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Coupling of ultrathin InAs layers as a tool for band-offset determination

J. Brübach,* A. Yu. Silov, J. E. M. Haverkort, W. v. d. Vleuten, and J. H. Wolter
COBRA Interuniversity Research Institute, Eindhoven University of Technology, Department of Physics,

P.O. Box 513, 5600 MB Eindhoven, The Netherlands
~Received 15 July 1998!

We have experimentally determined the band offsets at a highly strained InAs/GaAs interface by means of
coupling between two ultrathin InAs layers embedded in a GaAs matrix. When both InAs layers are separated
by a 32-ML barrier, the confined electron and light-hole~lh! states are split into symmetric and antisymmetric
states, whereas the heavy-hole~hh! level is not split yet. Consequently, the splitting between the hh exciton
transitions, which is measured by photoluminescence excitation spectroscopy, is solely determined by the
conduction-band offsetDEc . Knowing DEc , the hh and lh band offsetsDEhh and DElh were subsequently
determined from the coupling-induced shift and splitting in samples with 16-, 8-, and 4-ML barriers. We find
a conduction-band offset of 535 meV, a conduction-band offset ratio ofQc50.58, and a strain-induced
splitting between the hh and lh levels of 160 meV. This method for the direct determination of band offsets is
explicitly sensitive to the band-offset ratio, and its application is not restricted to particular type-I semicon-
ductor heterostructures as long as the effective-mass–band-offset product for the conduction and valence bands
differs by at least a factor of 2.@S0163-1829~99!01715-4#
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I. INTRODUCTION

The optical and electronic properties of ultrathin InAs la
ers embedded in a GaAs matrix have recently attrac
strong interest. This is, on the one hand, due to their poten
application in optoelectronic devices.1,2 On the other hand
since InAs and GaAs have one of the largest lattice m
matches among III-V semiconductors, ultrathin InAs/Ga
quantum wells serve as a model system to study the e
tronic structure and optical properties in an almost ideal tw
dimensional but highly compressively strained material s
tem. In particular, the band alignment, the magnitude of
band offsets, and the degree of confinement are recent to
of intense debate.3–9

Within the concept of band offsets, the InAs/GaAs syst
provides a unique situation. Generally, band offsets are
fined for the interface of two semi-infinitely extended laye
of material, and for lattice-matched semiconductors this
be realized by means of very wide ‘‘quantum-well’’ stru
tures, where size quantization effects become negligible.
the InAs/GaAs system, however, the situation is differe
Due to the large lattice mismatch, the critical layer thickne
up to which the growth remains pseudomorphic, amou
only to 2–3 ML.10 Beyond this critical layer thickness, dis
locations are incorporated which in turn may alter the ba
alignment at the interface,7 or the formation of self-
assembled quantum dots starts to dominate the gro
process.11 As a consequence, ultrathin InAs layers in a Ga
matrix seem to represent the only possibility to access
band offsets at the InAs/GaAs heterointerface at all.

The insertion of an InAs monolayer in a GaAs matr
produces a confining potential on the length scale of
lattice constant, which introduces bound electron, heavy-h
~hh!, and light-hole~lh! states in the GaAs band gap, an
which in turn give rise to the formation of hh and
excitons.12 Due to the large lattice mismatch between In
and GaAs, the InAs layer is highly compressively strain
As a consequence, the fundamental band gap of the InA
PRB 590163-1829/99/59~15!/10315~12!/$15.00
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increased by the hydrostatic strain component, and the s
strain component leads to a splitting between the hh an
valence bands.13,14

In previous papers about the determination of band offs
in InAs/GaAs, the electronic structure of ultrathin InAs la
ers was described by a quantum-well model.3,4,6,15–17Even
for monolayer and submonolayer coverages, the poten
width is identified as the average InAs layer thickness, a
the depth of the confining potential for the electrons or ho
as the conduction- or valence-band offsets, which are t
consistently used in the sense of bulk parameters. Furt
more, in this model strain is considered either explicitly in
eight-bandk–p-type effective-mass theory,4,17 or implicitly
by strain-modified values for the band offsets and a differ
valence-band offset for the hh and lh subbands.3,7 The pro-
cedure which was subsequently applied to determine
band offsets was to measure the optical transition ener
for different InAs layer thickness by photoluminescence~PL!
or photoluminescence excitation~PLE! and to match the
quantum-well calculations with the measurements by fitt
the band offsets. However, for unstrained quantum wells
already questionable whether this procedure provides
able values for the band offsets, because the transition e
gies depend on both the confinement energies of the e
trons and of the hh’s or lh’s, respectively, which in th
method cannot be separated. In the case of highly stra
layers the situation becomes even more troublesome: du
the strain-induced splitting of the hh and lh subbands o
needs to determine three band offsets independently f
only two optical transitions. This problem is reflected by t
large spreading in the band-offset values reported previou
although the same model and the same effective masses
used.3–6,12,15–18In the case of ultrathin InAs layers an add
tional complication arises, since the observed transitions
excitonic ones and the exciton binding energies dep
strongly on the InAs layer thickness.6,19 Thus, in a determi-
nation of the band offsets with the above procedure, one
to correct the measured transition energy by the experim
10 315 ©1999 The American Physical Society
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10 316 PRB 59BRÜBACH, SILOV, HAVERKORT, VLEUTEN, AND WOLTER
tally determined exciton binding energy for each InAs lay
thickness, or else the calculations have to incorporate exp
itly a model for the InAs layer width dependence of t
exciton binding energies.

In this paper we report on an alternative method fo
determination of band offsets in ultrathin InAs layers witho
the complications mentioned above. By employing the c
pling between two ultrathin InAs layers embedded in a Ga
matrix, and exploiting the large difference in electron a
heavy-hole effective masses, we are able to determine
conduction-band offsetDEc and the valence-band offse
DEhh andDElh , independently. It is well known that in th
case of two coupled quantum wells the confined twofo
degenerate electron, hh, and lh states of a single quan
well can split into a pair of symmetric and antisymmet
states.15,20–23The magnitude of splitting for each carrier typ
is determined by its effective mass and the accompany
band offset, as well as by well and barrier thicknesses. D
to its dependence on the effective mass, the amount of s
ting is an individual parameter for each carrier type, and a
particular well and barrier width a situation can be crea
where only the carrier type with the smallest effective m
~e.g., electrons! exhibits coupling-induced splitting into sym
metric and antisymmetric states. With the effective mass
the sample parameters known, the splitting directly yields
corresponding band offset. If, subsequently, at a cons
well thickness the barrier width is reduced, the coupling
states with larger effective masses~e.g., hh’s! is activated,
and the corresponding band offset can be determined. C
sequently, our method is explicitly sensitive to the ban
offset ratio.

In this work the InAs layer and GaAs barrier thickne
were accurately determined by high-resolution x-ray diffra
tion in a set of samples where at a constant InAs layer th
ness of 1.1 ML the GaAs barrier width was varied from 4
32 ML. Subsequently, for all samples the splitting betwe
symmetric and antisymmetric states was measured u
PLE. All transitions observed in PLE were identified wi
respect to their hh and lh character by cleaved-side P
According to our model calculations, in a sample with
32-ML barrier the splitting of the hh state is negligible due
its more than five times larger effective mass in compari
with the confined electron state. Consequently, the obse
splitting of the hh exciton transition originates entirely fro
a splitting of the confined electron states, from which t
conduction-band offset is directly being deduced. Once
conduction-band offset is known, the lh valence-band off
is derived from the coupling-induced splitting of the lh exc
ton transition simultaneously emerging in the 32-ML barr
sample, since the observed splitting is simply given by
sum of the splitting of the confined electron and confined
states. Finally, with the known conduction-band offset,
hh band offset is determined from the splitting of the
exciton transition and the accompanying strong redshift
the symmetric hh exciton transition in the 16-, 8-, and 4-M
barrier samples. In these samples the confined hh state
splits off into symmetric and antisymmetric states, and st
to contribute considerably to the observed redshift and s
ting.

In the above-described method, uncertainties due to
excitonic character of the observed transitions are inhere
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eliminated. The strong dependence of the exciton bind
energies on the InAs layer thickness is excluded, since in
samples the InAs layer was fixed to a thickness of 1.1 M
Moreover, the band offsets are calculated from the obser
splitting, i.e., from the energy difference of the observ
transitions rather than from their absolute spectral positi
so that the exciton binding energies cancel out.

When describing the electronic structure of single
coupled ultrathin InAs layers within the concept of band o
sets, it is questionable whether the square-well model is
physically correct approach. The dominant criterion for t
validity of the square-well model is that the envelope fun
tion is slowly varying on the scale of the lattice period.24,25

As a consequence, part of the envelope function is still
cated inside the well, so that different effective masses in
direction of quantization have to be attributed to well a
barrier. Finally, when increasing the well width, the squa
well model will provide more than a single bound sta
However, these assumptions strongly contradict the situa
in ultrathin InAs layers. Moreover, in the band-offset dete
mination reported previously, the assumptions had to be
lated in order to achieve reasonable quantitative results
artificially attributing the GaAs effective masses of the b
rier to the InAs well. Due to the confinement potential of
single InAs monolayer, the derivative of the envelope fun
tion will even change its sign within one lattice constant, i.
as rapidly as the Bloch functions of the crystal, suggest
that the envelope wave function can only be constructed
side the InAs layer. The consequences of applying this c
clusion are that the confined conduction- and valence-b
states possess the effective masses of the GaAs barrier
that increasing the InAs layer thickness will lead to a sin
bound state only.

In this work we introduce an alternative model for a d
scription of the electronic structure of single and coup
ultrathin InAs layers, which still applies the concept of ba
offsets. By modeling the confinement potential of the In
layers with Dirac’sd function, the main properties of th
electronic structure are naturally considered: the use ofd
potential implies that the envelope function can only be c
structed outside the InAs layer. Consequently, the effec
masses of the bound electron, hh, and lh states are inher
fixed to the GaAs barrier values, and, finally, for each carr
type thed potential provides only a single bound state r
gardless the thickness of the InAs layer. The imponderab
that thed potential is defined with a finite strength, without
clear physical meaning in the first place, can be overcome
a comparison of the eigenvalues of thed potential with the
eigenvalues of a square well providing the same strengt
the limit case of a finite band offset and a well thickne
approaching zero. A straightforward calculation shows t
the strength of thed potential equals the product of the InA
layer thickness and the actual band offset. As a result, thd
potential qualitatively and quantitatively provides the sa
physical correctness and precision as, e.g., the descriptio
isoelectronic impurity layers.26–28

II. THEORETICAL MODEL

A. Description of the electronic structure
by a d-function potential

In order to extract the band offsets from the PL and P
measurements, a model for the description of the electro
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structure in single and coupled ultrathin InAs layers in
GaAs matrix is required. The insertion of an InAs monolay
into a GaAs matrix corresponds to the isoelectronic subs
tion of Ga atoms by In atoms. In and Ga have the sa
chemical properties, but they differ in their atomic level p
sition. Because no additional charge is introduced by
InAs plane, it induces a confining potential, which is loc
ized on the length scale of the lattice constant, and wh
leads to the formation of confined electron, hh, and lh sta
in the GaAs band gap. Recently, Wilke and Hennig29 de-
scribed this situation of isoelectronicd doping within the
tight-binding scheme by using the Koster-Slater approa
One of the main conclusions of their work was that, as
consequence of the one-dimensional character of the G
conduction band near theG point, the electronic structure o
ultrathin InAs layers in GaAs can still be treated in an effe
tive mass approach. Moreover, they found that even for s
monolayer coverages at least one In-related defect level
a hh character exists, but also that this number is not
ceeded for coverages of more than 3 ML.

In this paper we present an alternative model for a
scription of the electronic structure, which, by applying t
concept of band offsets, leads to the same qualitative
quantitative results as the model of isoelectronic impuriti
We describe the confinement potential in the conduction
valence band by ad function which can be written asV(z)
52S0d(z), whereS0 denotes the strength of the confinin
potential in the conduction and valence bands, andd(z) is
the Dirac function. The physical meaning of the streng
parameterS0 will be explained below. The most importan
inherent property of thed potential is that no envelope func
tion is constructed ‘‘inside the well,’’ and it is actually thi
property which gives thed potential a preference amon
particle-in-a-box models when the potential width a
proaches the periodicity of the crystal Bloch wave functio
The crucial criterion for the validity of a particle-in-a-bo
model is that the envelope function varies slowly on t
scale of the lattice period. However, in the case of ultrat
InAs layers, where the InAs layer modifies the atomic pot
tial of the GaAs matrix on the length scale of the latti
constant, the derivative of the particle-in-a-box envelo
function had to change its sign within one lattice perio
which apparently contradicts the assumption. As a con
quence of the fact that the wave functions extend entirely
the surrounding matrix, thed potential implies that the effec
tive masses of the confined states are given by the effec
masses of the GaAs barrier in the direction of quantizati
A further intrinsic property of thed potential is that it pro-
vides only a single bound state regardless of the magni
of S0 , which is consistent with the work of Ref. 29.

The calculations of the effective confinement energies
envelope functions of the bound valence-band states f
single ultrathin InAs layer have been carried out with t
two-band Luttinger-Hamiltonian30 in the spherical approxi-
mation (g25g3),

Ĥ52
\2

2m0
~g11 5

2 g2!k212g2~ Ĵ• k̂!22S63/2,61/2d~z!,

~1!

where we have chosen thez direction along the growth di-
rection as the axis of quantization. Due to thed-potential
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approach, the Luttinger parametersg1 and g2 are fixed to
values of the GaAs barrier (g156.85, g252.10; see, e.g.,
Ref. 3!. Furthermore, the use of the Luttinger Hamiltonia
not only yields the correct effective masses of the bou
states in the direction of quantization, which is determin
by the confinement potential of the InAs layer, but also
lows one to calculate the in-plane energy dispersion. In or
to incorporate the compressive strain of the InAs layer in
model, we have chosen the strength parameter of thed po-
tential to be different for the hh subband (S63/2) and the lh
subband (S61/2). Thus, implicitly,S63/2 andS61/2 both con-
sider the same amount of hydrostatic strain as well as
strain-induced splitting of the hh and lh subbands due to
uniaxial strain component which is given by their differenc
From Eq.~1! the effective confinement energies of the bou
hh and lh states are straightforwardly derived as31

E63/2,61/252
m0

2\2~g172g2!
S63/2,61/2

2 . ~2!

The effective masses of the confined hh and lh states in
direction of quantization are identified asmhh* 5m0 /(g1

22g2)50.3774m0 and mlh* 5m0 /(g112g2)50.0905m0 ,
respectively, which are exactly the values of the GaAs b
rier that thed-potential model predicts. For the conductio
band, the calculation of the bound electron state yields
same expression as in Eq.~2!, where one only has to replac
Shh,lh with the strength of the conduction-band confineme
potentialSe and the effective mass with the electron effecti
mass for GaAs:me* 50.0665m0 . As a result, throughout the
rest of this paper we proceed with the electron, hh, and
effective masses as known, nonadjustable, parameters.

Before we present a description of the electronic struct
of two coupled ultrathin InAs layers separated by a Ga
barrier, we first need to identify the physical meaning of t
strength parameterS0 of the d potential. A relation between
S0 and the band offsets and the InAs layer thickness, resp
tively, can be found from a comparison between the eig
values of thed potential and the eigenvalues of a square w
providing the same strength in the limit of a finite potent
depth and a well width approaching zero. For a square w
the potential depthV0 can unambiguously be identified wit
the band offsetDE, and the well width is identical to the
thickness of the quantum-well layer, in the following d
noted asa. Straightforwardly performing the limit casea
→0 yields the effective confinement energy for the bou
state of such a shallow well as

E52
m*

2\2 a2V0
252

m*

2\2 a2DE2. ~3!

From the comparison of Eq.~3! with the eigenvalues of thed
potential, it follows that the strength of thed potential can be
expressed byS05aV05aDE. Thus, within the concept o
band offsets, the effective confinement energies of the bo
electron, hh, and lh states in ultrathin InAs layers can c
rectly be described by ad potential, and they increase qua
dratically with the product of the corresponding band offs
and the InAs layer thickness.
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B. Successive band-offset determination by means of two
coupled InAs layers

For the samples containing two identical InAs laye
separated by a GaAs barrier of thicknessL, the effective-
mass Hamiltonian in growth direction reads

Ĥ52
\2

2m*
]2

]z22aV0d~z2L/2!2aV0d~z1L/2!. ~4!

In the limit case of infiniteL the potential of the coupled
InAs layers provides only a single bound state, whose ef
tive confinement energy is the same as for the single In
layer but which is twofold degenerate. As displayed in F
1, whenL becomes finite its degeneracy is lifted off, and
splits into symmetric antisymmetric states. The symme
state corresponds to the ground state of the confining po
tial and it has an even symmetry, whereas the antisymme
state corresponds to the first excited state with odd sym
try. By substitutingk65A22m* E6 /\2, wherek6 has the
meaning of the barrier penetration depth of the wave fu
tions of the coupled-well problem, the energy eigenvalu
E1 and E2 of the symmetric and antisymmetric states a
given by the two solutions of the characteristic equation

2m* aV0

\2 5
2k6

16exp~2k6L !
. ~5!

In the limit of an infinite barrier width, the eigenvalues of th
symmetric and antisymmetric states become equal, and
proach the value of a singled potential. For the opposite
limit case of a zero thickness barrier, the confinement ene
of the symmetric state is equal toE1522m* a2V0

2/\2,

FIG. 1. Schematic real-space band alignment of a single u
thin InAs layer of thicknessa embedded in a GaAs matrix~left
part!, and two coupled InAs layers separated by a GaAs bar
~right part! of thicknessL. The confined electron, hh, and lh stat
of the InAs layer are labelled ase, hh, and lh, and their effective
confinement energies are denoted asEe , Ehh, and Elh . The
strength of the confining potential, which is described by ad poten-
tial, is determined by the conduction-band offsetDEc and the hh
and lh band offsetsDEhh andDElh . The uniaxial strain componen
leads to a splittingdEhh-lh between the hh and lh valence subban
which is considered by assuming different band offsets for the h
and lh’s. In the presence of coupling, each confined state splits
into a symmetric state~labeled as1! and an antisymmetric stat
~labeled as2!. The parity-allowed transitions observed in PLE a
indicated by the arrows.
c-
s
.

c
n-

ric
e-

-
s

p-

y

which is identical to the effective confinement energy for
single InAs layer of double thickness. Therefore, when
creasing the barrier width, the symmetric state always
mains bound, and its effective confinement energy increa
In contrast to that, the effective confinement energy of
antisymmetric state diminishes with decreasing bar
width, and at a critical barrier width ofLc5\2/m* aV0 the
antisymmetric states becomes unbound.

In order to illustrate the evolution of the symmetric an
antisymmetric states, in Fig. 2 we plot the effective confin
ment energy of the electron and heavy-hole states as a f
tion of barrier width. Predominantly due to the difference
their effective masses by more than a factor of 5, for
displayed barrier widths both carrier types represent a dif
ent coupling regime. Calculating from Eqs.~2! and ~3!, the
barrier penetration width of a singled potential k
5m* aV0 /\2 yields a value ofk'70 Å for electrons corre-
sponding to a 25-ML GaAs barrier, whereas the barrier p
etration width of the hh’s amounts to less than 20 Å~7-ML
GaAs barrier!. Thus in Fig. 2 the electrons represent the
gime of moderate coupling (k'L), and the hh’s the situa
tion for weak coupling (k!L). In the latter case it is char
acteristic that the splitting between the symmetric a
antisymmetric states is very small, and symmetrically d
tributed around the effective confinement energy of a sin
d potential. For the electrons, however, the situation is d
ferent. The coupling-induced shift of the symmetric and a
tisymmetric states is no longer symmetric with respect to
bound state of a singled potential. As can be seen from Fig
2, the effective confinement energy of the antisymme
state is already considerably altered, whereas that of the s
metric state has hardly changed. For later use it is also
portant to note that at a barrier thickness of 32 ML the h
do not exhibit any splitting at all, whereas the splitting b
tween the symmetric and antisymmetric electron states
ready amounts to 13 meV.

a-

r

,
’s
ff

FIG. 2. Calculated electron and hh effective confinement en
gies for two coupled 1.1-ML-thick InAs layers as a function
GaAs barrier width usingDEc5585 meV, me* 50.06653m0 ,
DEhh5385 meV,mhh* 50.37743m0 . Thicknesses are given in unit
of the unstrained lattice constants of InAs (1 ML53.0292 Å) and
GaAs (1 ML52.8266 Å). At L532 ML the splitting of the hh
states is negligible, whereas the splitting of the electron sta
amounts to 13 meV. At approximately 20 ML the critical barri
thickness for the electrons is reached, where thee2 state becomes
unbound.
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In PL or PLE one only observes optical transitions b
tween states of equal parity. Thus, in the case of two coup
ultrathin InAs layers only thee1-hh1 , e2-hh2 , e1-lh1,
ande2-lh2 transitions will emerge~see Fig. 1!. Considering
that the observed transitions are excitonic ones, their tra
tion energies are given by

Ee6-hh6
5Eg

GaAs1Ee6
1Ehh6

2Ehh
x ,

Ee6-lh6
5Eg

GaAs1Ee6
1Elh6

2Elh
x , ~6!

where Ehh
x and Elh

x denote the hh- and lh-exciton bindin
energies, andEhh6

, Elh6
, and Ee6

are the effective hh, lh
and electron confinement energies obtained from Eq.~5!.
From Eq.~6! it is evident that the observed splitting betwe
the two hh- and lh-related transitions depends entirely on
band offsetsDEc , DEhh, and DElh , once the effective
masses and the thickness of the InAs layers and GaAs ba
are known. In turn, this provides a possibility to determi
the values of the band offsets from the experimentally
served splitting. However, as can also be seen from Eq.~6!,
the observed splitting between the symmetric and antis
metric transitions depends on both the splitting in the c
duction band and the splitting in the hh and lh valence ban
respectively. In order to separate these contributions and
to have direct access to the band-offset ratio, we develop
successive evaluation scheme for the band-offset determ
tion which exploits the fact that the electron and hh effect
masses differ by more than a factor of 5. As discussed ab
a barrier thickness of 32 ML corresponds to approximat
the barrier penetration width of the electrons, whereas i
still more than four times larger than the barrier penetrat
width of the hh’s. As a consequence, at a 32-ML barr
width the hh1-hh2 splitting is negligible as compared to th
e1-e2 splitting. Thus in this situation the splitting betwee
thee12hh1 ande2-hh2 transitions observed in PLE is en
tirely due to the splitting in the conduction band, allowin
for a direct determination of the conduction-band offs
DEc .

Once DEc is known, the lh valence-band offset can
derived at the same barrier width from the splitting betwe
the e1-lh1 and e2-lh2 transition, which is the sum of the
splitting of the lh states and the just-determined splitting
the conduction band. Finally, the hh band offset can be
termined from a sample where the barrier thickness beco
comparable to the hh barrier penetration width. Knowing
conduction-band offset and thus@from Eq. ~5!# the splitting
in the conduction band at any barrier width, the additio
redshift of thee1-hh1 transition or the enhanced splittin
between thee1-hh1 and e2-hh2 transitions directly yield
DEhh.

Finally we want to remark that our method of band-offs
determination is insensitive to excitonic effects. In previo
papers, the band offsets were extracted from the depend
of the absolute spectral positionof the hh- and lh-exciton
transitions on the thickness of a single InAs layer. Sin
e.g., the hh-exciton binding energy was found to increa6

from 4 meV at zero InAs layer thickness to 12 meV at
InAs layer thickness of 1.6 ML, this method requires a sou
knowledge of the dependence of the hh- and lh-exciton b
ing energies on the InAs layer thickness. In contrast to t
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in a set of samples where the InAs layer thickness was k
constant, we deduce the band offsets from the splitting of
excitonice6-hh6 ande6-lh6 transitions, i.e., from theirdif-
ference in spectral position. As is evident from Eq.~6!, in
this approach the exciton binding energies cancel out.
only remaining uncertainty is a possible variation of the e
citon binding energy as a function of barrier thickness. Ho
ever, from calculations of the exciton binding energies a
function of barrier width for the regime of weak and mode
ate couplings, we find that the changes in the exciton bind
energies are smaller than 3 meV, which is small enough
to add significant uncertainty to the values of the band o
sets we determine.

III. SAMPLE GROWTH AND STRUCTURAL
CHARACTERIZATION

The samples under investigation contain two ultrath
InAs layers separated by a GaAs barrier with nominal thi
nesses of 4, 8, 16, and 32 ML, respectively. Within this se
samples an additional reference sample was grown wh
comprises a single InAs layer only. The samples were s
thesized by conventional molecular-beam epitaxy on an
actly oriented CrO-doped semi-insulating~001! GaAs sub-
strate. After oxide desorption, a 0.4-mm GaAs buffer layer
was grown at a substrate temperature of 630 °C. Then
substrate temperature was lowered to 600 °C, and the
cracker temperature was set to 400 °C to grow with As4. At
this substrate temperature a 400-Å GaAs layer was gro
followed by an additional 350-Å-thick GaAs layer withi
which the substrate temperature was lowered to 450 °C. T
temperature ramp was found to be optimum to achiev
high optical quality GaAs matrix. Subsequently, the two
trathin InAs layers and the GaAs barrier were deposited
450 °C. Before and after the deposition of each InAs laye
1-s growth interrupt was introduced to allow surface reco
struction and to suppress the formation of InAs clusters.32–34

The intended thickness of each InAs layer was 1 ML. Af
the growth of the second InAs layer, 5 ML of GaAs we
deposited. Subsequently, while growing a 565-Å GaAs cl
ding layer, the substrate temperature was increased
630 °C. Finally, a 300-Å Al0.33Ga0.67As window was grown
to suppress surface electric fields, and the structures w
capped by a 170-Å GaAs layer. To avoid any possible sou
of external strain, the substrates were mounted free of ln
the substrate holder. For the x-ray-diffraction and opti
measurements, the samples were held by paper frames o
sample holder.

As mentioned in Sec. II@see Eq.~5!#, the band offsets can
only be derived if the InAs layer and GaAs barrier thickne
are precisely known. Consequently, on each sample we
formed high-resolution double-crystal x-ray-diffraction me
surements, which allowed us to determine the thickness
ultrathin InAs layers with an accuracy of better than 0
ML.35 The x-ray experiments were performed in the sy
metric ~400! geometry utilizing the CuKa1 line. The InAs
layer and the GaAs barrier thickness were found from a co
parison between the measured rocking curves and their s
lations based on the dynamical theory.

In Fig. 3 we plot the measured rocking curve~bottom!
and simulations~top! for a single InAs layer~a!, for samples
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with a 16-ML ~b! and 32-ML~c! GaAs barrier, respectively
As indicated in the inset of Fig. 3~a!, in the case of a single
InAs layer the incident x-ray field is diffracted simulta
neously from the underlying GaAs layer and from the c
layer comprising the upper GaAs layer and the AlxGa12xAs
window at identical Bragg angles. The interference betw
both contributions is observed by the Pendello¨sung oscilla-
tions, whose modulation amplitude and angular position
determined by the thickness of the InAs layer and the inc
porated amount of strain. The features in the rocking cu
of the single InAs layer@Fig. 3~a!#, which is most sensitive to
the InAs layer thickness, are the position and shape of
Pendello¨sung fringe close to the substrate peak denoted

FIG. 3. Measured~lower curves! and simulated~upper curve!
rocking curves of the reference sample~a! containing a single InAs
layer and two samples with 16-ML~b! and 32-ML~c! GaAs barri-
ers between the two InAs layers. The feature in the simulated r
ing curves which is most sensitive to the composition of the In
layer is denoted as the ‘‘d well.’’ In the rocking curves of the 16-
and 32-ML barrier samples, a destructive interference of the P
dellösung occurs, whose angular position is determined by
GaAs barrier thickness. For the whole set of samples the InAs la
thickness was consistently found to be 1.1060.05 ML. The thick-
ness of the GaAs barriers are given in the figure.
p

n

re
r-
e

e
as

the d well. From the simulations we find an average thic
ness of the InAs layer of 1.1060.05 ML. The best fit was
obtained with a zero in-plane strain and 6.8% strain in
~100! direction. This provides evidence that the lattice m
match is fully accommodated by an elastic distortion of t
InAs unit cell, i.e., the InAs layer is grown
pseudomorphically.36

The significant feature in the rocking curves of th
coupled InAs layers@Figs. 3~b! and 3~c!# is the appearance o
a destructive interference of the Pendello¨sung oscillations.
As depicted in the inset of Fig. 3~b!, the x-ray field from the
underlying GaAs layer can interfere with the x-ray field fro
the upper GaAs layer and the AlxGa12xAs window as well
as with the x-ray field, which is diffracted from the laye
stack comprising the upper GaAs layer and the AlxGa12xAs
window plus the two InAs layers and the GaAs barrier. Bo
interferences lead to Pendello¨sung oscillations with a slightly
different periodicity. The superposition of these Pendel¨-
sung oscillations gives rise to the observed beating. T
simulations show that a61-ML change of the barrier thick-
ness shifts the angular position of the beating in the Pen
lösung considerably~by approximately650 arcsec!, whereas
the feature close to the substrate peak~denoted as thed well!
remains unchanged. In contrast to that, a small change in
InAs layer thickness, i.e., in the amount of totally deposit
InAs, hardly changes the position of the beating in the P
dellösung, but considerably alters the feature near the s
strate peak. Consequently, the simulations of the meas
rocking curves for the coupled-well samples allow us to d
termine the GaAs barrier InAs layer thickness almost in
pendently. For the whole set of samples we consistently
an average InAs layer thickness of 1.1060.05 ML. The bar-
rier thickness were found to be 4, 8, 16, and 32 ML, resp
tively, with an uncertainty of60.5 ML.

With respect to the above description of the electro
structure of the InAs layer by ad potential, and the question
of over how many atomic layers the deposited InAs is d
tributed, our simulations reveal the following results. T
InAs layer thickness obtained above assumes a pure I
layer. However, a similar quality of the simulation for th
single InAs layer sample can be obtained when the In
layer is decomposed into 1-ML InAs and 1-M
In0.05Ga0.95As on either side. This result is not too surprisin
since the angular position of the Pendello¨sung oscillations
and the shape of thed-well feature depend on the product o
the total amount of deposited InAs and the totally incorp
rated amount of strain. Thus, as long as the total InAs c
tent in the simulations of the single InAs layer sample is k
constant within the65% variation of the found layer thick
ness, the rocking curves do not provide accurate informa
about the distribution of the InAs over one or more atom
layers. Nevertheless, an estimate of how much InAs is c
fined in a single atomic layer can be obtained from the ro
ing curves of the samples with 16- and 8-ML barrier thic
nesses. In simulations of these samples, we decompose
InAs layers into two or three adjacent InxGa12xAs monolay-
ers with different In contents by keeping the total amount
InAs constant. When the In contents in the InxGa12xAs lay-
ers was brought toward an equidistribution, a shift of t
beating in the Pendello¨sung oscillations by more than 20
arcsec toward the substrate reflection is observed. In orde
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match the simulations with the measured rocking curves,
shift could only be compensated for by reducing the bar
thickness by 4 ML. However, as will be discussed in Sec.
especially for small barriers~8 and 16 ML!, such a strong
reduction of the barrier thickness would lead to a redshift
the photoluminescence by more than 20 meV, which wo
be in contradiction to our optical experiments. In turn, if w
allow the barrier thickness to be determined as 1 ML
wide ~corresponding to less than a 5-meV redshift of the P!,
we find, in agreement with the work of Woiciket al.,36 that
still more than 80% of the deposited InAs is confined in o
atomic plane. Additional information, i.e., whether the r
sidual InAs is symmetrically or asymmetrically distribute
around the layer containing more than 80% of the depos
InAs, could not be found. Finally, it should be mention
that the rocking curves do not show any indication of str
relaxation, although the total amount of InAs in our stru
tures (2.260.1 ML) is very close to the critical layer thick
ness of a single InAs layer.

IV. RESULTS

PL and PLE measurements were carried out in ba
scattering geometry using a tuneable Ti:sapphire laser w
linewidth of less than 0.25 meV and a (230.85)-m double
monochromator with a spectral resolution of better than
meV. The observed transitions were identified with resp
to their hh and lh characters5,37 by cleaved side PLE mea
surements, where the freshly cleaved side of the samples
excited with eithers- or p-polarized light, and the PL emis
sion (I s ,I p) was detected in the direction perpendicular
the sample surface. By defining the degree of polariza
~DOP! as (I s2I p)/(I s1I p), positive values indicate that th
valence-band states involved in the transitions are hh-l
whereas negative values indicate a lh character.

The 4.2-K PL spectra of the single and coupled InAs la
samples are shown in Fig. 4. The observed PL origina
from thee1-hh1-exciton transition as the lowest-lying tran
sition of the InAs layers. The PL intensity and the peak
tensity ratio between the PL from the InAs layers and
GaAs exciton of approximately 100 is almost equal for
samples, indicating that the exciton binding energy is har
altered by the coupling of the InAs layers. The full width
half maximum~FWHM! of the PL emission amounts to 8.
meV in the single InAs layer and varies nonsystematica
between 5.9 and 8.4 meV for the coupled InAs layers. P
vious studies of the FWHM in InAs monolayers33 have
shown that growth interrupts,10 s result in a uniform dis-
tribution of the InAs and not in the formation of InAs island
of different sizes. This is consistent with recent measu
ments of the dephasing times in ultrathin InAs layers, wh
show that lateral potential fluctuations experienced by
excitons take place on a length scale larger than the exc
Bohr radius.39 In addition, consistent with our x-ray analysi
the PL spectra do not show indications of strain relaxati
showing that a 4-ML GaAs barrier is thick enough to ke
the growth of the second InAs layer pseudomorphic.

When the barrier thickness is reduced from 32 to 4 M
we observe a redshift of the PL line of 54 meV. Since t
change in exciton binding energy of the symmetrice1-hh1

transition is smaller than 3 meV over the entire range
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barrier widths, this redshift originates predominantly fro
the increase in the effective confinement energies of thee1

and hh1 states. The observed redshift is in excellent agr
ment with our model calculations~indicated by the arrows in
Fig. 4! as well as with the tight-binding calculations from
Wilke and Hennig,29 who predicted a redshift of 50 meV.

With respect to the separation of the conduction- a
valence-band offsets, it is important to note that the ene
separation between the PL line of the single InAs layer a
32-ML barrier sample is less than 1 meV. However, th
small energy separation in PL does not necessarily imply
absence of coupling. As Fig. 2 reveals, at a 32-ML barr
thickness the effective confinement energy of the hh stat
not altered at all, and the effective confinement energy of
e1 state is hardly increased, whereas the effective confi
ment energy of thee2 state is decreased by almost 10 me
As the PLE measurements discussed in Sec. V will show
32-ML GaAs barrier leads to considerable coupling for t
bound-electron states which is almost completely accum
lated in a blueshift of the antisymmetrice2 state.

The PLE and cleaved side PLE measurements of
samples are shown in Figs. 5 and 6, respectively. In the P
spectrum of the single InAs layer two peaks are visib
which are the hh-exciton transition at 1.4565 eV and

FIG. 4. 4.2-K photoluminescence spectra of the single In
layer sample and the samples containing two InAs layers separ
by a GaAs barrier of 4, 8, 16, and 32 ML, respectively. For clea
presentation each PL spectrum was given an arbitrary offset.
spectral position of hh-exciton PL is identically for the single InA
layer and the 32-ML barrier sample. When the barrier thicknes
reduced from 32 to 4 ML, the hh-exciton PL is redshifted by
meV. Note that neither a systematic line broadening nor a syst
atic change in line intensity is observed when the barrier width
decreased. The arrows indicate the calculated transition ene
using thed-potential model, without a correction for the hh-excito
binding energy.
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lh-exciton transition at 1.4930 eV. In particular the origin
the latter was carefully checked, since it is close to
carbon-related donor-to-acceptor transition in GaAs. As
can be seen from Fig. 6, our cleaved side PLE measurem
show a strongp polarization at this energy, whereas Bran
et al.5 found a hh character for the carbon-related transiti
A steplike structure, with a peak on top between 1.4985
1.51 eV, results from the two-dimensional density of sta
of the e-lh band-to-band transition and the absorption
excited and unbound lh-exciton states. From this feature
deduce a lh-exciton binding energy of 5.5 meV. In contr
to this, we do not resolve a similar contribution to the a
sorption from thee-hh band-to-band transition. In our opin
ion this is due to the fact that the strength of the band
band absorption is determined by the in-plane effect
masses (mi* ), which from Eq.~1! is found to be more than
two times smaller for the hh’s (mihh* >0.155m0) as compared
to the lh’s (mi lh* >0.362m0). In addition, we determined th
hh-exciton binding energy by temperature-dependent
measurements, and found a value of 10 meV.

The coupling between the two InAs layers is clearly v

FIG. 5. PLE spectra of the samples measured at 4.2 K in ba
scattering geometry. The transitions were identified with respec
their hh and lh character by cleaved side PLE measurements. I
PLE spectrum of the single InAs layer, the hh- and lh-exciton tr
sitions~denoted ase-hh ande-lh) are clearly visible. In the 32-ML
barrier sample, four parity-allowed transitions emerge, demons
ing the coupling between the two InAs layers. Note that in
32-ML sample thee1-hh1 transition emerges at almost the sam
spectral position as thee-hh transition in the single InAs layer.
e
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ible in the PLE spectrum of the 32-ML barrier sample, whe
we resolve four peaks. Considering that only transitions
tween states of equal parity are observed, they were ide
fied by their polarization properties~see Fig. 6! as the
e1-hh1, e2-hh2, e1-lh1, ande2-lh2 excitonic transitions.
The observed splitting between thee1-hh1 and e2-hh2

transition amounts to 13 and 19 meV between thee1-lh1

ande2-lh2 transitions, respectively.
According to Sec. III, each of these splittings is the su

of the e1-e2 splitting and the hh1-hh2 or lh1-lh2 splitting,
respectively. The most important requirement for the sepa
tion of the contributions from the conduction and valen
bands and the successive determination of the band of
was a negligible splitting between the hh1 and hh2 states in
the regime of weak coupling. This assumption is justified
the following observations in the PL and PLE spectra of
32-ML barrier sample.

~i! In both the 32-ML barrier sample and single InAs lay
sample, the energy difference between thee1-hh1- or e-hh-
exciton transition is the same, in PL as well as in PLE. T
means that the hh-exciton binding energies and the Sto
shift are both either not altered at all or that their changes
small and exactly compensate for each other. Thus, altho
the transitions are excitonic ones, the observed 13-meV s
ting is only affected by the splitting of the confinede and hh

k-
to
the
-

t-

FIG. 6. Cleaved side PLE spectra of the samples measure
4.2 K. A positive degree of polarization indicates a hh characte
the valence-band states involved in the transitions observed in
~indicated by the arrows!, whereas negative values show the
character.



o

iti
is
i

he
y
-

o
f

d
(
h’
he
e
-

o

ck
yi

er

ct
in

e-

ed
e
to
.5

f
ke
it

lin

i
is
te
he

o
tra
m

m

e-
ese
tion

h
e

eri-

set
en-

d in
sup-

ess
s

E
vis-
e did

ls
be
ed,
s is
n-

me
p-

he
c-
tely
L,

v-
epa-

the
he

nt
L

PRB 59 10 323COUPLING OF ULTRATHIN InAs LAYERS AS A TOOL . . .
states, and contributions of the exciton binding energy
Stokes shift cancel out.

~ii ! In both PL and PLE, thee1-hh1 transition of the
32-ML barrier sample emerges at the same spectral pos
as thee-hh transition of the single InAs layer sample. Th
observation is in agreement with our calculations shown
Fig. 2, which reveal that at a 32-ML barrier thickness t
shift of the hh1 level with respect to the hh level is virtuall
zero, and the shift of thee1 level with respect to the un
coupled case is very small.

~iii ! Figure 2 also shows that the coupling-induced shift
the antisymmetrice2 state is much larger than the shift o
the symmetrice1 state, and that most of thee1-e2 splitting
is accumulated in a shift of thee2 state since the confine
electron states are in the regime of moderate couplingke
'L). In contrast to this, since the effective mass of the h
in the direction of quantization is five times higher than t
one of the electrons, the hh states represent the regim
weak coupling (khh!L). Consequently, in the 32-ML bar
rier sample not only is the shift of the hh1 state negligible,
but so is the hh1-hh2 splitting.

From the above discussion we can conclude that the
served splitting between thee1-hh1 and e2-hh2 transition
originates entirely from thee1-e2 splitting in the conduc-
tion band. Since the InAs layer thickness, the barrier thi
ness, and the electron effective mass are known, by appl
Eq. ~5! we obtain, from the 13-meVe1-e2 splitting, a
conduction-band offset ofDEc5535615 meV. The uncer-
tainty in the conduction-band offset results from the unc
tainty in the InAs layer thickness~60.05 ML! and the GaAs
barrier thickness~60.5 ML!. Knowing the splitting of the
confined electron states, the lh band offset can be extra
from the same PLE spectrum. Since the 19-meV splitt
between thee1-lh1 ande2-lh2 transitions is the sum of the
e1-e2 and lh1-lh2 splitting, the lh1-lh2 splitting alone
amounts to 6 meV. By again applying Eq.~5! and using the
lh effective mass, we find a lh valence band offset ofDElh
5225625 meV. The larger uncertainty in the lh valenc
band offset is due to the somewhat broadere6-lh6 transi-
tions. By performing similar calculations to those display
in Fig. 2 for the lh1 and lh2 states, we find an increase of th
effective lh1 confinement energy by 3 meV as compared
the uncoupled case. By comparing this value with the 3
meV redshift of thee1-lh1 transition observed in the 32-ML
barrier sample, the magnitude ofDElh was verified. The fact
that the lh1-lh2 splitting is equally distributed in the shift o
the lh1 and lh2 states is a consequence of the much wea
lh confinement as compared to the hh’s, in combination w
the fact that the lh states are in regime of strong coup
(khh@L). With DElh5225 meV andmlh* 50.0905m0 , the lh
localization length amounts to 124 Å~44 ML!, which is al-
ready considerably larger than the barrier width. Thus
coupled ultrathin InAs layers the coupling of the lh’s
stronger than for the electrons and hh’s. It should be no
that the weak lh confinement is not only the result of t
smaller lh effective mass as expressed in Eq.~2!. In addition,
the small lh band offset we find is a direct consequence
the shear strain component, which under compressive s
leads to a diminishing of the band offset for the lh’s as co
pared to the hh band offset.

Finally, we determined the hh valence-band offset fro
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the observed 10-, 33-, and 54-meV redshifts of thee1-hh1

transition in the 16-, 8-, and 4-ML barrier samples with r
spect to the uncoupled case. Since the barrier width in th
samples reaches the value of the hh barrier penetra
length, the redshift of thee1-hh1 transition is now due to the
increase of the effective confinement energy of both, the h1

and e1 states. With the conduction-band offset known, w
obtain a hh valence-band offset of 385615 meV. With the
values for the conduction and hh band offsets, we exp
mentally find a band-offset ratio ofQc50.58.

An overview of the transitions measured in the whole
of samples by PLE and the calculation of the transition
ergies as a function of barrier thickness, using ourd-potential
model and the band offsets determined above, is displaye
Fig. 7. The agreement between experiment and theory
ports the validity of our band offsets and thed-potential ap-
proach. An interesting feature emerges at a barrier thickn
of approximately 16 ML, which in Fig. 7 is denoted a
‘‘hh2-lh1 crossing.’’ At this barrier thickness, in the PL
spectrum an 18-meV broadband centered at 1.488 eV is
ible rather than two separate peaks. As a consequence w
not consider the splitting between thee1-hh1 and
e22hh2 transitions for the determination ofDEhh. In addi-
tion, the cleaved side PLE spectrum of this sample reveap
polarization for this band. The origin of this band can
explained as follows: when the barrier thickness is reduc
the effective confinement energy of the symmetric state
increased~redshift!, whereas the effective confinement e
ergy of the antisymmetric states decreases~blueshift! until
the critical barrier thickness is reached, where they beco
unconfined. An indication that the latter has certainly ha
pened to the lh2 state is the fact that the PLE spectrum of t
16-ML barrier sample above 1.495 eV is completely stru
tureless, and that the measured PL background is comple
unpolarized. At a barrier thickness of approximately 16 M
the effective confinement energy of the blueshifted lh1 state
and the redshifted hh2 state become equal, so that both le
els cross each other. At the crossover point the energy s

FIG. 7. Measured and calculated transition energies for
coupled InAs layer samples as a function of barrier width. T
calculations were performed usingDEc5585 meV, DEhh

5385 meV, andDElh5225 meV. The symbols at 64 ML represe
the transitions observed in the single InAs layer. At around 16 M
one observes a crossover between thee1-lh1 and e2-hh2 transi-
tions.



in
th

i
-

l

a
l

th

t
ie
th
he

les
-
i

s
t
rs
ie
co

ec
s
e

tio
he

s

di
ith
d

e
e

ne

he
th

en
p

case

ly
a-

ur
eV

ing
ain,

s is

to
y-
er-
the

off
ulk
are
nd
tra-

er,

ain-
and

of
le

the
as
on-
ent
pul-

nce
ld
w-
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ration between thee2-hh2 ande1-lh1 transition is entirely
determined by the splitting between thee1 and e2 states,
which according to Fig. 2 amounts to 19 meV. The DOP
the crossover region is given by the superposition of
polarization properties of thee2-hh2 ande1-lh1 transitions,
i.e., it depends on the ratio betweens andp components of
each transition weighted by their oscillator strength. As
can be seen from the cleaved side PLE spectrum of the 32
8-ML barrier samples, the DOP for the hh transitions~see,
e.g., thee1-hh1 transition! is reduced from its theoretica
value of 11 at the expense of a weakers component,
whereas the DOP of the lh transitions~see, e.g., the
e1-lh1 transition! is increased with respect to its theoretic
value of 21

3 in favor of thep component. Assuming equa
oscillator strengths for thee2-hh2 and e1-lh1 transitions,
their superposition leads effectively to a negative DOP at
crossover point. That the crossing of the hh2 and lh1 levels
indeed occurred becomes evident from a comparison of
PLE and cleaved side PLE spectra of the 32-ML barr
sample with the ones of the 8- or 4-ML samples. For
32-ML sample the second-lowest-lying transition is t
e2-hh2 transition at 1.47 eV, identified by its strongs po-
larization. In contrast to that, in the 8- and 4-ML samp
where thee2-hh2 and e1-lh1 transitions are again spec
trally well separated, the second-lowest-lying transition
predominantlyp polarized, indicating that both transition
crossed each other and that the lh1 level has become the firs
excited valence-band state of the two coupled InAs laye

The remaining question, concerning at which barr
thickness the antisymmetric electron state becomes un
fined, cannot be answered conclusively. The calculation
Fig. 2 reveals that the critical barrier thickness for the el
trons is reached at approximately 20 ML. However, the
calculations do not include a repulsive interaction betwe
the antisymmetric electron state and the GaAs conduc
band, which would shift the critical barrier thickness for t
electrons toward smaller barrier widths. The broadband
1.488 eV in the PLE spectrum of the 16-ML sample seem
contain thee1-lh1 transition as well as thee2-hh2 transi-
tion, both having equal oscillator strengths. This would in
cate that thee2 state is at least still in strong resonance w
the GaAs conduction band, but not completely unconfine

V. DISCUSSION

In this section we compare our results for the band offs
with elasticity theory and the experimental results of oth
groups. With the band offsets obtained above we determi
band gap for the strained InAs layer ofEg

InAs50.6 eV by
applying

Eg
InAs5Eg

GaAs2DEc2DEhh. ~7!

Since in ourd-potential approach this value is used in t
sense of a bulk parameter, one has to compare it with
value derived from macroscopic elasticity theory,

Eg5Eg
01dEhy1dEsh, ~8!
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which recently was found to describe InAs/GaAs films ev
in the monolayer limit.36 In Eq. ~8!, Eg

0 denotes the band ga
of unstrained InAs, anddEhy and dEsh are the hydrostatic
and shear strain energy components, respectively. In the
of a uniaxial strain component in the~100! direction, these
are given by13,14

dEhy52a~12C12/C11!« ,

dEsh52b~112C12/C11!«. ~9!

Assuming that the InAs layer is 6.8% compressive
strained, and taking the values for the hydrostatic deform
tion potentiala, the shear deformation potentialb, and the
stiffness constantsC12 and C11 reported elsewhere,3,13 one
finds a band gap for the strained InAs layer of 0.573 eV. O
experimentally determined value for the band gap of 0.6
is thus in agreement with elasticity theory.

For the discussion of the lh confinement and the splitt
between the hh and lh subbands due to the uniaxial str
one has to keep in mind that in ourd-potential model the
strain-induced splitting between the hh and lh subband
taken into account by assuming different band offsetsDEhh
andDElh . Thus any alteration of the band alignment due
the split-off band, which in ultrathin and highly strained la
ers becomes important, is considered implicitly. Furth
more, changes of the band structure due to strain fields in
surrounding GaAs matrix are neglected.

Alterations of the valence-band structure by the split-
band are known for highly strained quantum wells and b
material as well as for unstrained quantum wells, which
only a few monolayers wide. In both cases the split-off ba
only affects the lh subband but not the hh subband. In ul
thin InAs layers both effects have to be considered.

~i! Due to the 6.8% compressive strain in the InAs lay
the shear strain energy componentdEsh is not small com-
pared to the energy of the split-off bandD0 . As a conse-
quence, the approximation usually made, that the str
induced energy separation between the hh and lh b
offsets amounts to 2dEsh is no longer valid, but has to be
replaced with the expression14

dEhh-lh5
1
2 ~3dEsh2D0!1 1

2 AD0
212D0dEsh19dEsh

2 ,
~10!

which yields a value fordEhh-lh of 206 meV. From the band
offsets determined above, we find an experimental value
dEhh-lh5160 meV. Although both values are in reasonab
agreement, one can at least qualitatively explain why
experimental value is too small. With the lh band offset
derived above, the effective confinement energy of the c
fined lh’s amounts to 3 meV. For such a weak confinem
close to the GaAs valence band, one has to expect a re
sion between the confined lh level and the GaAs vale
band due to their identical symmetry. Effectively this wou
appear as a slightly stronger confinement of the lh’s. Ho
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ever, in our calculations this repulsive interaction is not co
sidered explicitly, but only implicitly by a slight overest
mate of the lh band offset.

~ii ! The second influence of the split-off band on the ba
alignment in ultrathin InAs layers results entirely from th
fact that the InAs layer is only 1 ML wide. Recently, Duja
din, Marréaud, and Laurenti38 demonstrated that even in th
case of lattice-matched ultrathin quantum wells the effec
lh confinement energy is underestimated when the split
band is not taken into account. Using a 636 Hamiltonian,
they calculated that in a 1-ML-wide well, where the confin
ment energy becomes comparable withD0 , the effective
confinement energy of the lh’s will be determined as mu
as 10 meV too low when the interaction with the split-o
band is neglected, whereas the effective hh confinement
ergy remains unchanged. Since in our calculations of
effective lh confinement energy the split-off band is not
cluded, the lh band offset is overestimated to account for
increase of the effective lh confinement energy due to s
orbit coupling.

The main difference between our band offsets and
results of other groups is the magnitude of lh confineme
With the values for the lh band offset reported by Wa
et al.6 ~89 meV! and in Refs. 3 and 6~30–35 meV!, one
finds effective lh confinement energies of 0.4 and 0.1 m
respectively. As a consequence, these small lh band of
lead to the conclusion that, at 4 K, the lh state is practica
delocalized and the corresponding exciton is unbound. H
ever, our lh band offset of 225 meV provides an effect
confinement energy ten times higher, which at low tempe
tures is sufficient to keep the lh state localized and thus g
rise to a bound lh exciton state. This result is in very go
agreement with the observation of a bound lh exciton in
PLE spectrum of the single InAs layer~see Fig. 5!. In addi-
tion, direct proof of the existence of a confined lh state a
subsequently, a bound lh exciton was recently obtained
slightly thicker~1.2 ML! InAs layer, where the energy sep
ration between the hh and lh excitons amounts to one G
LO phonon.39 In that sample a sharp line originating fro
resonant luminescence and doubly resonant Raman sc
ing is observed in addition to regular hh-exciton PL, wh
the exciting laser beam is tuned on the lh exciton transiti
This sharp line remains present up to temperatures of 18
which requires an effective lh confinement energy of lar
than 1.5 meV.

In order to see whether our band offsets and
d-potential model are suitable to describe the electro
structure of ultrathin InAs layers in a GaAs matrix over t
whole range of the two-dimensional growth regime, we c
culated the transition energies for hh and lh transitions w
our band offsets as a function of the InAs layer thickne
This calculation is displayed in Fig. 8 together with the e
perimental results of other groups.3,4,6,40As can be seen from
the figure, our calculation is in good agreement with t
experiments. However, it should be noted that the agreem
can be improved when the dependence of the hh- and
exciton binding energy on the InAs layer thickness is tak
into account. This is displayed in Fig. 8 by the dotted lin
Here the InAs layer thickness dependence of the exc
binding energies was calculated using the zero-radius po
tial model.6,19
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Finally we would like to point out that, for the depen
dence of the transition energies on the InAs layer thickne
the same quality of agreement between experimental and
culated transition energies was achieved previously by o
groups, but with very different sets of band offsets, sin
they were used as fitting parameters. In contrast to this,
determined the band offsets in a successive procedure fro
coupling-induced shift and splitting of the optical transitio
in a set of samples where the InAs layer thicknesses are
same and the exciton binding energies are known.

VI. CONCLUSIONS

In conclusion, we have determined the band offsets
the band-offset ratio at a highly strained InAs/GaAs interfa
by means of a method which employs the coupling betw
two identical ultrathin InAs layers separated by a GaAs b
rier of different width, and exploits the large difference
electron and heavy-hole effective masses. With the In
layer thickness~1.1 ML! and barrier widths~4, 8, 16, and 32
ML ! known from x-ray-diffraction measurements, the ba
offsets could be extracted independently from the coupli
induced shift and splitting of the symmetric and antisymm
ric hh- and lh-exciton transitions observed in PL and PL
For that purpose, we introduced thed-function potential for a
description of the electronic structure of ultrathin InAs laye
embedded in a GaAs matrix. In this approach it is inheren
considered that no envelope function can be construc
within an InAs monolayer. As a consequence, thed-potential
provides only single bound electron hh and lh states, w
their effective masses naturally being fixed to the values
the GaAs barrier in the direction of quantization. Applyin
our method, we find a conduction-band offset ofDEc
5535 meV, a band-offset ratio ofQc50.58, and a strain-
induced splitting between the hh and lh subbands ofdEhh-lh
5160 meV. These results are in agreement with elasti
theory, and allow a satisfying description of the transiti
energies in ultrathin InAs layers as a function of InAs lay

FIG. 8. Observed and calculated transition energies for a sin
InAs layer as a function of the InAs layer thickness. The calcu
tions ~solid lines! are based on thed-potential model, with the band
offsets determined in this paper. The experimental data were ta
from literature. The dotted lines show the calculations including
dependence of the exciton binding energy on InAs layer thickn
according to the zero-radius potential model.
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thickness. Finally, we find that the lh confinement has b
underestimated so far. With our lh band offset ofDElh
5225 meV, the effective lh confinement energy amounts
3 meV, which is about ten times larger than reported ear
However, our value matches with the observation that th
exciton remains bound at temperatures up to 18 K.
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