor
sponding to a strained VBO of 0.44 eV. The first-principl
calculation of Wei and Zunger29 gives a value of 0.42 eV
while the extrapolation from the experimental data on InAs
InP quantum wells~VBO equal to 25% of the strained ban
gap difference30! gives a smaller VBO of 0.245 eV. A previ
ous fit of the transition energies obtained by EFA calculatio
to experimental data on thin InAs/InP QWs suggests a va
of 0.41 eV, while the same fit made with the TB meth
gives 0.47 eV~Ref. 31! ~it is not clear though whether th
latter two stand for strained or for unstrained VBO!. The
VBO is a property of the heterojunction, therefore, for Q
widths in the monolayer range~i.e., when we have two het
3-3
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FIG. 2. Calculated E1–HH1 transition ene
gies ~a! and heavy hole–light hole splittings~b!
in ultrathin InAs/InP QW for valence band offset
varying from 0.2 to 0.9 eV. Experimental value
from Ref. 2 are also shown. Symbols represe
the data points and the lines are drawn for gu
ing the eye.
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erojunctions very close to each other! it is possible to have a
VBO quite different than that for a wider QW. In order t
take into account this possibility, while encompassing
entire range of values accepted for wider QWs, we vary
VBO from 0.2 to 0.9 eV. Later, when investigating particul
features of the band structure for a fixed value of the VB
we will use a composite value of 0.4 eV, obtained by av
aging the cited results.

We have calculated the energies of the electronic st
and the transition energies at theG point of the Brillouin
zone for InAs/InP QWs from 1 to 4 monolayers~ML ! wide.
The obtained energies of the electron–heavy hole~E1–HH1!
transition and of the heavy hole–light hole splitting are pl
ted in Fig. 2. When increasing the VBO, two main trends
observed: the E1–HH1 transition energy decreases and
HH1–LH1 splitting increases. The E1–HH1 transition e
ergy is more sensitive to the VBO for greater VBOs due
the increased confinement of the HH1 state. The splitting
the contrary, increases more rapidly for smaller VBOs. T
is due mainly to the fact that the LH1 state is degenerate w
the InP valence band at a VBO of 0.2 eV and emerges fr
the continuum at 0.3 eV, while the HH1 state is well confin
in the entire range of VBOs considered. The E1 state in th
ML QW becomes degenerate with the InP conduction b
at a VBO of 0.8 eV, for the other QWs its energy is a fe
meV below the continuum for a VBO of 0.9 eV.
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We have also calculated the spatial distributions of the
HH1, and LH1 states. In the 1 ML well, we have obtain
InP-localization of electrons only for VBO5 0.9 eV. The
light-hole state is localized in the InP barrier only for VB
5 0.2 eV. For all other well widths and VBOs we obser
InAs-confinement of the carrier wave functions. This findi
contradicts a previous TB calculation,5 made using thesp3s*
model with an unstrained VBO of 0.42 eV~corresponding to
a strained VBO of 0.51 eV!, where InAs-confinement is
found for heavy holes only. The experimentally observ
heavy-hole and light-hole transition intensities,2–4 however,
also suggest type-I confinement of carriers in these st
tures, thus supporting our results.

The spatial distributions of the electron, heavy-hole a
light-hole ground states, calculated for a VBO of 0.4 eV, a
shown in Fig. 3. The fact that the spatial distributions are
symmetric with respect to the well center is due to the lack
inversion symmetry in the zinc-blende structure. As e
pected, in the 1 ML QW there is a weaker confinement of
carriers. This is very pronounced for the E1 and LH1 sta
since they are closer to the respective barrier band ed
however it is clearly seen as well for the HH1 state. The
and LH1 states are more weakly localized in thinner we
while for the heavy hole state this effect is significant on
for the 1 ML QW. Therefore, we may expect the oscillat
strength for the transitions in 1 ML QWs to be several tim
r

-

FIG. 3. Spatial distribution of the LDOS fo
the first electron~a!, heavy-hole~b! and light-
hole ~c! states in InAs/InP QWs from 1 to 4 ML
wide for VBO 0.4 eV. Monolayer index 0 repre
sents the center of the QW.
3-4
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FIG. 4. Calculated dependence on strain
the E1–HH1 transition energies~a! and the heavy
hole–light hole splittings~b! in ultrathin InAs/InP
QW for VBO of 0.4 eV. The nominal strain o
3.1% is shown with a vertical line.
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lower than in thicker wells. This may explain the fact th
transitions from 1 ML QWs are not observed in the abso
tion spectra of samples with steplike interfaces,2,3 where one
may reasonably suggest the presence of regions with a th
ness of 1 ML.

Our results are compared with the experimental data
Paki et al.2 for the transition energies in 2 and 3 ML QW
We neglect the exciton binding energies, since they are
pected to be below the experimental error of 0.01 eV.32 The
experimental E1–HH1 and E1–LH1 transition energies~also
shown in Fig. 2! are 1.23 and 1.32 eV in the 2 ML well an
1.32 and 1.37 eV in the 3 ML well, respectively. The heav
light hole character of the transitions was confirmed
polarization-dependent measurements. It is seen in Fi
that the E1–HH1 transition energies suggest a VBO be
0.2 eV. If this were the case, the LH1 state would be deg
erate with the InP valence band, which would lead to a m
weaker intensity of the light-hole transition with respect
the heavy-hole one. This, however, is not observed exp
mentally. On the other hand, the experimental HH–LH sp
ting is close to the calculated one for a VBO close to 0.3
Therefore we can conclude that the experimental values
not be explained by the simple model of a rectangular fu
strained QW with abrupt interfaces.

B. Strain

One possible effect that can lead to the observed disc
ancies between theoretical and experimental results i
have a strain value in the InAs layer different than the str
suggested by the difference between the bulk lattice c
stants of the two materials~3.1%!. This can occur due to
strain relaxation~smaller strain! or to accumulation of strain
in the well layer~larger strain!, which has been experimen
tally observed in ultrathin InAs layers in GaAs.33 In order to
estimate the effect of strain on the electronic states of
QWs, we have calculated the dependence of the trans
energies on strain, varying the strain in the InAs layer from
~completely relaxed layer! to 8%. The calculations are don
keeping the same valence band difference between stra
InAs and InP~0.4 eV! for each value of the strain. The re
sults are presented in Fig. 4.

Our results show that the dependence of the E1–H
transition energy on strain is relatively weak. The transit
energies are smaller for relaxed wells and have a maxim
for approximately 3% strain~3.5% for 1 ML wells!. This
behavior generally follows the dependence of the band
of InAs on strain. The variation of the transition energy f
strain between 0 and 6% is relatively small—from 10 m
19530
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for the 1 ML well to 25 meV for the 4 ML well. These
changes are greater for wider wells, which can be explai
by recalling that strain shifts the potential in the well, a
this has greater effect on the states energies in wider w
Therefore, in wider wells strain is dominating, whereas
thinner wells the confinement has larger effect on the e
tronic states.

The heavy hole–light hole splitting, as a general rule,
creases with increasing strain. This effect is, again, m
pronounced for wider QWs, due to the reasons already
cussed. The variation of the splitting energy is larger th
that of the E1–HH1 transition, reaching 38 meV for the
ML QW. In our calculations the difference between th
heavy-hole band edges of InP and strained InAs is kept c
stant independent on strain, i.e., the depth of the poten
well for heavy holes remains constant and that for light ho
decreases with strain. Therefore, the observed behavio
mainly due to the change in the HH–LH splitting of the bu
InAs valence bands due to strain. Because of the larger c
finement energies in thinner QWs, however, the effect
mass and band nonparabolicity changes with strain also
a significant role. This is well seen especially in the 1 M
QW, where a small decrease of the splitting energy is
served for strain between 0 and 1.8%—an effect, which
not seen in the dependence of the bulk band splitting
strain.

Our calculations for other values of the VBO show th
the strain-induced shift of the transition energies is largest
VBOs between 0.3 and 0.4 eV. At this point the distributi
of the band gap difference between the conduction and
valence bands makes the strain most efficient in changing
confinement energies of both electrons and holes. The ex
tion of this trend is the E1–LH1 transition in the 1 ML QW
since in the latter the LH1 state is degenerate with the c
tinuum for VBOs up to 3 meV and is therefore not affect
by strain.

We compare the obtained strain dependence of the tra
tion energies with the experimental data from Ref. 2. Assu
ing that some strain relaxation is present in the structu
one may obtain smaller HH–LH splitting energies, as su
gested by the experiment. However strain effects cannot
plain the fact that the experimental E1–HH1 transition en
gies are larger than the calculated ones, since both decrea
and increasing strain we obtain values smaller than the o
obtained for the nominal strain of 3.1%. Since our resu
show that the effect of strain is relatively small in ultrath
QWs, one may also suggest that the possible errors resu
from the nonsuitability of the macroscopic elasticity theo
to predict the lattice constants for layers with monolay
3-5
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FIG. 5. Concentration profiles in 2 ML~a!
and 3 ML~b! InAs/InP QWs for diffusion lengths
LD50 ~abrupt interfaces!, 1, and 2 ML.
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range thicknesses should be of the same order~20–30 meV!
and could not account for the observed disagreement
tween theory and experiment.

C. Interface grading

It has been shown previously that very small amounts
interface grading in the AlGaAs/GaAs system have a sign
cant effect on the bound states energies9,10 and can dramati-
cally influence features of the electronic structure such as
G –X mixing in superlattices.11,12 There is experimental evi
dence that intermixing occurs during the growth of InAs/I
heterostructures.13,14 Until now, however, only intentionally
annealed QWs have been theoretically investigated.15 Hav-
ing shown that varying only the VBO and the strain it
impossible to obtain a satisfactory explanation of the exp
mental transition energies in ultrathin InAs/InP QWs, we f
ther extend our model in order to take into account interf
grading in these structures.

We investigate the effect of interface grading on the tr
sition energies, assuming a diffusion model of the gradin9

and using the diffusion lengthLD as a parameter giving th
amount of grading present in the structure. This model in
duces a concentration profile, averaged over the layer pla
calculated as a solution of the diffusion equation for sm
values of the diffusion length. The calculated concentrat
profiles in the 2 and 3 ML QWs for values ofLD of 0, 1, and
2 ML are shown in Fig. 5. As expected for very thin QW
the concentration profile changes significantly even for d
fusion lengths as small as 1 ML. Still, forLD51 ML only
the concentration of the layers adjacent to the interfa
changes noticeably, the change in the other layers b
,3%. For LD52 ML the entire well profile is modified,
and the concentration of P at the well center reaches 50%
the 2 ML QW and 29% for the 3 ML QW.

Figure 6 shows the results for the optical transition en
gies in 2 and 3 ML wide InAs/InP QWs with graded inte
faces for a VBO of 0.4 eV. The transition energies of t
graded QWs exhibit a blue shift with respect to the tran
tions in the rectangular QWs. This shift is slightly larger f
the E1–HH1 transition, since the heavy hole energies
more sensitive to the changes of the well potential mai
due to the larger potential barrier. Thus, the interface grad
also leads to a small decrease of the energy separation
tween the heavy hole and the light hole transition. The b
shift is larger in the 3 ML QW, and increases with the i
crease of the VBO. The maximum blue shift observ
reaches 0.11 eV at a diffusion length of 2 ML for the E1
HH1 transition in the 3 ML QW at VBO of 0.6 eV. This
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behavior is similar to that reported by many authors for d
fused QWs~see e.g., Ref. 34!. The blue shift of the transi-
tions in ultrathin wells, however, is much larger than the o
in wider wells, because the same changes in the conce
tion profile occur at smaller diffusion lengths.

We have also calculated the spatial distributions of
bound states in ultrathin QWs with graded interfaces.
small decrease of the amplitude is observed with increas
LD , however, in spite of the fact that the wells become s
nificantly more shallow, the states remain well localized
the 2 and 3 ML QWs for the considered range of diffusi
lengths. Therefore, the effect of interface grading should
manifested in the optical spectra only by changes in the tr
sition energies.

In the figure are also shown the experimental transit
energies for the E1–HH1 and E1–LH1 transitions in the
and 3 ML wells. It is seen that taking into account the int
face grading we obtain an excellent agreement between
theoretical and the experimental results forLD51.8 ML. Our
calculations for other values of the VBO show that a sa
factory agreement~within the experimental error of 0.01 eV!
between the calculated and the experimental transition e
gies can be obtained for VBOs between 0.35 and 0.48
and diffusion lengths of 1.7–2.3 ML. These VBO values a
within the range of acceptable values cited in the literatu

D. Well composition

Another possible effect of intermixing is to have a certa
nonzero concentration of P in the well layer. In order to ta

FIG. 6. Optical transition energies in 2 and 3 ML InAs/InP QW
with nonabrupt interfaces for VBO50.4 eV. The experimental tran
sition energies are shown with thin horizontal lines. The lower l
at 1.23 eV corresponds to the E1–HH1 transition in the 3 ML w
the middle one at 1.32 eV represents the E1–LH1 in the 3 ML Q
and the E1–HH1 in the 2 ML QW, and the line at 1.37 eV cor
sponds to the E1–LH1 transition in the 2 ML QW. The resu
giving best fit to experiment are shown with arrows (LD51.8 ML!.
3-6
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into account this possibility, we consider rectangu
InAsxP12x /InP QWs. The calculated transition energies in
and 3 ML rectangular InAsxP12x /InP QWs for a VBO of 0.4
ML are shown in Fig. 7. The dependencies are plotted ve
the total amount of InAs in the structure, which can be e
pressed in units of ML by multiplying the InAs concentratio
x in the well by the well width in ML. We note that the
InAsxP12x /InP QWs considered here differ from the InA
InP QWs considered in the previous sections as they m
contain a total amount of InAsnot equal to an integer num
ber of monolayers.

It is seen from the figure that the effects of decreasing
As concentrationx in the QW are similar to those of in
creased interface grading:~i! the transition energies increas
and ~ii ! the heavy hole–light hole splitting decreases. T
transition energies of wider wells are higher than those
more narrow wells with the same amount of InAs, and t
effect is more pronounced for the heavy-hole transition. T
differences between the transition energies in 2 and 3
QWs, both containing 2 ML of InAs, are 32 meV and 1
meV for the heavy- and light-hole transitions, respectivel

Comparing the calculations with the experimental resu
~also shown in Fig. 7! we see that the first pair of transition
attributed to the 2 ML QW~E1–HH151.27 eV, E1–LH1
51.32 eV!, can be satisfactory explained by assuming eit
a 2 ML QW with x50.83 ~corresponding to a total amoun
of InAs 1.65 ML!, or a 3 ML QWwith x50.6 ~total amount
of InAs 1.8 ML!. For the other pair of transition energie
~E1–HH151.32 eV, E1–LH151.37 eV!, attributed to the 3
ML QW, we obtain an excellent agreement for a 3 ML QW
with x50.83 ~corresponding to 2.5 ML InAs!.

The thickness of the QWs in Ref. 2 is measured us
high-resolution x-ray diffraction~HRXRD!. These measure
ments are sensitive to the average amount of the well m
rial present in the sample. In samples such as the ones
scribed in Ref. 2 the presence of QW regions~islands! of two
different widths is suggested by the optical data. Therefo
the average amount of well material in the sample~hence,
the HRXRD data! depend not only on the composition, b
also on the relative area of each region as a fraction of

FIG. 7. Transition energies in rectangular 2 and 3 M
InAsxP12x /InP QWs with varying composition of the well materia
and a VBO of 0.4 eV. E1–HH1 and E1–LH1 transition energies
plotted with the solid and dashed line in the 2 ML well, and with t
dotted and dashed–dotted line in the 3 ML well. The energies o
2, and 3 ML InAs/InP QWs (x51) are shown with squares an
triangles for heavy and light-hole transitions, respectively. The
perimental transition energies are shown with horizontal lines.
values giving the best fit to the experiment are shown with arro
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whole area of the sample. Thus, it is impossible to obtai
precise estimate of the width and composition of each Q
based only on the HRXRD results. However, assuming
presence of 2 and 3 ML QW regions in the samples due
monolayer step at the interface, we obtain a good agreem
with the experiment for both QWs at a composition of t
well material InAs0.83P0.17. We have obtained the same resu
also for a VBO of 0.3 eV at an As concentrationx
587.5%.

When one investigates InAs/InP QWs with perfec
abrupt interfaces by means of an atomistic method such
TB, the model is restricted to considering only QWs conta
ing an integer number of InAs monolayers due to its discr
nature. However, taking into account the interface grad
and considering concentration profiles such as the o
shown in Fig. 5, it is easily seen that this restriction
longer has physical grounds. One may suggest that du
the growth of ultrathin QWs both effects occur; the inte
faces are non-abrupt due to atomic-scale roughness and
ponent interdiffusion, and they contain an arbitrary~not
equal to an integer number of monolayers! amount of the
well material. Since both the increasing of the interface gr
ing and the decreasing of the amount of InAs in the QW ha
the same influence on the transition energies, one needs
precise data on the sample structure and composition in o
to make a comparison between theoretical and experime
results. Good candidates for such a study are sample
which the well thickness is uniform throughout the area
the sample~see e.g., Ref. 4!, because the total amount of th
well material can be unambiguously obtained by HRXR
measurements.

IV. CONCLUSION

We have calculated the optical transition energies
strained ultrathin InAs/InP~001! QWs using the semiempir
ical sp3d5s* tight-binding method, the virtual crystal ap
proximation, and the surface Green’s function match
technique. QWs from 1 to 4 ML wide are considered. T
effect of a number of factors on the transition energies
systematically investigated: valence band offset, strain, in
face grading, and well composition. We start with the sim
model of a rectangular fully strained QW. Then we inves
gate the dependence of the transition energies on strai
order to take into account the possibility to have InAs str
values different than 3.1%~the difference in the bulk lattice
constants of the two materials! due to the very small thick-
ness of the InAs layer. Further, we extend our treatmen
order to include intermixing effects by considering~i! graded
interfaces with a diffusion concentration profile, and~ii !
QWs with abrupt interfaces and varying composition of t
well material. The effect of strain on the transition energies
found to be small for thin wells, where the confinement
very strong and therefore dominating. The effect of interm
ing is, on the contrary, more pronounced in thinner we
because they are sensitive to very small changes in the in
face potential. Our results show that the shift of the transit
energies obtained by either introducing graded interface
changing the well composition is significant and cannot
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neglected in theoretical calculations, especially knowing t
intermixing may occur during the growth of InAs/In
heterostructures.13,14

Comparing our calculated results with experimental da
we show that the experimental transition energies canno
accounted for by a simple model of a fully strained recta
gular QW. The effects of strain different than 3.1% also c
not explain the experimental observations. Considering Q
with nonabrupt interfaces we have shown that a reason
agreement with the experimental results is obtained
VBOs between 0.35 and 0.48 eV, which is consistent w
the majority of results on the InAs/InP heterojunction ba
offset,16 and for diffusion lengths of 1.8–2.3 ML. A goo
agreement with the experimental results can be obtained
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