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Electronic states of ultrathin InAs/InP (001) quantum wells: A tight-binding study of the effects
of band offset, strain, and intermixing
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We investigate theoretically the electronic structure of strained ultrathin InNAg00B quantum wells
(QWSs), using the semiempiricad p®d®s* nearest-neighbors tight-binding model, the virtual crystal approxi-
mation, and the surface Green’s function matching method. The energies of the bound states and the optical
transitions are calculated for QW widths from 1 to 4 monolayers and for valence band offsets varying from 0.2
to 0.9 eV. The dependence of the transition energies on strain is investigated. The intermixing effects are
studied for(i) graded interfaces with a diffusion concentration profile &hdnAs,P; _, /InP QWs of varying
composition with abrupt interfaces. The effect of strain on the transition energies is found to be small for thin
wells, whereas the effect of intermixing is significant and cannot be neglected. Comparing the results with
experimental data, we conclude that the electronic structure of ultrathin InASIOB QWs cannot be
accurately described within the simple model of a rectangular QW. The effect of intermixing however is
sufficient to explain the experimental results within a reasonable range of band offsets and structure param-
eters.
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[. INTRODUCTION erostructures is still underinvestigated. There is experimental
evidence that significant intermixing may occur at InAs/InP
Ultrathin InAs/InP quantum well§QWs) have recently heterojunctiongsee, e.g., Refs. 13 and)l4ts impact on the
received considerable attention since, besides their potentiglectronic states, however, has been theoretically studied
applications in optoelectronic devicbg;hey provide an in- onIy in intentionally annealed structurEsFor strained het-
teresting simple materials system for fundamental stiuidies. €rojunctions the effect of grading is twofold: the change of
The electronic states in ultrathin QWs are still not well un-the concentration profile leads to a change of the potential of
derstood. The majority of works rely on the envelope func-h€ QW in the same way as in lattice-matched systems, but it
tion approximation(EFA) in order to describe theoretically also leads to a change of the strain field in the growth direc-

the electronic structure. The predictions of the EFA modeld!o" due to the smooth transition between the two materials.

however are highly questionable in the case of uItrathinIt can be expected that these effects will be more pronounced

QWs, as has been shown by recent tight-bindif@) In ultrathin QWSs, because thinner wells are more sensitive to

calculation®~8 The experimental data for ultrathin InAs/InP changes of the interface potential. Thus, taking into account

QWs, in particular, show significant discrepancies with thethe interface grading shouild provide a more adequate model

CE . of the electronic structure of such systems.
results from EFA calculatiorfs® A recent TB calculation Another possible effect of intermixing is to have a certain

also f?‘”e?' to explain the experimentally observed tranSitior’honzero concentration of the barrier material in the well
energies in these systems. . layer. This would lead to a QW in which the total amount of
The discrepancies between theory and experiment afge well material is not equal to an integer number of mono-
usually attributed to monolayer fluctuations in the QW ayers. To the best of our knowledge, this possibility has not
width, leading to additional lateral confinement of excitonspeen investigated with TB methods until ndm previous
and therefore changing the transition energies, or to the postudies on interdiffusiol?~*?the amount of the well material
sible failure of macroscopic elasticity theory to properly pre-is kept constant and equal to that of a perfect rectangular
dict the interatomic spacing in layers with thicknesses in theQW). The effect of strain on the electronic states also has to
monolayer range. However, there are a number of questiorbe considered in order to take into account the possible strain
able assumptions usually made in theoretical calculationggelaxation in such structures, and also to assess the effect of
which may lead to deviations in the obtained results. One ofhe possible deviations in the calculated energies due to the
the most important approximations is to assume abrupt interse of the macroscopic elasticity theory.
faces, where the transition between the well and the barrier In this work we present tight-binding calculations of the
material occurs within one monolay@viL ). Real interfaces, electronic states in ultrathin InAs/IMBR01) QWSs. We start in
however, are in most cases nonabrupt due to grading ar@ec. Il with a brief outline of the theoretical models used for
interface roughness. It has been shown that a very smathe calculations. In Sec. Il we investigate systematically the
amount of interface grading can alter significantly the tran-effect of the band offset, strain, and intermixing on the tran-
sition energies and can change the electronic properties aition energies of QWs with thicknesses from 1 to 4 ML. The
lattice-matched systenis!? The effect of interface grading intermixing effects are studied by considerifiy graded in-
on the electronic states of strained-layer semiconductor heterfaces with a diffusion concentration profile and)
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TABLE |. Band gaps and effective masses at khpoint for unstrained bulk InAs and InP, and for InAs
biaxially compressed in th@01) plane to the lattice constant of InP. The values in the colurapés{) and
(sp’d®s*) are calculated using the tight-binding models of Refs. 18 and 19, respectively. The values from
Ref. 16 are based on a critical review of the available experimental and theoretical data.

InP InAs Strained InAs
Parameter sp’s* sp’d®s* Ref. 16 sp’s* sp’d®s* Ref. 16 Parameter sp’s* sp’d®s*

E,, eV 1410 1424 1424 0430 0418  0.418E,(HH), eV 0511 0.443
Eq(LH), eV 0.670  0.600
mi/my 0128 0074 0080 0038 0024 0026 mi/m, 0049  0.025
mi/m,  0.063  0.039
mi/m,  0.600 0387 0532 0436 0318 0333 mf,/m, 0071  0.041
mi, /Mg 0.041  0.030
mi/m, 0133  0.099 0121 0043 0029 0027 mf/m, 0109  0.062
mh,/my  0.120  0.099

InAs,P; _,/INP QWSs of varying composition with perfectly scaling the two-center integrai§« with the bond length
abrupt interfaces. The results are compared with experimertising a modified Harrison’s ruté
tal data. The final discussion and conclusions are presented

in Sec. IV. ij k(d)=

do) "iix
al Y k(do), (1)

Il. THEORETICAL DETAILS where d (dy) is the strained(unstrained interatomic dis-
tance. For the exponenis;, we use the values of Ref. 18

We start by choosing an appropriate TB model for per-(sp®s*) and Ref. 19 $p°d®s*), which are obtained by fit-
forming the calculations. We consider two candidates: theing the bulk deformation potentials. The strain-induced
nearest-neighborsp®s* model of Voglet al'” with param-  crystal-field splitting of the on-site-orbital energies is also
eters modified in order to include the spin—orbit coupfifig, taken into account® The interplane distances in the direction
and the newesp’d®s* model of Janciet al® (in the origi-  perpendicular to the interfaces are calculated using the mac-
nal work the spin—orbit coupling is taken into accourh  roscopic elasticity theory, with bulk lattice constants and
order to compare the two models, we have calculated thelasticity moduli of InAs and InP taken from Ref. 16. The
band edge energies and the effective masses &t pwnt of  calculated band gaps and the effective masses of InAs, biax-
the Brillouin zone in bulk unstrained InP and InAs. The re-ially compressed in th€001) plane to the bulk lattice con-
sults are shown in Table I. The data from a recent referencstant of InP are also shown in Table I. The calculated
work!® are also shown in the table. The latter are derivecconduction- and valence-band dispersion curves of the bulk
from a critical review of all the available experimental and compounds in th€ 1000 and(111) directions are shown in
theoretical data on the investigated compounds. Fig. 1.

It is seen that there are large discrepancies between the The material parameters at the interfaces and in the
results obtained using the oldep®s* model and the refer- InAs,P;_, alloy are calculated using the virtual-crystal bulk
ence data for both the band gaps and the effective massgsrameters in the following manner: for the parameters of a
except for the InP hole masses. This is a consequence of tlwation (In) layer the average concentration of As in the two
fact that thesp®s* parameters given in Ref. 18 are based onadjacent anion (A®;_,) layers are taken; for the param-
outdated band structure data, and is also due to the intrinsigters of an anion layer the concentration of As in this layer is
deficiencies of the nearest-neighbes's* TB schemée? In used; and for the parameters of the interaction between a
contrast, thesp®d®s* model gives exact results for the band cation and an anion layer the concentration of As in the anion
edge energies. The effective masses obtained bypfe’s* layer is used. This approach is widely used in tight-binding
model also are in good agreeméniithin 8%) with the ex-  heterostructure calculations and ensures the averaging of the
perimental data except for the InP valence band effectivgparameters at the common idim) interface layer, instead of
masses, where the differences are 28% for the heavy holbruptly “switching” from InAs to InP parameters at an ar-
mass and 18% for the light-hole mass. Since the grounditrary interface boundary of zero width.
states energies depend mainly on the band edge energies andin order to obtain the energies and the spatial distribution
on the effective masses the well it is evident that, at least of the bound states, we use the Green’s function formalism.
for our purposes, the description of the electronic structur@’he Green'’s functions of the barrier and the well materials,
obtained by thesp®d®s* TB model is much better than the G andG™), are computed using efficient algorithifs2*
one obtained by the commonly usep®s* model. Therefore Then they are matched at the two interfaces, using the sur-
we adopt thesp>d®s* model for our calculations. face Green’s function matching meth@tin order to obtain

The strain is incorporated in the TB Hamiltonian as usualthe Green'’s function of the structu@®. The energies and
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the spatial distributions of the states are calculated from thetherwise, by “valence band offse{'VBO) we shall mean
local density of stated.DOS), the latter value, i.e., the “strained” VBO between InAs and
InP. The constant added to the diagonal TB parameters of
InAs (i.e., the “unstrained” valence band differenamay be
obtained by adding to this value the position of the valence
band maximum of strained InAs. In tlep®d®s* parameter-
whereE is the energyn is the |ayer inde)(, an@gs)n is the ization used in this work the latter is equal to 0.089 eV.
diagonal element of the Green’s function. We use a finite [N the literature there is no clear indication for the effect
value of e=0.001 eV, this is also the precision used to de-Of Strain on the VBO. It has been argued on the basis of
termine the energies of the bound states. self-consistent TB calculations that the band offset in
The effect of the interface grading on the transition enerStrained heterojunctions depends on St?ZUSl{Ch a depen-
gies is studied using the simple diffusion model of gradingdence may affect the bound states energies especially in
presented in Ref. 9. This model does not take into accouriitructures with graded interfaces. On the other hand, it has
lateral roughness and steplike interface structure, instead, Reen shown that the interdiffusion in systems with a common
uses a concentration profile, averaged over the layer plane@iom does not change the VBO Therefore we use the
This limitation is a consequence of the use of the virtual-Simple linear dependence of VBO on the alloy composition,
crystal Hamiltonian and can be overcome by using mordesulting from the linearity of the virtual crystal approxima-
sophisticated methods like the supercell technifjae the  tON.
coherent potential approximatith within the adopted

N(E,n)=—% lim IMT{GE(E+ie)], )

e—+0

Green'’s function approach. However, for the present work I1l. RESULTS AND DISCUSSION
we favor the simplicity of the diffusion model and the
virtual-crystal approximation. The diffusion lengthy is A. Band offset

used as a parameter, giving the amount of grading present in Various values for the VBO of the InAs/In@01) hetero-
the structure. Small values d&fy between O(abrupt inter-  junction have been reported in the literature. A comprehen-
faceg and 2 ML are used in order to model the interfacesive review of the available experimental and theoretical re-
grading. The strain in graded QWs is taken into account byults can be found in Ref. 16, where a recommended value of
assuming an in-plane lattice constant equal to that of bull0.35 eV is given for the unstrained heterojunction, corre-
InP throughout the structure and calculating the interplangponding to a strained VBO of 0.44 eV. The first-principles
distances by using a linear approximation for the elasticitycalculation of Wei and Zungét gives a value of 0.42 eV,
moduli of InAsP; . while the extrapolation from the experimental data on InAsP/
As usual in TB calculations, the heterojunction band off-InP quantum well§VBO equal to 25% of the strained band
set is taken into account by adding a constant value to thgap differencé) gives a smaller VBO of 0.245 eV. A previ-
diagonal tight-binding paramete(se., to the on-site orbital ous fit of the transition energies obtained by EFA calculations
energieg of the well material, thus shifting its entire band to experimental data on thin InAs/InP QWSs suggests a value
structure with this value. However, the strain changes thef 0.41 eV, while the same fit made with the TB method
energies of both the valence and the conduction band, angives 0.47 eV(Ref. 3] (it is not clear though whether the
thus the value added to the TB parameters is not equal to tHatter two stand for strained or for unstrained VBOhe
actual offset between the valence band maxima of the tw&BO is a property of the heterojunction, therefore, for QW
materials. From here on, except where explicitly specifiedvidths in the monolayer rang&e., when we have two het-
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erojunctions very close to each othéris possible to have a We have also calculated the spatial distributions of the E1,
VBO quite different than that for a wider QW. In order to HH1, and LH1 states. In the 1 ML well, we have obtained
take into account this possibility, while encompassing thenP-localization of electrons only for VBG- 0.9 eV. The
entire range of values accepted for wider QWSs, we vary thdight-hole state is localized in the InP barrier only for VBO
VBO from 0.2 to 0.9 eV. Later, when investigating particular = 0.2 eV. For all other well widths and VBOs we observe
features of the band structure for a fixed value of the VBO InAs-confinement of the carrier wave functions. This finding
we will use a composite value of 0.4 eV, obtained by aver-contradicts a previous TB calculatidmade using the p°s*
aging the cited results. model with an unstrained VBO of 0.42 €¢orresponding to
We have calculated the energies of the electronic states strained VBO of 0.51 el where InAs-confinement is
and the transition energies at the point of the Brillouin  found for heavy holes only. The experimentally observed
zone for InAs/InP QWs from 1 to 4 monolayeifdL) wide.  heavy-hole and light-hole transition intensitfe$,however,
The obtained energies of the electron—heavy (Blkk-HH1) also suggest type-l confinement of carriers in these struc-
transition and of the heavy hole—light hole splitting are plot-tures, thus supporting our results.
ted in Fig. 2. When increasing the VBO, two main trends are The spatial distributions of the electron, heavy-hole and
observed: the E1-HH1 transition energy decreases and thight-hole ground states, calculated for a VBO of 0.4 eV, are
HH1-LH1 splitting increases. The E1-HH1 transition en-shown in Fig. 3. The fact that the spatial distributions are not
ergy is more sensitive to the VBO for greater VBOs due tosymmetric with respect to the well center is due to the lack of
the increased confinement of the HH1 state. The splitting, omversion symmetry in the zinc-blende structure. As ex-
the contrary, increases more rapidly for smaller VBOs. Thigpected, in the 1 ML QW there is a weaker confinement of all
is due mainly to the fact that the LH1 state is degenerate witlcarriers. This is very pronounced for the E1 and LH1 states,
the InP valence band at a VBO of 0.2 eV and emerges fronsince they are closer to the respective barrier band edges,
the continuum at 0.3 eV, while the HH1 state is well confinedhowever it is clearly seen as well for the HH1 state. The E1
in the entire range of VBOs considered. The E1 state in the And LH1 states are more weakly localized in thinner wells,
ML QW becomes degenerate with the InP conduction bandvhile for the heavy hole state this effect is significant only
at a VBO of 0.8 eV, for the other QWs its energy is a fewfor the 1 ML QW. Therefore, we may expect the oscillator
meV below the continuum for a VBO of 0.9 eV. strength for the transitions in 1 ML QWs to be several times

LDOS (arb. units)
LDOS (arb. units)

FIG. 3. Spatial distribution of the LDOS for

(@) " Monolayer index the first electron(a), heavy-hole(b) and light-
hole (c) states in InAs/InP QWSs from 1 to 4 ML
?g wide for VBO 0.4 eV. Monolayer index O repre-
& 60 sents the center of the QW.
‘:E: 50
g
8 30
9 20
10
0
5 0 5
(c) Monolayer index
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lower than in thicker wells. This may explain the fact thatfor the 1 ML well to 25 meV for the 4 ML well. These
transitions from 1 ML QWs are not observed in the absorpchanges are greater for wider wells, which can be explained
tion spectra of samples with steplike interfaéésyhere one by recalling that strain shifts the potential in the well, and
may reasonably suggest the presence of regions with a thickhis has greater effect on the states energies in wider wells.
ness of 1 ML. Therefore, in wider wells strain is dominating, whereas for
Our results are compared with the experimental data ofninner wells the confinement has larger effect on the elec-
Paki et al? for the transition energies in 2 and 3 ML QWS. tronic states.
We neglect the exciton binding energies, since they are ex- The heavy hole—light hole splitting, as a general rule, in-
pected to be below the experimental error of 0.0P%Vhe  creases with increasing strain. This effect is, again, more
experimental E1I-HH1 and E1-LH1 transition enerd@so  pronounced for wider QWSs, due to the reasons already dis-
shown in Fig. 2 are 1.23 and 1.32 eV in the 2 ML well and cussed. The variation of the splitting energy is larger than
1.32 and 1.37 eV in the 3 ML well, respectively. The heavy/that of the E1—HH1 transition, reaching 38 meV for the 4
light hole character of the transitions was confirmed byML QW. In our calculations the difference between the
polarization-dependent measurements. It is seen in Fig. Beavy-hole band edges of InP and strained InAs is kept con-
that the E1-HH1 transition energies suggest a VBO belovwgtant independent on strain, i.e., the depth of the potential
0.2 eV. If this were the case, the LH1 state would be degenwell for heavy holes remains constant and that for light holes
erate with the InP valence band, which would lead to a muchiecreases with strain. Therefore, the observed behavior is
weaker intensity of the light-hole transition with respect tomainly due to the change in the HH—LH splitting of the bulk
the heavy-hole one. This, however, is not observed experinAs valence bands due to strain. Because of the larger con-
mentally. On the other hand, the experimental HH-LH split-finement energies in thinner QWSs, however, the effective
ting is close to the calculated one for a VBO close to 0.3 eVmass and band nonparabolicity changes with strain also play
Therefore we can conclude that the experimental values car significant role. This is well seen especially in the 1 ML
not be explained by the simple model of a rectangular fullyQw, where a small decrease of the splitting energy is ob-

strained QW with abrupt interfaces. served for strain between 0 and 1.8%—an effect, which is
not seen in the dependence of the bulk band splitting on
: strain.
B. Strain

Our calculations for other values of the VBO show that
One possible effect that can lead to the observed discrefhe strain-induced shift of the transition energies is largest for
ancies between theoretical and experimental results is tdBOs between 0.3 and 0.4 eV. At this point the distribution
have a strain value in the InAs layer different than the strairof the band gap difference between the conduction and the
suggested by the difference between the bulk lattice convalence bands makes the strain most efficient in changing the
stants of the two material63.1%. This can occur due to confinement energies of both electrons and holes. The excep-
strain relaxatior{smaller straif or to accumulation of strain tion of this trend is the E1-LH1 transition in the 1 ML QW,
in the well layer(larger straif, which has been experimen- since in the latter the LH1 state is degenerate with the con-
tally observed in ultrathin InAs layers in GaA%In order to  tinuum for VBOs up to 3 meV and is therefore not affected
estimate the effect of strain on the electronic states of thirby strain.
QWs, we have calculated the dependence of the transition We compare the obtained strain dependence of the transi-
energies on strain, varying the strain in the InAs layer from Qtion energies with the experimental data from Ref. 2. Assum-
(completely relaxed layeto 8%. The calculations are done ing that some strain relaxation is present in the structures,
keeping the same valence band difference between straineshe may obtain smaller HH—LH splitting energies, as sug-
InAs and InP(0.4 eV) for each value of the strain. The re- gested by the experiment. However strain effects cannot ex-
sults are presented in Fig. 4. plain the fact that the experimental E1-HH1 transition ener-
Our results show that the dependence of the E1-HHZies are larger than the calculated ones, since both decreasing
transition energy on strain is relatively weak. The transitionand increasing strain we obtain values smaller than the ones
energies are smaller for relaxed wells and have a maximurabtained for the nominal strain of 3.1%. Since our results
for approximately 3% strair{3.5% for 1 ML wellg. This  show that the effect of strain is relatively small in ultrathin
behavior generally follows the dependence of the band ga@Ws, one may also suggest that the possible errors resulting
of InAs on strain. The variation of the transition energy for from the nonsuitability of the macroscopic elasticity theory
strain between 0 and 6% is relatively small—from 10 meVto predict the lattice constants for layers with monolayer-
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range thicknesses should be of the same of2@+30 mey  behavior is similar to that reported by many authors for dif-
and could not account for the observed disagreement bdused QWs(see e.g., Ref. 34 The blue shift of the transi-
tween theory and experiment. tions in ultrathin wells, however, is much larger than the one
in wider wells, because the same changes in the concentra-
tion profile occur at smaller diffusion lengths.

We have also calculated the spatial distributions of the

It has been shown previously that very small amounts obound states in ultrathin QWs with graded interfaces. A
interface grading in the AlGaAs/GaAs system have a signifismall decrease of the amplitude is observed with increasing
cant effect on the bound states enerji€snd can dramati- | however, in spite of the fact that the wells become sig-
cally influence features of the electronic structure such as thgificantly more shallow, the states remain well localized in
I'-X mixing in superlattices:* There is experimental evi- the 2 and 3 ML QWS for the considered range of diffusion
dence that intermixing occurs during the growth of InAs/InPlengths. Therefore, the effect of interface grading should be
heterostructure§>'* Until now, however, only intentionally manifested in the optical spectra only by changes in the tran-
annealed QWs have been theoretically investigitddiav-  sition energies.
ing shown that varying only the VBO and the strain it is |n the figure are also shown the experimental transition
impossible to obtain a satisfactory explanation of the experienergies for the E1-HH1 and E1-LH1 transitions in the 2
mental transition energies in ultrathin InAs/InP QWs, we fur-and 3 ML wells. It is seen that taking into account the inter-
ther extend our model in order to take into account interfacgace grading we obtain an excellent agreement between the
grading in these structures. theoretical and the experimental resultslfgy=1.8 ML. Our

We investigate the effect of interface grading on the trancajculations for other values of the VBO show that a satis-
sition energies, assuming a diffusion model of the grading,factory agreemerttithin the experimental error of 0.01 &V
and using the diffusion length, as a parameter giving the petween the calculated and the experimental transition ener-
amount of grading present in the structure. This model introgjes can be obtained for VBOs between 0.35 and 0.48 eV
duces a concentration profile, averaged over the layer planegnd diffusion lengths of 1.7—2.3 ML. These VBO values are

calculated as a solution of the diffusion equation for smallyithin the range of acceptable values cited in the literature.
values of the diffusion length. The calculated concentration

profiles in the 2 and 3 ML QWs for values bf, of 0, 1, and

2 ML are shown in Fig. 5. As expected for very thin QWs,
the concentration profile changes significantly even for dif- Another possible effect of intermixing is to have a certain
fusion lengths as small as 1 ML. Still, farpb=1 ML only  nonzero concentration of P in the well layer. In order to take
the concentration of the layers adjacent to the interfaces

C. Interface grading

D. Well composition

changes noticeably, the change in the other layers being 1.40 .
<3%. ForLp=2 ML the entire well profile is modified, I
and the concentration of P at the well center reaches 50% for 130 —
the 2 ML QW and 29% for the 3 ML QW. ol L

Figure 6 shows the results for the optical transition ener- § 1.20 T
gies in 2 and 3 ML wide InAs/InP QWSs with graded inter- T S —— T Bl
faces for a VBO of 0.4 eV. The transition energies of the 110 —— El-HHI S M
graded QWSs exhibit a blue shift with respect to the transi- 1.05 experiment
tions in the rectangular QWSs. This shift is slightly larger for 00 05 10 15 20
the E1-HH1 transition, since the heavy hole energies are Difiusion length (ML)

more sensitive to the changes of the well potential mainly FIG. 6. Optical transition energies in 2 and 3 ML InAs/InP QWs
due to the larger potential barrier. Thus, the interface grading,ith nonabrupt interfaces for VB0.4 eV. The experimental tran-
also leads to a small decrease of the energy separation bgtion energies are shown with thin horizontal lines. The lower line
tween the heavy hole and the light hole transition. The blugy 1.23 eV corresponds to the E1-HH1 transition in the 3 ML well,
shift is larger in the 3 ML QW, and increases with the in- the middle one at 1.32 eV represents the E1-LH1 in the 3 ML QW
crease of the VBO. The maximum blue shift observedand the EL-HH1 in the 2 ML QW, and the line at 1.37 eV corre-
reaches 0.11 eV at a diffusion length of 2 ML for the E1-sponds to the E1-LH1 transition in the 2 ML QW. The results
HH1 transition in the 3 ML QW at VBO of 0.6 eV. This giving best fit to experiment are shown with arrovis,&1.8 ML).
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whole area of the sample. Thus, it is impossible to obtain a
precise estimate of the width and composition of each QW

e based only on the HRXRD results. However, assuming the
1o S T presence of 2 and 3 M'L QW regions in the samples due to a
20 o m_onolayer step at the interface, we obtain a goo_d_ agreement
' o with the experiment for both QWs at a composition of the
well material InAg g5 17 We have obtained the same result
also for a VBO of 0.3 eV at an As concentration
=87.5%.

When one investigates InAs/InP QWs with perfectly

FIG. 7. Transition energies in rectangular 2 and 3 ML abrupt interfaces by means of an atomistic method such as
InAs,P; _/InP QWs with varying composition of the well material TB, the model is restricted to considering only QWs contain-
and a VBO of 0.4 eV. E1-HH1 and E1-LH1 transition energies aréng an integer number of InAs monolayers due to its discrete
plOttEd with the solid and dashed line in the 2 ML well, and with the nature. However, tak|ng into account the interface grading
dotted and dashed—dotted line in the 3 ML well. The energies of 1gng considering concentration profiles such as the ones
2, and 3 ML InAs/inP QWs X=1) are shown with squares and shown in Fig. 5, it is easily seen that this restriction no
triangles for heavy and light-hole transitions, respectively. The €Xlonger has physical grounds. One may suggest that during
perimental transition energies are shown with horizontal lines. Th%e growth of ultrathin QWs both effects occur; the inter-
values giving the best fit to the experiment are shown with armoWSe oo are non-abrupt due to atomic-scale roughness and com-

into account this possibility, we consider rectangularPonent interdiffusion, and they contain an arbitraryot
InAs,P;_,/InP QWs. The calculated transition energies in 2equal to an integer number of monolayegsmount of the

and 3 ML rectangular InA®; _,/InP QWs for a VBO of 0.4 well material. Since both the increasing of the interface grad-
ML are shown in Fig. 7. The dependencies are plotted versu§'d and the decreasing of the amount of InAs in the QW have
the total amount of InAs in the structure, which can be ex-the same influence on the transition energies, one needs more

pressed in units of ML by multiplying the InAs concentration precise data on thg sample structure anc_i composition i.n order
x in the well by the well width in ML. We note that the 0 make a comparison between theoretical and expenmentgl
InAs P,_,/InP QWs considered here differ from the InAs/ res_ults. Good ca_ndldates_ for _such a study are samples in
InP QWs considered in the previous sections as they ma hich the well thickness is uniform throughout the area of
contain a total amount of InAsot equal to an integer num- the samplésee e.g., Ref. 4 because the total amount of the
ber of monolayers well material can be unambiguously obtained by HRXRD

It is seen from the figure that the effects of decreasing thénéasurements.
As concentrationx in the QW are similar to those of in-
creased interface grading) the transition energies increase
and (ii) the heavy hole-light hole splitting decreases. The
transition energies of wider wells are higher than those in We have calculated the optical transition energies in
more narrow wells with the same amount of InAs, and thisstrained ultrathin InAs/InP001) QWSs using the semiempir-
effect is more pronounced for the heavy-hole transition. Thécal sp>d®s* tight-binding method, the virtual crystal ap-
differences between the transition energies in 2 and 3 Mlproximation, and the surface Green’s function matching
QWs, both containing 2 ML of InAs, are 32 meV and 14 technique. QWs from 1 to 4 ML wide are considered. The
meV for the heavy- and light-hole transitions, respectively. effect of a number of factors on the transition energies is

Comparing the calculations with the experimental resultsystematically investigated: valence band offset, strain, inter-
(also shown in Fig. Ywe see that the first pair of transitions, face grading, and well composition. We start with the simple
attributed to the 2 ML QW(E1-HH1=1.27 eV, E1-LH1 model of a rectangular fully strained QW. Then we investi-
=1.32 eV), can be satisfactory explained by assuming eithegate the dependence of the transition energies on strain in
a 2 ML QW with x=0.83 (corresponding to a total amount order to take into account the possibility to have InAs strain
of InAs 1.65 ML), or a 3 ML QWwith x=0.6 (total amount values different than 3.1%he difference in the bulk lattice
of InAs 1.8 ML). For the other pair of transition energies constants of the two materialdue to the very small thick-
(E1-HH1=1.32 eV, E1-LH¥1.37 eV, attributed to the 3 ness of the InAs layer. Further, we extend our treatment in
ML QW, we obtain an excellent agreement 803 ML QW  order to include intermixing effects by considerifiggraded
with x=0.83 (corresponding to 2.5 ML InAs interfaces with a diffusion concentration profile, afid)

The thickness of the QWs in Ref. 2 is measured usindQWs with abrupt interfaces and varying composition of the
high-resolution x-ray diffractiofHRXRD). These measure- well material. The effect of strain on the transition energies is
ments are sensitive to the average amount of the well matdeund to be small for thin wells, where the confinement is
rial present in the sample. In samples such as the ones deery strong and therefore dominating. The effect of intermix-
scribed in Ref. 2 the presence of QW regidistands of two  ing is, on the contrary, more pronounced in thinner wells
different widths is suggested by the optical data. Thereforebecause they are sensitive to very small changes in the inter-
the average amount of well material in the samfilence, face potential. Our results show that the shift of the transition
the HRXRD data depend not only on the composition, but energies obtained by either introducing graded interfaces or
also on the relative area of each region as a fraction of thehanging the well composition is significant and cannot be
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neglected in theoretical calculations, especially knowing thapy assuming rectangular Inf®, _,/InP QWs with a con-

intermixing may occur during the growth of InAs/InP centration of As in the welk=0.83. Thus, the comparison of

heterostructure§’** theory with experiment also shows that taking into account
Comparing our calculated results with experimental dataihe intermixing effects is important in order to obtain an

we show that the experimental transition energies cannot bgccurate description of the electronic properties of ultrathin

accounted for by a simple model of a fully strained rectanquantum wells.

gular QW. The effects of strain different than 3.1% also can-

not explain the experimental observations. Considering QWs

with nonabrupt interfaces we have shown that a reasonable

agreement with the experimental results is obtained for

VBOs between 0.35 and 0.48 eV, which is consistent with The authors gratefully acknowledge the financial support

the majority of results on the InAs/InP heterojunction bandof the Natural Sciences and Engineering Research Council of

offset1® and for diffusion lengths of 1.8—2.3 ML. A good Canada during the course of this research. P.D. also acknowl-

agreement with the experimental results can be obtained alszlges support from the Canada Research Chair Program.
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