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Coupling of ultrathin InAs layers as a tool for band-offset determination
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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-h@le states are split into symmetric and antisymmetric
states, whereas the heavy-hdh) 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 offseAE.. Knowing AE., the hh and Ih band offsetSE,;, and AE;, 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 rati®Gf0.58, and a strain-induced
splitting between the hh and Ih 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 250163-18209)01715-4

[. INTRODUCTION increased by the hydrostatic strain component, and the shear
strain component leads to a splitting between the hh and |h
The optical and electronic properties of ultrathin InAs lay- valence band$>!*
ers embedded in a GaAs matrix have recently attracted In previous papers about the determination of band offsets
strong interest. This is, on the one hand, due to their potentiah InAs/GaAs, the electronic structure of ultrathin InAs lay-
application in optoelectronic devicé$4.0n the other hand, ers was described by a quantum-well mot&f:*>~1’Even
since InAs and GaAs have one of the largest lattice misfor monolayer and submonolayer coverages, the potential
matches among IlI-V semiconductors, ultrathin InAs/GaAswidth is identified as the average InAs layer thickness, and
guantum wells serve as a model system to study the elet¢he depth of the confining potential for the electrons or holes
tronic structure and optical properties in an almost ideal two-as the conduction- or valence-band offsets, which are thus
dimensional but highly compressively strained material sysconsistently used in the sense of bulk parameters. Further-
tem. In particular, the band alignment, the magnitude of thanore, in this model strain is considered either explicitly in an
band offsets, and the degree of confinement are recent topiesght-bandk -p-type effective-mass theofy:’ or implicitly
of intense debat&:® by strain-modified values for the band offsets and a different
Within the concept of band offsets, the InAs/GaAs systenvalence-band offset for the hh and |h subbah@3he pro-
provides a unique situation. Generally, band offsets are dezedure which was subsequently applied to determine the
fined for the interface of two semi-infinitely extended layersband offsets was to measure the optical transition energies
of material, and for lattice-matched semiconductors this caffor different InAs layer thickness by photoluminescefieg)
be realized by means of very wide “quantum-well” struc- or photoluminescence excitatiof’LE) and to match the
tures, where size quantization effects become negligible. Faquantum-well calculations with the measurements by fitting
the InAs/GaAs system, however, the situation is differentthe band offsets. However, for unstrained quantum wells it is
Due to the large lattice mismatch, the critical layer thicknessalready questionable whether this procedure provides reli-
up to which the growth remains pseudomorphic, amountsble values for the band offsets, because the transition ener-
only to 2—3 ML° Beyond this critical layer thickness, dis- gies depend on both the confinement energies of the elec-
locations are incorporated which in turn may alter the bandrons and of the hh’s or Ih's, respectively, which in this
alignment at the interfack,or the formation of self- method cannot be separated. In the case of highly strained
assembled quantum dots starts to dominate the growtlayers the situation becomes even more troublesome: due to
process! As a consequence, ultrathin InAs layers in a GaAsthe strain-induced splitting of the hh and Ih subbands one
matrix seem to represent the only possibility to access theeeds to determine three band offsets independently from
band offsets at the InAs/GaAs heterointerface at all. only two optical transitions. This problem is reflected by the
The insertion of an InAs monolayer in a GaAs matrix large spreading in the band-offset values reported previously,
produces a confining potential on the length scale of thalthough the same model and the same effective masses were
lattice constant, which introduces bound electron, heavy-holesed®®1%5-8n the case of ultrathin InAs layers an addi-
(hh), and light-hole(lh) states in the GaAs band gap, and tional complication arises, since the observed transitions are
which in turn give rise to the formation of hh and lh excitonic ones and the exciton binding energies depend
excitons*? Due to the large lattice mismatch between InAsstrongly on the InAs layer thickne§2® Thus, in a determi-
and GaAs, the InAs layer is highly compressively strainednation of the band offsets with the above procedure, one has
As a consequence, the fundamental band gap of the InAs i® correct the measured transition energy by the experimen-
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tally determined exciton binding energy for each InAs layereliminated. The strong dependence of the exciton binding
thickness, or else the calculations have to incorporate explicenergies on the InAs layer thickness is excluded, since in all

ity a model for the InAs layer width dependence of the Samples the InAs layer was fixed to a thickness of 1.1 ML.
exciton binding energies. Moreover, the band offsets are calculated from the observed

In this paper we report on an alternative method for gSplitting, i.e., from the energy difference of the observed

determination of band offsets in ultrathin InAs layers without ransitions rather than from their absolute spectral position,
so that the exciton binding energies cancel out.

th.e complications mentlo'ned above. By employlng the cou- When describing the electronic structure of single or
pling between two ultrathin InAs layers embedded in a GaAsqpied ultrathin InAs layers within the concept of band off-
matrix, and exploiting the large difference in electron andgsets it is questionable whether the square-well model is the
heavy-hole effective masses, we are able to determine thehysically correct approach. The dominant criterion for the
conduction-band offsefE. and the valence-band offsets validity of the square-well model is that the envelope func-
AE, andAEy,, independently. It is well known that in the tion is slowly varying on the scale of the lattice perfdd®
case of two coupled quantum wells the confined twofold-As a consequence, part of the envelope function is still lo-
degenerate electron, hh, and |h states of a single quantumated inside the well, so that different effective masses in the
well can split into a pair of symmetric and antisymmetric direction of quantization have to be attributed to well and
states->2°-23The magnitude of splitting for each carrier type barrier. Finally, when increasing the well width, the square-
is determined by its effective mass and the accompanying:e” model will provide more than a single bound state.
band offset, as well as by well and barrier thicknesses. Du&lowever, these assumptions strongly contradict the situation
to its dependence on the effective mass, the amount of splitD ultrathin InAs layers. Moreover, in the band-offset deter-

ting is an individual parameter for each carrier type, and at dnination reported previously, the assumptions had to be vio-
particular well and barrier width a situation can be created®€d in order to achieve reasonable quantitative results by

where only the carrier type with the smallest effective mas@_rtificially attributing the GaAs effective masses of the bar-

e T T rier to the InAs well. Due to the confinement potential of a
(e.g., electronsexhibits coupling-induced splitting into sym- . -
metric and antisymmetric states. With the effective mass an@mgle_ InAs monolayer, the derivative of the envelope func-
s ) : lon will even change its sign within one lattice constant, i.e.,
the sample parameters known, the splitting directly yields th

dina band offset. If b " ¢ i s rapidly as the Bloch functions of the crystal, suggesting
corresponding band ofiset. 1, subsequently, at a constan a4 e envelope wave function can only be constructed out-
well thickness the barrier width is reduced, the coupling of

) - o : side the InAs layer. The consequences of applying this con-
states with larger effective mass@sg., hh's is activated,  ¢ysjon are that the confined conduction- and valence-band
and the corresponding band offset can be determined. CoRtates possess the effective masses of the GaAs barrier, and
sequently, our method is explicitly sensitive to the band+hat increasing the InAs layer thickness will lead to a single
offset ratio. bound state only.

In this work the InAs layer and GaAs barrier thickness |n this work we introduce an alternative model for a de-
were accurately determined by high-resolution x-ray diffrac-scription of the electronic structure of single and coupled
tion in a set of samples where at a constant InAs layer thickytrathin InAs layers, which still applies the concept of band
ness of 1.1 ML the GaAs barrier width was varied from 4 toffsets. By modeling the confinement potential of the InAs
32 ML. Subsequently, for all samples the splitting betweenayers with Dirac’s 5 function, the main properties of the
symmetric and antisymmetric states was measured Usingectronic structure are naturally considered: the use &f a
PLE. All tranS|_t|ons observed in PLE were |dent|f|e_d with potential implies that the envelope function can only be con-
respect to their hh and Ih character by cleaved-side PLEstrycted outside the InAs layer. Consequently, the effective
According to our model calculations, in a sample with amasses of the bound electron, hh, and Ih states are inherently
32-ML barrier the splitting of the hh state is negligible due tofixed to the GaAs barrier values, and, finally, for each carrier
its_, more than_ five times larger effective mass in comparisofype the 5 potential provides only a single bound state re-
with the confined electron state. Consequently, the observeghrdless the thickness of the InAs layer. The imponderability
splitting of the hh exciton transition originates entirely from that thes potential is defined with a finite strength, without a
a splitting of the confined electron states, from which thecjear physical meaning in the first place, can be overcome by
conduction-band offset is directly being deduced. Once thg comparison of the eigenvalues of thgotential with the
conduction-band offset is known, the lh valence-band Offseéigenvalues of a square well providing the same strength in
is derived from the coupling-induced splitting of the Ih exci- the |imit case of a finite band offset and a well thickness
ton transition simultaneously emerging in the 32-ML barrierapproaching zero. A straightforward calculation shows that
sample, since the observed splitting is simply given by thehe strength of theé potential equals the product of the InAs
sum of the splitting of the confined electron and confined Ihgyer thickness and the actual band offset. As a resultsthe
states. Finally, with the known conduction-band offset, thepotential qualitatively and quantitatively provides the same

hh band offset is determined from the splitting of the hhphysical correctness and precision as, e.g., the description by
exciton transition and the accompanying strong redshift 0{)soelectronic impurity layer&-28

the symmetric hh exciton transition in the 16-, 8-, and 4-ML
barrier samples. In these samples the confined hh state also Il. THEORETICAL MODEL
splits off into symmetric and antisymmetric states, and starts
to contribute considerably to the observed redshift and split-
ting.

In the above-described method, uncertainties due to the In order to extract the band offsets from the PL and PLE
excitonic character of the observed transitions are inherentlyneasurements, a model for the description of the electronic

A. Description of the electronic structure
by a é-function potential
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structure in single and coupled ultrathin InAs layers in aapproach, the Luttinger parameteys and y, are fixed to
GaAs matrix is required. The insertion of an InAs monolayervalues of the GaAs barrieryy =6.85, v,=2.10; see, e.g.,
into a GaAs matrix corresponds to the isoelectronic substituRef. 3. Furthermore, the use of the Luttinger Hamiltonian
tion of Ga atoms by In atoms. In and Ga have the samaot only yields the correct effective masses of the bound
chemical properties, but they differ in their atomic level po- states in the direction of quantization, which is determined
sition. Because no additional charge is introduced by thdy the confinement potential of the InAs layer, but also al-
InAs plane, it induces a confining potential, which is local-lows one to calculate the in-plane energy dispersion. In order
ized on the length scale of the lattice constant, and whicho incorporate the compressive strain of the InAs layer in our
leads to the formation of confined electron, hh, and Ih statemodel, we have chosen the strength parameter ofSthe-

in the GaAs band gap. Recently, Wilke and HeRhide- tential to be different for the hh subban8.(;,) and the Ih
scribed this situation of isoelectronié doping within the subband 8. 1,). Thus, implicitly, S.. 5, and S. 1, both con-
tight-binding scheme by using the Koster-Slater approachsider the same amount of hydrostatic strain as well as the
One of the main conclusions of their work was that, as astrain-induced splitting of the hh and Ih subbands due to the
consequence of the one-dimensional character of the GaAsiaxial strain component which is given by their difference.
conduction band near tHe point, the electronic structure of From Eq.(1) the effective confinement energies of the bound
ultrathin InAs layers in GaAs can still be treated in an effec-hh and |h states are straightforwardly derived‘as

tive mass approach. Moreover, they found that even for sub-
monolayer coverages at least one In-related defect level with
a hh character exists, but also that this number is not ex-
ceeded for coverages of more than 3 ML.

In this paper we present an alternative model for a de-
scription of the electronic structure, which, by applying theThe effective masses of the confined hh and Ih states in the
concept of band offsets, leads to the same qualitative andirection of quantization are identified asj,=mq/(y,
guantitative results as the model of isoelectronic impurities_zyz):(),3774:“0 and mf=mg/(y;+27,)=0.0905n,

We describe the confinement potential in the conduction an?’espectively, which are exactly the values of the GaAs bar-
valence band by @ function which can be written a@¢(z) rier that thes-potential model predicts. For the conduction
=—56(z), whereS, denotes the strength of the confining band, the calculation of the bound electron state yields the
potential in the conduction and valence bands, &w is  same expression as in E®), where one only has to replace
the Dirac function. The physical meaning of the strengthg, . with the strength of the conduction-band confinement
parameterS, will be explained below. The most important potentialS, and the effective mass with the electron effective
inherent property of thé potential is that no envelope func- mass for GaAsm? =0.0665n,. As a result, throughout the
tion is constructed “inside the well,” and it is actually this rest of this paper we proceed with the electron, hh, and |h
property which gives the5 potential a preference among effective masses as known, nonadjustable, parameters.
particle-in-a-box models when the potential width ap-  pefore we present a description of the electronic structure
proaches the periodicity of the crystal Bloch wave functionsof two coupled ultrathin InAs layers separated by a GaAs
The crucial criterion for the validity of a particle-in-a-box parrier, we first need to identify the physical meaning of the
model is that the envelope function varies slowly on thesyrength parametes, of the & potential. A relation between
scale of the lattice period. However, in the case of ultrathing and the band offsets and the InAs layer thickness, respec-
InAs layers, where the InAs layer modifies the atomic potensjyely, can be found from a comparison between the eigen-
tial of the GaAs matrix on the length scale of the latticey ) es of thes potential and the eigenvalues of a square well
constant, the derivative of the particle-in-a-box envelop&yroyiding the same strength in the limit of a finite potential
function had to change its sign within one lattice period,gepth and a well width approaching zero. For a square well,
which apparently contradicts the assumption. As a consépe potential deptV, can unambiguously be identified with
quence of the fact that the wave functions extend entirely ife pand offsetAE, and the well width is identical to the
the surrounding matrix, thé potential implies that the effec- hickness of the quantum-well layer, in the following de-
tive masses of the confined states are given by the effectivgyieq asa. Straightforwardly performing the limit case

masses of the GaAs barrier in the direction of quantization._, o yields the effective confinement energy for the bound
A further intrinsic property of thes potential is that it pro-  giate”of such a shallow well as

vides only a single bound state regardless of the magnitude
of Sy, which is consistent with the work of Ref. 29.

The calculations of the effective confinement energies and
envelope functions of the bound valence-band states for a
single ultrathin InAs layer have been carried out with the

two-band Luttinger-Hamiltoniafl in the spherical approxi- From the comparison of E3) with the eigenvalues of thé

E+ + = - L 82 (2)
+3/2,+1/2 2ﬁ2( 71:2,}/2) +3/2,+1/2

* *

m m
E:—WaZVéZ—WaZAEz. (3)

mation (y2= vs), potential, it follows that the strength of thi&potential can be
72 expressed bys,=aVy=aAE. Thus, within the concept of
A=— 2_(y1+ Sy )k + gyz(j k)2- Sia4120(2), band offsets, the effective confinement energies of the bound
Mo electron, hh, and |h states in ultrathin InAs layers can cor-

(1) rectly be described by & potential, and they increase qua-
where we have chosen tlzedirection along the growth di- dratically with the product of the corresponding band offset
rection as the axis of quantization. Due to theotential and the InAs layer thickness.
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FIG. 1. Schematic real-space band alignment of a single ultra- F|G. 2. Calculated electron and hh effective confinement ener-
thin InAs layer of thickness embedded in a GaAs matrieft  gjes for two coupled 1.1-ML-thick InAs layers as a function of
par, and two coupled InAs layers separated by a GaAs barrieiaas barrier width usingAE.=585meV, m}=0.0665<my,
(right pary of thicknessL. The confined electron, hh, and |h states Ag, - 385 meV,m,=0.3774< m,. Thicknesses are given in units
of the InAs layer are labelled as hh, and Ih, and their effective of the unstrained lattice constants of InAs (1 MB.0292 A) and
confinement energies are denoted Bs, Eny,, and Ej. The  GaAs (1 ML=2.8266A). AtL=32ML the splitting of the hh
strength of the confining potential, which is described bymten-  states is negligible, whereas the splitting of the electron states
tial, is determined by the conduction-band offéd; and the hh  amounts to 13 meV. At approximately 20 ML the critical barrier

and Ih band offsetd E,, andAEy,. The uniaxial strain component  thickness for the electrons is reached, whereghestate becomes
leads to a splittingEy,., between the hh and Ih valence subbands, npound.

which is considered by assuming different band offsets for the hh’'s
and Ih’s. In the presence of coupling, each confined state splits off =~ . . i
into a symmetric statélabeled as+) and an antisymmetric state Which is identical to the effective confinement energy for a
(labeled as-). The parity-allowed transitions observed in PLE are Single InAs layer of double thickness. Therefore, when de-
indicated by the arrows. creasing the barrier width, the symmetric state always re-
mains bound, and its effective confinement energy increases.
B. Successive band-offset determination by means of two In contrast to that, the effective confinement energy of the
coupled InAs layers antisymmetric state diminishes with decreasing barrier
width, and at a critical barrier width df ;=#%2/m*aV, the
antisymmetric states becomes unbound.
In order to illustrate the evolution of the symmetric and
antisymmetric states, in Fig. 2 we plot the effective confine-
12 52 ment energy of the electron and heavy-hole states as a func-
=— — ———aVod(z—L/2)—aVys(z+L/2). (4) tion of barrier width. Predominantly due to the difference in
2m* oz their effective masses by more than a factor of 5, for the
In the limit case of infiniteL the potential of the coupled displayed barrier widths both carrier types represent a differ-
InAs layers provides only a single bound state, whose effecent coupling regime. Calculating from Eq&) and (3), the
tive confinement energy is the same as for the single InA®arrier penetration width of a singleS potential «
layer but which is twofold degenerate. As displayed in Fig.=M*aVy/4? yields a value ofc~70A for electrons corre-
1, whenL becomes finite its degeneracy is lifted off, and it sponding to a 25-ML GaAs barrier, whereas the barrier pen-
splits into symmetric antisymmetric states. The symmetricetration width of the hh's amounts to less than 2@7AML
state corresponds to the ground state of the confining pote§2@As barriey. Thus in Fig. 2 the electrons represent the re-
tial and it has an even symmetry, whereas the antisymmetrigime of moderate coupling«~L), and the hh’s the situa-
state corresponds to the first excited state with odd symmdion for weak coupling k<L). In the latter case it is char-
try. By substitutingx.. = —2m*E. /42, wherex. has the acteristic that the splitting between the symmetric and
meaning of the barrier penetration depth of the wave funcantisymmetric states is very small, and symmetrically dis-
tions of the coupled-well problem, the energy eigenvaluedributed around the effective confinement energy of a single
E. andE_ of the symmetric and antisymmetric states ared potential. For the electrons, however, the situation is dif-
given by the two solutions of the characteristic equation ~ ferent. The coupling-induced shift of the symmetric and an-
tisymmetric states is no longer symmetric with respect to the
2m*aV, 2K+ bound state of a singlé potential. As can be seen from Fig.
YA Trexp—x.l)’ 5 2, the effective confinement energy of the antisymmetric
- state is already considerably altered, whereas that of the sym-
In the limit of an infinite barrier width, the eigenvalues of the metric state has hardly changed. For later use it is also im-
symmetric and antisymmetric states become equal, and aportant to note that at a barrier thickness of 32 ML the hh’s
proach the value of a singlé potential. For the opposite do not exhibit any splitting at all, whereas the splitting be-
limit case of a zero thickness barrier, the confinement energgwveen the symmetric and antisymmetric electron states al-
of the symmetric state is equal tB,=—2m* aZVS/ﬁZ, ready amounts to 13 meV.

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

)
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In PL or PLE one only observes optical transitions be-in a set of samples where the InAs layer thickness was kept
tween states of equal parity. Thus, in the case of two coupledonstant, we deduce the band offsets from the splitting of the
ultrathin InAs layers only thee,-hh, , e_-hh_, e -lh,, excitonice..-hh. ande.-lh. transitions, i.e., from theidif-
ande_-lh_ transitions will emergésee Fig. 1L Considering ference in spectral positioms is evident from Eq(6), in
that the observed transitions are excitonic ones, their transthis approach the exciton binding energies cancel out. The

tion energies are given by only remaining uncertainty is a possible variation of the ex-
citon binding energy as a function of barrier thickness. How-
Ee,.nn. =Eg "+ Ee, +Epn, —Efn, ever, from calculations of the exciton binding energies as a
function of barrier width for the regime of weak and moder-
Ee..ih, = EgaAs+ Ee. +En. —Ep, (6) ate couplings, we find that the changes in the exciton binding

energies are smaller than 3 meV, which is small enough not
where E}, and Ej};, denote the hh- and Ih-exciton binding to add significant uncertainty to the values of the band off-
energies, andy, , Ey,, andE, are the effective hh, Ih, sets we determine.

and electron confinement energies obtained from Gy.
From Eq.(6) it is evident that the observed splitting between . SAMPLE GROWTH AND STRUCTURAL
the two hh- and Ih-related transitions depends entirely on the CHARACTERIZATION
band offsetsAE., AE,,, and AE;, once the effective
masses and the thickness of the InAs layers and GaAs barrier The samples under investigation contain two ultrathin
are known. In turn, this provides a possibility to determineinAs layers separated by a GaAs barrier with nominal thick-
the values of the band offsets from the experimentally obnesses of 4, 8, 16, and 32 ML, respectively. Within this set of
served splitting. However, as can also be seen from(&g. samples an additional reference sample was grown which
the observed splitting between the symmetric and antisymeomprises a single InAs layer only. The samples were syn-
metric transitions depends on both the splitting in the conthesized by conventional molecular-beam epitaxy on an ex-
duction band and the splitting in the hh and Ih valence bandsctly oriented CrO-doped semi-insulatiti@01) GaAs sub-
respectively. In order to separate these contributions and thusrate. After oxide desorption, a Oidn GaAs buffer layer
to have direct access to the band-offset ratio, we developed@as grown at a substrate temperature of 630 °C. Then the
successive evaluation scheme for the band-offset determingubstrate temperature was lowered to 600 °C, and the As-
tion which exploits the fact that the electron and hh effectivecracker temperature was set to 400 °C to grow with. A&t
masses differ by more than a factor of 5. As discussed abovéhis substrate temperature a 400-A GaAs layer was grown
a barrier thickness of 32 ML corresponds to approximatelyfollowed by an additional 350-A-thick GaAs layer within
the barrier penetration width of the electrons, whereas it isvhich the substrate temperature was lowered to 450 °C. This
still more than four times larger than the barrier penetratiorntemperature ramp was found to be optimum to achieve a
width of the hh’s. As a consequence, at a 32-ML barrierhigh optical quality GaAs matrix. Subsequently, the two ul-
width the hh -hh_ splitting is negligible as compared to the trathin InAs layers and the GaAs barrier were deposited at
e, -e_ splitting. Thus in this situation the splitting between 450 °C. Before and after the deposition of each InAs layer, a
thee, —hh, ande_-hh_ transitions observed in PLE is en- 1-s growth interrupt was introduced to allow surface recon-
tirely due to the splitting in the conduction band, allowing struction and to suppress the formation of InAs clustérd?
for a direct determination of the conduction-band offsetThe intended thickness of each InAs layer was 1 ML. After
AE.. the growth of the second InAs layer, 5 ML of GaAs were
Once AE, is known, the Ih valence-band offset can be deposited. Subsequently, while growing a 565-A GaAs clad-
derived at the same barrier width from the splitting betweerding layer, the substrate temperature was increased to
thee,-lh, ande_-Ih_ transition, which is the sum of the 630°C. Finally, a 300-A A ;:Ga ¢As window was grown
splitting of the Ih states and the just-determined splitting into suppress surface electric fields, and the structures were
the conduction band. Finally, the hh band offset can be deeapped by a 170-A GaAs layer. To avoid any possible source
termined from a sample where the barrier thickness becomeasf external strain, the substrates were mounted free of In on
comparable to the hh barrier penetration width. Knowing thehe substrate holder. For the x-ray-diffraction and optical
conduction-band offset and th{fsom Eq. (5)] the splitting  measurements, the samples were held by paper frames on the
in the conduction band at any barrier width, the additionalsample holder.
redshift of thee,-hh, transition or the enhanced splitting As mentioned in Sec. [lsee Eq(5)], the band offsets can
between thee,-hh, ande_-hh_ transitions directly yield only be derived if the InAs layer and GaAs barrier thickness
AEqn. are precisely known. Consequently, on each sample we per-
Finally we want to remark that our method of band-offsetformed high-resolution double-crystal x-ray-diffraction mea-
determination is insensitive to excitonic effects. In previoussurements, which allowed us to determine the thickness of
papers, the band offsets were extracted from the dependenabirathin InAs layers with an accuracy of better than 0.1
of the absolute spectral positioof the hh- and Ih-exciton ML.3® The x-ray experiments were performed in the sym-
transitions on the thickness of a single InAs layer. Sincemetric (400 geometry utilizing the CiK @4 line. The InAs
e.g., the hh-exciton binding energy was found to incréaselayer and the GaAs barrier thickness were found from a com-
from 4 meV at zero InAs layer thickness to 12 meV at anparison between the measured rocking curves and their simu-
InAs layer thickness of 1.6 ML, this method requires a soundations based on the dynamical theory.
knowledge of the dependence of the hh- and Ih-exciton bind- In Fig. 3 we plot the measured rocking curdeottom)
ing energies on the InAs layer thickness. In contrast to thatand simulationgtop) for a single InAs layeka), for samples
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the 6 well. From the simulations we find an average thick-
ness of the InAs layer of 1.100.05ML. The best fit was
%q[,’,,‘ obtained with a zero in-plane strain and 6.8% strain in the
(100 direction. This provides evidence that the lattice mis-
match is fully accommodated by an elastic distortion of the
InNAs unit cell, ie.,, the InAs layer is grown
pseudomorphically®
The significant feature in the rocking curves of the
coupled InAs layer§Figs. 3b) and 3c)] is the appearance of
a destructive interference of the Pendsllog oscillations.
2000 000 0 1000 200 As depicted in the inset of Fig.(8), the x-ray field from the
Angle (arcsec) underlying GaAs layer can interfere with the x-ray field from
the upper GaAs layer and the &a _,As window as well
as with the x-ray field, which is diffracted from the layer
stack comprising the upper GaAs layer and theGd, ,As
window plus the two InAs layers and the GaAs barrier. Both
interferences lead to Pendedlong oscillations with a slightly
different periodicity. The superposition of these Pendello
beating in Pendellosung sung oscillations gives rise to the observed beating. The
v simulations show that &1-ML change of the barrier thick-
ness shifts the angular position of the beating in the Pendel-
losung considerablgby approximately+50 arcsel; whereas
000 1000 T T T 2w the feature close to the substrate pédénoted as thé well)
Angle (arcsec) remains unchanged. In contrast to that, a small change in the
InAs layer thickness, i.e., in the amount of totally deposited
< (400)-reflex InAs, hardly changes the position of the beating in the Pen-
GaAs dellosung, but considerably alters the feature near the sub-
—— strate peak. Consequently, the simulations of the measured
rocking curves for the coupled-well samples allow us to de-
termine the GaAs barrier InAs layer thickness almost inde-
|~ beating in Pendellosung pendently. For the whole set of samples we consistently find
an average InAs layer thickness of 1:40.05 ML. The bar-
rier thickness were found to be 4, 8, 16, and 32 ML, respec-
tively, with an uncertainty of£0.5 ML.
0T ST —Tr 2000 With respect to the above description of the elect_ronic
Angle (arcsec) structure of the InAs layer by & potential, and the question
of over how many atomic layers the deposited InAs is dis-
FIG. 3. Measuredlower curve$ and simulatedupper curvg  tributed, our simulations reveal the following results. The
rocking curves of the refe_rence sampée containing a single InAs InAs layer thickness obtained above assumes a pure InAs
layer and two samples with 16-Mib) and 32-ML (c) GaAs barri-  |ayer. However, a similar quality of the simulation for the
ers between the two InAs layers. The feature in the simulated rOCkéingIe InAs layer sample can be obtained when the InAs
ing curves which is most sensitive to the composition of the InASIayer is decomposed into 1-ML InAs and 1-ML

layer is denoted_ as theg'well.” In the “?C""Fg curves of the 16 INg 0=Gay o5AS on either side. This result is not too surprising,
and 32-ML barrier samples, a destructive interference of the Pen-. : . . o

- o . since the angular position of the Pendsilag oscillations
dellosung occurs, whose angular position is determined by the

GaAs barrier thickness. For the whole set of samples the InAs Iaye"?‘nd the shape of théwell feature depend on the product of

thickness was consistently found to be @05 ML. The thick- the total amount of quOSitEd InAs and the totally incorpo-
ness of the GaAs barriers are given in the figure. rated amount of strain. Thus, as long as the total InAs con-

tent in the simulations of the single InAs layer sample is kept
with a 16-ML (b) and 32-ML(c) GaAs barrier, respectively. constant within the=5% variation of the found layer thick-
As indicated in the inset of Fig.(8), in the case of a single ness, the rocking curves do not provide accurate information
InAs layer the incident x-ray field is diffracted simulta- about the distribution of the InAs over one or more atomic
neously from the underlying GaAs layer and from the caplayers. Nevertheless, an estimate of how much InAs is con-
layer comprising the upper GaAs layer and the®d, _,As fined in a single atomic layer can be obtained from the rock-
window at identical Bragg angles. The interference betweeing curves of the samples with 16- and 8-ML barrier thick-
both contributions is observed by the Pendaliog oscilla- nesses. In simulations of these samples, we decomposed the
tions, whose modulation amplitude and angular position arénAs layers into two or three adjacent®a _,As monolay-
determined by the thickness of the InAs layer and the incorers with different In contents by keeping the total amount of
porated amount of strain. The features in the rocking curvénAs constant. When the In contents in thgGa, _,As lay-
of the single InAs layefFig. 3(@)], which is most sensitive to ers was brought toward an equidistribution, a shift of the
the InAs layer thickness, are the position and shape of thbeating in the Pendelning oscillations by more than 200
Pendelleung fringe close to the substrate peak denoted asrcsec toward the substrate reflection is observed. In order to

(@) < (400)-reflex

GaAs

single InAs layer
d A, =1:1020.05ML

"&-well"

Counts
—_
<

€ (400)-reflex
GaAs

16ML GaAs barrier

N
dy, =1.10£0.05ML X 777

"3-well"
577

Counts

E 32ML GaAs barrier
Fdas =1.1020.05ML

Counts
-
(e
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match the simulations with the measured rocking curves, this

shift could only be compensated for by reducing the barrier T=4.2K, 1.IML InAs i
thickness by 4 ML. However, as will be discussed in Sec. IV, ) %
especially for small barrieré8 and 16 ML), such a strong i‘;‘fiiayer ‘\
reduction of the barrier thickness would lead to a redshift of

the photoluminescence by more than 20 meV, which would &

be in contradiction to our optical experiments. In turn, if we
allow the barrier thickness to be determined as 1 ML too
wide (corresponding to less than a 5-meV redshift of the, PL
we find, in agreement with the work of Woicit al.*® that
still more than 80% of the deposited InAs is confined in one
atomic plane. Additional information, i.e., whether the re- 16ML barrier \
sidual InAs is symmetrically or asymmetrically distributed T
around the layer containing more than 80% of the deposited S
InAs, could not be found. Finally, it should be mentioned ¢

that the rocking curves do not show any indication of strain

32ML barrier

Photoluminescence

relaxation, although the total amount of InAs in our struc- ML barrier
tures (2.2:0.1 ML) is very close to the critical layer thick- ‘
ness of a single InAs layer.
4ML barrier
IV. RESULTS . ! . L . 1 . 1
PL and PLE measurements were carried out in back- 1.38 140 142 144 1.46 148
Energy (eV)

scattering geometry using a tuneable Ti:sapphire laser with a
linewidth of less than 0.25 meV and a.>€20.85)-m double FIG. 4. 4.2-K photoluminescence spectra of the single InAs
monochromator with a sp_eptral reso'“_t'on Of better than 0'%’;Iyer sample and the samples containing two InAs layers separated
meV. _The observed transmogs were |dent|f|ed with respechy a Gaas barrier of 4, 8, 16, and 32 ML, respectively. For clearer
to their hh and Ih charactérd’ by cleaved side PLE mea- presentation each PL spectrum was given an arbitrary offset. The
surements, where the freshly cleaved side of the samples Wagectral position of hh-exciton PL is identically for the single InAs
excited with eithers- or p-polarized light, and the PL emis- |ayer and the 32-ML barrier sample. When the barrier thickness is
sion (Is,l,) was detected in the direction perpendicular toreduced from 32 to 4 ML, the hh-exciton PL is redshifted by 54
the sample surface. By defining the degree of polarizatiomneV. Note that neither a systematic line broadening nor a system-
(DOP) as (s—1p)/(Is+1y), positive values indicate that the atic change in line intensity is observed when the barrier width is
valence-band states involved in the transitions are hh-likejecreased. The arrows indicate the calculated transition energies
whereas negative values indicate a Ih character. using thes-potential model, without a correction for the hh-exciton

The 4.2-K PL spectra of the single and coupled InAs layebinding energy.
samples are shown in Fig. 4. The observed PL originates
from thee. -hh,-exciton transition as the lowest-lying tran- barrier widths, this redshift originates predominantly from
sition of the InAs layers. The PL intensity and the peak in-the increase in the effective confinement energies ofethe
tensity ratio between the PL from the InAs layers and theand hh. states. The observed redshift is in excellent agree-
GaAs exciton of approximately 100 is almost equal for allment with our model calculatior{éndicated by the arrows in
samples, indicating that the exciton binding energy is hardlyFig. 4) as well as with the tight-binding calculations from
altered by the coupling of the InAs layers. The full width at Wilke and Hennig?® who predicted a redshift of 50 meV.
half maximum(FWHM) of the PL emission amounts to 8.5  With respect to the separation of the conduction- and
meV in the single InAs layer and varies nonsystematicallyvalence-band offsets, it is important to note that the energy
between 5.9 and 8.4 meV for the coupled InAs layers. Preseparation between the PL line of the single InAs layer and
vious studies of the FWHM in InAs monolayéfshave  32-ML barrier sample is less than 1 meV. However, this
shown that growth interrupts:10 s result in a uniform dis- small energy separation in PL does not necessarily imply the
tribution of the InAs and not in the formation of InAs islands absence of coupling. As Fig. 2 reveals, at a 32-ML barrier
of different sizes. This is consistent with recent measurethickness the effective confinement energy of the hh state is
ments of the dephasing times in ultrathin InAs layers, whichnot altered at all, and the effective confinement energy of the
show that lateral potential fluctuations experienced by thee, state is hardly increased, whereas the effective confine-
excitons take place on a length scale larger than the excitoment energy of the_ state is decreased by almost 10 meV.
Bohr radius®® In addition, consistent with our x-ray analysis, As the PLE measurements discussed in Sec. V will show, a
the PL spectra do not show indications of strain relaxation32-ML GaAs barrier leads to considerable coupling for the
showing that a 4-ML GaAs barrier is thick enough to keepbound-electron states which is almost completely accumu-
the growth of the second InAs layer pseudomorphic. lated in a blueshift of the antisymmetric state.

When the barrier thickness is reduced from 32 to 4 ML, The PLE and cleaved side PLE measurements of the
we observe a redshift of the PL line of 54 meV. Since thesamples are shown in Figs. 5 and 6, respectively. In the PLE
change in exciton binding energy of the symmetrichh, spectrum of the single InAs layer two peaks are visible,
transition is smaller than 3 meV over the entire range ofwhich are the hh-exciton transition at 1.4565 eV and the
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FIG. 5. PLE spectra of the samples measured at 4.2 K in back- FIG. 6. Cleaved side PLE spectra of the samples measured at
scattering geometry. The transitions were identified with respect t@.2 K. A positive degree of polarization indicates a hh character of
their hh and Ih character by cleaved side PLE measurements. In thibe valence-band states involved in the transitions observed in PLE
PLE spectrum of the single InAs layer, the hh- and Ih-exciton tran<(indicated by the arrows whereas negative values show the Ih
sitions(denoted ag-hh ande-1h) are clearly visible. In the 32-ML  character.
barrier sample, four parity-allowed transitions emerge, demonstrat-
ing the coupling between the two InAs layers. Note that in theible in the PLE spectrum of the 32-ML barrier sample, where

32-ML sample thee, -hh, transition emerges at almost the same we resolve four peaks. Considering that only transitions be-
spectral position as the-hh transition in the single InAs layer. tween states of equal parity are observed, they were identi-
fied by their polarization propertieésee Fig. 6 as the
Ih-exciton transition at 1.4930 eV. In particular the origin of e -hh,, e_-hh_, e,-lh., ande_-lh_ excitonic transitions.
the latter was carefully checked, since it is close to theThe observed splitting between the -hh, and e_-hh_
carbon-related donor-to-acceptor transition in GaAs. As itransition amounts to 13 and 19 meV between ¢helh,
can be seen from Fig. 6, our cleaved side PLE measuremengside_-lh_ transitions, respectively.
show a strong polarization at this energy, whereas Brandt  According to Sec. IIl, each of these splittings is the sum
et al® found a hh character for the carbon-related transitiongf the e.-e_ splitting and the hh-hh_ or Ih,-lh_ splitting,
A steplike structure, with a peak on top between 1.4985 angespectively. The most important requirement for the separa-
1.51 eV, results from the two-dimensional density of stategion of the contributions from the conduction and valence
of the e-lh band-to-band transition and the absorption bypands and the successive determination of the band offsets
excited and unbound Ih-exciton states. From this feature wgas g negligible splitting between the hiand hh. states in
deduce a Ih-exciton binding energy of 5.5 meV. In contrasthe regime of weak coupling. This assumption is justified by
to this, we do not resolve a similar contribution to the ab-the following observations in the PL and PLE spectra of the
sorption from thee-hh band-to-band transition. In our opin- 32-ML barrier sample.
ion this is due to the fact that the strength of the band-to- (i) |n both the 32-ML barrier sample and single InAs layer
band abSOI’ptiOI’] is determined by the in-plane effectiv%ample, the energy difference betweenmehh+_ or e-hh-
masses Iy ), which from Eq.(1) is found to be more than exciton transition is the same, in PL as well as in PLE. This
two times smaller for the hh'snfj,=0.155n,) as compared means that the hh-exciton binding energies and the Stokes
to the Ih's (M];,=0.362m,). In addition, we determined the shift are both either not altered at all or that their changes are
hh-exciton binding energy by temperature-dependent Plsmall and exactly compensate for each other. Thus, although
measurements, and found a value of 10 meV. the transitions are excitonic ones, the observed 13-meV split-
The coupling between the two InAs layers is clearly vis-ting is only affected by the splitting of the confinedgnd hh
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states, and contributions of the exciton binding energy of 152
Stokes shift cancel out. I
(i) In both PL and PLE, thes,-hh, transition of the
32-ML barrier sample emerges at the same spectral position
as thee-hh transition of the single InAs layer sample. This
observation is in agreement with our calculations shown in
Fig. 2, which reveal that at a 32-ML barrier thickness the e
shift of the hh level with respect to the hh level is virtually J
zero, and the shift of the, level with respect to the un- single InAs layer
coupled case is very small. I
(iii ) Figure 2 also shows that the coupling-induced shift of 140}
the antisymmetriee_ state is much larger than the shift of
the symmetrice, state, and that most of thes -e_ splitting T T
is accumulated in a shift of the_ state since the confined
electron states are in the regime of moderate coupliag (
~L). In contrast to this, since the effective mass of the hh's FIG. 7. Measured and calculated transition energies for the
in the direction of quantization is five times higher than thecoupled InAs layer samples as a function of barrier width. The
one of the electrons, the hh states represent the regime o#lculations were performed usingAE.=585meV, AEy,
weak coupling knr<<L). Consequently, in the 32-ML bar- =385meV, andAE;,=225meV. The symbols at 64 ML represent
rier sample not only is the shift of the htstate negligible, the transitions observed in the single InAs layer. At around 16 ML
but so is the hh-hh_ splitting. one observes a crossover betweendhelh, ande_-hh_ transi-
From the above discussion we can conclude that the od'°ns:
served splitting between the, -hh, ande_-hh_ transition
originates entirely from the_-e_ splitting in the conduc- the observed 10-, 33-, and 54-meV redshifts of ¢hehh,
tion band. Since the InAs layer thickness, the barrier thicktransition in the 16-, 8-, and 4-ML barrier samples with re-
ness, and the electron effective mass are known, by applyingpect to the uncoupled case. Since the barrier width in these
Eqg. (5) we obtain, from the 13-me\e,-e_ splitting, a samples reaches the value of the hh barrier penetration
conduction-band offset oAE,=535+15meV. The uncer- length, the redshift of the, -hh, transition is now due to the
tainty in the conduction-band offset results from the uncerincrease of the effective confinement energy of both, the hh
tainty in the InAs layer thickness=0.05 ML) and the GaAs ande, states. With the conduction-band offset known, we
barrier thicknesg=0.5 ML). Knowing the splitting of the obtain a hh valence-band offset of 38%5 meV. With the
confined electron states, the Ih band offset can be extractegilues for the conduction and hh band offsets, we experi-
from the same PLE spectrum. Since the 19-meV splittingnentally find a band-offset ratio @,=0.58.
between thee, -Ih, ande_-lh_ transitions is the sum of the An overview of the transitions measured in the whole set
e.-e_ and Ih.-Ih_ splitting, the Ih-lh_ splitting alone of samples by PLE and the calculation of the transition en-
amounts to 6 meV. By again applying E&) and using the ergies as a function of barrier thickness, using &potential
lh effective mass, we find a |h valence band offsetA&;, = model and the band offsets determined above, is displayed in
=225+25meV. The larger uncertainty in the lh valence- Fig. 7. The agreement between experiment and theory sup-
band offset is due to the somewhat broaderlh. transi- ports the validity of our band offsets and tieootential ap-
tions. By performing similar calculations to those displayedproach. An interesting feature emerges at a barrier thickness
in Fig. 2 for the Ih. and Ih_ states, we find an increase of the of approximately 16 ML, which in Fig. 7 is denoted as
effective Ih, confinement energy by 3 meV as compared to“hh _-lh, crossing.” At this barrier thickness, in the PLE
the uncoupled case. By comparing this value with the 3.5spectrum an 18-meV broadband centered at 1.488 eV is vis-
meV redshift of thee, -lh, transition observed in the 32-ML ible rather than two separate peaks. As a consequence we did
barrier sample, the magnitude AE, was verified. The fact not consider the splitting between the,-hh, and
that the Ih -Ih_ splitting is equally distributed in the shift of e_—hh_ transitions for the determination &fE,,. In addi-
the Ih, and Ih_ states is a consequence of the much weaketion, the cleaved side PLE spectrum of this sample revyeals
Ih confinement as compared to the hh’s, in combination withpolarization for this band. The origin of this band can be
the fact that the lh states are in regime of strong couplingexplained as follows: when the barrier thickness is reduced,
(kp>L). With AE,=225 meV andnj,=0.0905n,, the Ih  the effective confinement energy of the symmetric states is
localization length amounts to 124 @4 ML), which is al-  increased(redshify, whereas the effective confinement en-
ready considerably larger than the barrier width. Thus inergy of the antisymmetric states decread@seshify until
coupled ultrathin InAs layers the coupling of the Ih's is the critical barrier thickness is reached, where they become
stronger than for the electrons and hh's. It should be notetnconfined. An indication that the latter has certainly hap-
that the weak |h confinement is not only the result of thepened to the |h state is the fact that the PLE spectrum of the
smaller Ih effective mass as expressed in @y.In addition,  16-ML barrier sample above 1.495 eV is completely struc-
the small Ih band offset we find is a direct consequence ofureless, and that the measured PL background is completely
the shear strain component, which under compressive stralinpolarized. At a barrier thickness of approximately 16 ML,
leads to a diminishing of the band offset for the Ih’s as com-he effective confinement energy of the blueshifted #tate
pared to the hh band offset. and the redshifted hhstate become equal, so that both lev-
Finally, we determined the hh valence-band offset fromels cross each other. At the crossover point the energy sepa-

—
'S
oo

hh,-1h_level crossing

=
'S
=

hh-, Ih-transition energies (eV}

GaAs barrier thickness (ML’s)
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ration between the_-hh_ ande, -lh, transition is entirely ~which recently was found to describe InAs/GaAs films even

determined by the splitting between tee ande_ states, in the monolayer limif® In Eq. (8), Eg denotes the band gap

which according to Fig. 2 amounts to 19 meV. The DOP inof unstrained InAs, an®E;, and 6Eg, are the hydrostatic

the crossover region is given by the superposition of theand shear strain energy components, respectively. In the case

polarization properties of the_-hh_ ande_ -lh, transitions, of a uniaxial strain component in tH&00) direction, these

i.e., it depends on the ratio betweerand = components of ~are given by>**

each transition weighted by their oscillator strength. As it

can be seen from the cleaved side PLE spectrum of the 32- or

8-ML barrier samples, the DOP for the hh transitigsse, OBy =2a(1-Cy,/Cyye,

e.g., thee,-hh, transition is reduced from its theoretical

value of +1 at the expense of a weaker component,

whereas the DOP of the Ih_transmor(see', e.g., the SEg=—B(1+2C4,/Cyye. 9

e, -lh, transition is increased with respect to its theoretical

value of —3 in favor of the = component. Assuming equal

oscillator strengths for the_-hh_ and e, -lh, transitions, Assuming that the InAs layer is 6.8% compressively

their superposition leads effectively to a negative DOP at thatrained, and taking the values for the hydrostatic deforma-

crossover point. That the crossing of the_hénd Ih, levels  tion potentiala, the shear deformation potentig) and the

indeed occurred becomes evident from a comparison of thstiffness constant€,;, and C,; reported elsewher&'® one

PLE and cleaved side PLE spectra of the 32-ML barrierfinds a band gap for the strained InAs layer of 0.573 eV. Our

sample with the ones of the 8- or 4-ML samples. For theexperimentally determined value for the band gap of 0.6 eV

32-ML sample the second-lowest-lying transition is theis thus in agreement with elasticity theory.

e_-hh_ transition at 1.47 eV, identified by its strorsgpo- For the discussion of the |h confinement and the splitting

larization. In contrast to that, in the 8- and 4-ML samplesbetween the hh and |h subbands due to the uniaxial strain,

where thee_-hh_ and e, -lh™ transitions are again spec- one has to keep in mind that in odpotential model the

trally well separated, the second-lowest-lying transition isstrain-induced splitting between the hh and Ih subbands is

predominantlyp polarized, indicating that both transitions taken into account by assuming different band off2efs,,

crossed each other and that the Iavel has become the first andAE,,. Thus any alteration of the band alignment due to

excited valence-band state of the two coupled InAs layers. the split-off band, which in ultrathin and highly strained lay-
The remaining question, concerning at which barrierers becomes important, is considered implicitly. Further-

thickness the antisymmetric electron state becomes uncomore, changes of the band structure due to strain fields in the

fined, cannot be answered conclusively. The calculation isurrounding GaAs matrix are neglected.

Fig. 2 reveals that the critical barrier thickness for the elec- Alterations of the valence-band structure by the split-off

trons is reached at approximately 20 ML. However, theseband are known for highly strained quantum wells and bulk

calculations do not include a repulsive interaction betweematerial as well as for unstrained quantum wells, which are

the antisymmetric electron state and the GaAs conductionnly a few monolayers wide. In both cases the split-off band

band, which would shift the critical barrier thickness for the only affects the Ih subband but not the hh subband. In ultra-

electrons toward smaller barrier widths. The broadband athin InAs layers both effects have to be considered.

1.488 eV in the PLE spectrum of the 16-ML sample seemsto (i) Due to the 6.8% compressive strain in the InAs layer,

contain thee, -lh, transition as well as the_-hh_ transi-  the shear strain energy componeii, is not small com-

tion, both having equal oscillator strengths. This would indi-pared to the energy of the split-off bard,. As a conse-

cate that thes_ state is at least still in strong resonance withquence, the approximation usually made, that the strain-

the GaAs conduction band, but not completely unconfined.induced energy separation between the hh and Ih band

offsets amounts to &, is no longer valid, but has to be
V. DISCUSSION replaced with the expressith

In this section we compare our results for the band offsets
with elasticity theory and the experimental results of other SEvr=L(38Ea—A)+ L JAZT 2A SE.t 9SE2
groups. With the band offsets obtained above we determinea © "t (35Eq—A0)+ 3 Ao+ 2800E s, Sh,(lO)
band gap for the strained InAs layer &“*=0.6eV by

applying

which yields a value fobE,, of 206 meV. From the band

offsets determined above, we find an experimental value of

Eg °=Eg¥*~AE,—~AEp. (1) S8Enn=160meV. Although both values are in reasonable

agreement, one can at least qualitatively explain why the

) ) ] ) experimental value is too small. With the Ih band offset as

Since in ourés-potential approach this value is used in the gerived above, the effective confinement energy of the con-
sense of a bulk parameter, one has to compare it with thgneq |n's amounts to 3 meV. For such a weak confinement
value derived from macroscopic elasticity theory, close to the GaAs valence band, one has to expect a repul-
sion between the confined |h level and the GaAs valence

0 band due to their identical symmetry. Effectively this would

Eg=Eg+ 6Eny+ 6Eq, (8)  appear as a slightly stronger confinement of the In’s. How-
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ever, in our calculations this repulsive interaction is not con- 152 [

sidered explicitly, but only implicitly by a slight overesti- DA )

mate of the |h band offset. N A ,
(ii) The second influence of the split-off band on the band | ’

alignment in ultrathin InAs layers results entirely from the

fact that the InAs layer is only 1 ML wide. Recently, Dujar-

1.48
@ this work

hh-, th-transition energies (eV)

din, Marreaud, and Laurentt demonstrated that even in the ¢ Wang®

case of lattice-matched ultrathin quantum wells the effective £ ;44 [ © Alonso*

Ih confinement energy is underestimated when the split-off L A Brnat?

band is not taken into account. Using &6 Hamiltonian, L

they calculated that in a 1-ML-wide well, where the confine- |V Gerard®

ment energy becomes comparable willy, the effective a0l e N YL
confinement energy of the |h’s will be determined as much 0 05 19 15 20
as 10 meV too low when the interaction with the split-off InAs layer thickness (ML’s)

band is neglected, whereas the effective hh confinement en-
ergy remains unchanged. Since in our calculations of th? AS | funct t the INAS | hick T leul
effective lh confinement energy the split-off band is not in- nAs layer as a function of the InAs layer thickness. The calcula-

cluded, the |h band offset is overestimated to account for thgons(SOIid lineg are based on thé-potential model, with the band
! . Offsets determined in this paper. The experimental data were taken

increase of the effective Ih confinement energy due to SPI% om literature. The dotted lines show the calculations including the

orbit coupling. . o .
. . dependence of the exciton binding energy on InAs layer thickness
The main difference between our band offsets and theaccr:)ording to the zero-radius poter?tial mgél/el. Y

results of other groups is the magnitude of Ih confinement.
With the values for the Ih band offset reported by Wang inall d i .
et al® (89 meV) and in Refs. 3 and 630—35 meV, one Finally we would like to point out that, for the depen-

finds effective Ih confinement energies of 0.4 and 0.1 mevdence of the transition energies on the InAs Igyer thickness,
tge same quality of agreement between experimental and cal-

respectively. As a consequence, these small Ih band offse - : ) :
lead to the conclusion that, at 4 K, the Ih state is practicalI)FmateOI transition energies was achieved previously by cher
roups, but with very different sets of band offsets, since

delocalized and the corresponding exciton is unbound. Howgh d as fitti hi
ever, our |h band offset of 225 meV provides an effectivel'€Y Were used as fitting parameters. In contrast to this, we

confinement energy ten times higher, which at low temperagete”.nim?d the band_ offsets in. a successive procedure_ from a
tures is sufficient to keep the Ih state localized and thus givegouplmg—lnduced shift and splitting of the optlcal transitions
rise to a bound Ih exciton state. This result is in very good" & set of sample_s whe_re _the InAs I_ayer thicknesses are the
agreement with the observation of a bound Ih exciton in the'@M€ and the exciton binding energies are known.
PLE spectrum of the single InAs layésee Fig. 5. In addi-
tion, direct proof of the existence of a confined |h state and, VI. CONCLUSIONS
subsequently, a bound Ih exciton was recently obtained in a
slightly thicker(1.2 ML) InAs layer, where the energy sepa-  In conclusion, we have determined the band offsets and
ration between the hh and lh excitons amounts to one GaAthe band-offset ratio at a highly strained InAs/GaAs interface
LO phonon® In that sample a sharp line originating from by means of a method which employs the coupling between
resonant luminescence and doubly resonant Raman scattéwo identical ultrathin InAs layers separated by a GaAs bar-
ing is observed in addition to regular hh-exciton PL, whenrier of different width, and exploits the large difference in
the exciting laser beam is tuned on the |h exciton transitionelectron and heavy-hole effective masses. With the InAs
This sharp line remains present up to temperatures of 18 Kayer thicknes¢1.1 ML) and barrier widthg4, 8, 16, and 32
which requires an effective Ih confinement energy of largeML) known from x-ray-diffraction measurements, the band
than 1.5 meV. offsets could be extracted independently from the coupling-
In order to see whether our band offsets and ouinduced shift and splitting of the symmetric and antisymmet-
S-potential model are suitable to describe the electroni¢ic hh- and Ih-exciton transitions observed in PL and PLE.
structure of ultrathin InAs layers in a GaAs matrix over the For that purpose, we introduced tBdunction potential for a
whole range of the two-dimensional growth regime, we cal-description of the electronic structure of ultrathin InAs layers
culated the transition energies for hh and |h transitions witrembedded in a GaAs matrix. In this approach it is inherently
our band offsets as a function of the InAs layer thicknessconsidered that no envelope function can be constructed
This calculation is displayed in Fig. 8 together with the ex-within an InAs monolayer. As a consequence, sqgotential
perimental results of other group&®4°As can be seen from provides only single bound electron hh and Ih states, with
the figure, our calculation is in good agreement with thetheir effective masses naturally being fixed to the values of
experiments. However, it should be noted that the agreemetite GaAs barrier in the direction of quantization. Applying
can be improved when the dependence of the hh- and Ileur method, we find a conduction-band offset AE,
exciton binding energy on the InAs layer thickness is taken=535meV, a band-offset ratio d.=0.58, and a strain-
into account. This is displayed in Fig. 8 by the dotted lines.induced splitting between the hh and |h subbands®f,
Here the InAs layer thickness dependence of the excitors 160 meV. These results are in agreement with elasticity
binding energies was calculated using the zero-radius potettheory, and allow a satisfying description of the transition
tial model®*° energies in ultrathin InAs layers as a function of InAs layer

FIG. 8. Observed and calculated transition energies for a single
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thickness. Finally, we find that the Ih confinement has been ACKNOWLEDGMENTS

underestimated so far. With our Ih band offset »E|,

=225meV, the effective |h confinement energy amounts to This work was part of the research program of the Dutch
3 meV, which is about ten times larger than reported earlierfFoundation for Fundamental Research on Matfe®M),
However, our value matches with the observation that the llwhich is financially supported by the Dutch Organization for
exciton remains bound at temperatures up to 18 K. Advancement of Resear¢dNWO).
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