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A theory of Wannier-Mott excitons bound to monolay®tL ) impurity planes in semiconductors, which is
based on Green'’s function tight-binding calculations of the single-particle states, is presented. Binding energies
and oscillator strengths for one and two MLs of InAs in GaAs are predicted to be much larger than in the usual
In,Ga, _,As/GaAs thick quantum wells. The reason is the increase of effective mass of both carriers due to
folding of the InAs bands along the growth direction. The results suggest that ML insertions can be used as
intense light sources in light-emitting devices.
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Among the basic reasons of interest in spatially confinedhe interfaces. The isovalent impurity plane produces an at-
excitons are their increased binding ene(iggplying higher  tractive short-range perturbation for both electron and heavy-
stability at room temperaturand oscillator strengttieading  hole levels, which always has a bound state, due to the one-
to a more efficient coupling with lightFor excitons in quan- dimensional(1D) nature of the density of states for a given
tum wells(QWSs) both quantities reach a maximum at a criti- in-plane wave vectofcontrary to single isovalent impurities,
cal well thickness, when carriers start to leak into thefor which a bound state occurs only if the short-range poten-
barriers! Increasing the maximum values, thus giving strongtial exceeds a certain threshtid. Concerning exciton
radiative properties to the exciton, would be quite importantstates bound td layers, the only previous atomic-scale ap-
also for possible applications in light-emitting devices. proach consists of the linear-chain TB model of Ref. 2.

In this work we predict that binding energies and oscilla-Clearly it is highly desirable to have a formulation of the
tor strengths much larger than corresponding QW values ca@xcitonic problem which starts from the electronic structure
be achieved for excitons bound to monolagél ) impurity ~ and is able to calculate exciton wave functions and oscillator
planes, like, e.g., InAs in GaAs, which is the system considstrengths.
ered here. This originates from folding of the bands of the The present approach is based on the Green'’s function TB
impurity material along the growth direction, resulting in a scheme of Ref. 9. We exploit the fact that the exciton is still
large effective mass of both carriers. This effect goes beyontVannier-Mott-like, as far as the in-plane dynamics is con-
commonly adopted envelope-functidBF) models, and is cerned. The relative electron-hole radius in the plane is, in
derived here from a new approach to spatially confined exfact, much larger than the lattice constant, thereby permitting
citons, which starts from tight-bindingrB) calculations of a shallow-exciton approximatiofior the in-plane motion
single-particle states. only. The electron and hole dynamics along the growth di-

The presence of an isovalent impurity plajaéso calleds  rection is treated, instead, by the TB method: thus the effect
layen in a bulk host matrix, like, e.g., In in GaAs or AlGaAs, of band folding along the growth direction is fully taken into
or Ga in AlGaAs, gives rise to intense luminescence fromaccount. We consider here the case of one and two MLs of
excitons bound to thé-layer?=> The strong excitonic prop- InAs in GaAs.
erties of 8 layers have not been theoretically explained up to  The N-electron exciton wave-function is written’4s
now. Monolayer(and submonolaygimpurity planes repre-
sent the ultimate limit of narrow QWs: however since the
bound levels are close to the band edges of the host, and  Vex= 2 2 Aco(Ke.Ko)Pur o (1, -+ ), (1)
several tenths of an eV far from those of the impurity mate- cw kel
rial, an EF description of the ML impurity plane is inappli-

cable, raising a challenging theoretical problem. crystal with the impurity plane¢ (v) is a conduction-

Calculations of electronic states for InAs impurity layers ; ) .
in GaAs have been performed by TRefs. 6-9 as well as (valence} band index which may have a discrete and a con-
) tinuous part, ancﬂ)vkﬁckc is a Slater determinant obtained

pseudopotentid!!! techniques. These approaches take into .
account the band structure features, at the atomic scale, §m the Hartree-Fock ground state by replacing the valence
host and perturbing materials. Unlike EF schemes, they yiel@loch functiony, -with the conduction onefc . Spin in-

the band dispersion throughout the Brillouin zone, and makelexes are understood. Tkespace equation for the envelope
no assumptions about wave-function matching conditions afunction A, (k..k,) has the usual forr but here all wave

wherek. ,k, are two-dimensional2D) Bloch vectors for the
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vectors are in 2D. The Coulombic matrix element can bek.=k,=k. The shallom(Wannier-Mot} exciton approxima-
evaluated by expanding the products of periodic pags tion for the in-plane dynamics is defined by keeping only the
u,k of the Bloch functions in plane waves with reciprocal G=0 term in Eq.(2), and by neglecting thésmall) variation

lattice vectors: of Ug,U,x, When the 2D wave vector varies on the scale of
the inverse exciton radius. These approximations will be jus-
ugkc(r)uc,ké(r)zz C(cke,c'k,;G)e'CT, 2 tified_a posteriori as u;ua’r,4 by verifying that the envelope
G functionA(k,k)=A(K) is strongly peaked arourid=0. The
and similarly for the valence Bloch functions. k-space equatior{omitting the exchange interactiprbe-

We consider only optically active exciton states, i.e., withCOmMes

2

2me +oo ,
[ec(k)— e, (k) ~E]Aq,(K) — > WAW(IOJ f Clec’;21)C* (vo'izp)e” MK I ldzdz=0, (3)
Clvlkl — 00
|
where e.(k.) [€,(k,)] is the conduction{valence} band The indexesc,v in Eq. (3) run over the discretébound
dispersion.e is the background dielectric constant, and and continuum(unbound states of the ML impurity plane.

In the strong confinement regime for the exciton, when there
@) is separate quantization of electron and hole levels, the exci-
ton wave function is well represented by keeping only the
electronic states bound to the ML. The linear-chain model of
is the planar cell average of the product of zone-center BlociRef. 2 indicates that the projection of the exciton onto the
functions. We emphaSize that the full conduction andseparab|e Wave-function, obtained by keeping On|y the
valence-band dispersion is retained in E8): no effective-  hound state, is as high as 99% for 1 ML InAs in GaAs: thus
mass approximation is made. separate electron and hole localization applies. A similar
The wave functions are calculated in the TB Green'sconclusion is also suggested by EF calculatithfhus we
function formalism. The host crystal is described by a TBmake the approximation of keeping only the bound conduc-
HamiltonianH® in the basis osps* atomiclike orthogonal  tion and valence states in E). The continuum part of the
orbitals centered on each atomic siteSpin and strain have spectrum needs to be included in order to describe submono-
been consistenly includédThe retarded Green’s function layers of InAs in GaAs, where a crossover to wéedgnter of
matrix G° of the host material is represented in a basis whichmass confinement regime is expected to octlr.
is Bloch-like in the plane parallel to the impurity layer and  \we make an axial approximation for the in-plane disper-
Wannier-like perpendicular to ft.It is related to the TB  sjon of both electron and hole. The integral equati@sare
atomiclike basis by a unitary transformation and can be Writ-50|ved by the modified quadrature metH@(ﬂhe wave vector
ten as(we refer to the[001] direction, which is the one variable is discretized according to a Gaussian formula,
relevant for this work while a singular function is added and subtracted in order to
L remove the divergence of the Coulomb potential, and the
IKlj )= \/_N_ % e ke Ri[k+ K, 1) ®) :rseur!g?r? i;n?;rlléullztg;ag(;nallzed numerically. The oscillator

z

C(cc’;z)=fce”uéo(f),z)uc,o(ﬁ,z)dp

wherel =s,p,,p,,p,,S*, k is a 2D Bloch vectorj indexes 2 2

the layersR; isyany lattice vector of layey, k, is a wave fe= Mofi @ gf (Ucole- p|uv0>§k: Acy(K))| - ©®)
vector along[001], and N, is the number of layer planes

considered. The perturbation induced by the impurity layer isSThe momentum matrix element between Bloch functions is
then constructed according to the prescriptions of Refs. 8 andssumed to be given by its bulk valué(@.o|p|u,o)|*/mo

9. The parameters of InAs and GaAs have been chosen i 25.7 eV times an electron-hole overlap integral.

order to reproduce the gaps at the critical poiatsl the The empirical TB scheme yields the planar average of
electron and hole effective massed'af® Strain of the InAs  Bloch functions for each atomic layer. A further average in
layer is included by scaling the TB parameters in order tahe growth direction has been performed in order to elimi-
reproduce the relevant deformation potentials. More detailsate the oscillations between anionic and cationic layers. The
can be found in Ref. 9, where the parametrization of InAs igresult is the analog of the macroscopic average used in band-
also given. Measuring energies from the valence-band top afffset calculationg? This average TB wave function can be
GaAs, the heavy-holéHH) and conduction-ban(CB) levels  compared to the result of the usual EF scheme. In Fig. 1 we
are bound at 23 and 1468 meV for 1 ML, respectively, and ashow the probability density of CB and HH levels for 1ML
54 and 1406 meV for 2MLs. The corresponding localizationof InAs in GaAs, calculated by the TB and E¥The elec-
energies of CB measured from the bottom of the conductiotiron level is more localized in the TB than in the EF calcu-
band of GaAs are then 52 meV for 1 ML and 114 meV for 2lation, due to the larger localization ener@he EF yields a
MLs. CB localization energy of 22 meV for 1ML, and 77 meV for



RAPID COMMUNICATIONS

R15 074 IOTTI, ANDREANI, AND DI VENTRA 57
0.06 —— TABLE I. Binding energies(in meV) and oscillator strengths
i per unit area for in-plane polarization (£6m~?) for the HH-CB
o o CB(TB) exciton for one and two MLs of InAs in GaAs.
L — CB(EF)
2 004 [ | (= f
Z N o HH (TB)
g s -—_- HH(EF) 1 1ML 12.9 12.9
2 AN 1 2 MLs 15.7 195
_8 0.02 | o o \EL _
g justified. The envelope function for two MLs is more ex-
tended ink space(therefore more localized in real space
e ] than for one ML: this is due to the stronger localization of
ool v vt m 8-8:8-R-Aan single-particle levels for 2 MLs.
0 10 20 30 40 50 In Table | we present our results for 1 and 2 MLs of InAs

z(A) in GaAs. Binding energies and oscillator strengths increase
with the number of layer insertions: this is a further indica-
FIG. 1. Electron and hole probability densities along the growthtion that the exciton is in strong-confinement regime. The TB
direction for 1 ML InAs in GaAs. Circles/squares: TB calculation. results are much larger than in (g _,As/GaAs QWSs
Full/dashed lines: EF scheme. (where typical values areE,~8meV and f~4
X 10* cm~2);1" the oscillator strengths for 1 ML and 2 MLs
2 MLs). On the other hand the probability density of the HH are larger by a factor of 3 to 5. This implies that the prob-
level is similar in TB and EF schemes. ability of photon absorption by a single InAs ML in GaAs is
The 2D dispersion of the bound levels is crucial for exci—|arger than for a IGa, _,As/GaAs QW of, say, 80-A width.
tonic properties. The in-plane effective mas§iesunitsmg)  The enhanced excitonic effect is due to a combination of
are found to bem,=0.079, m;=0.361 for 1 ML; me  different factors: increased wave function localizaticee
=0.093, m,=0.305 for 2 MLs. The effective masses are Fig. 1), large in-plane masses, and in-plane nonparabolicity,
larger than the bulk GaAs valuéS. This is contrary to ex- all go in the direction ofincreasingbinding energies and
pectations from EF models, which would lead to in-planepscillator strengths.
masses intermediate between those of GaAs and InAs. The We now discuss the approximations made. The effect of
different TB results are due to the fact that the CB and HHsing|e_partic|e continuum has been estimated by Comparing
confined levels are far from the band edges of InAs: thus thﬂ_space EF results with those of a real-space EF approach,
“effective masses” of the InAs layer are much higher thanwhich includes all bound and continuum levéisThe elec-
their values at th& pOint. In other WOdefOlding of the InAs tron and hole continuum gives a neg||g|b|e effect on the
bands along the growth direction leads to a sizeable increas@inding energies, but it increases the oscillator strengths by
of the 2D effective mass for the ML impuritkctually the 2794 (for 1 ML) or 10%(for 2 MLs). The momentum matrix
in-plane dispersion of both CB and HH is strongly nonpara-element shows little variation among 1ll-V semiconductors:
bolic: the full diSperSion has been used in the exciton CaICUfrom k- p theory?l its value for the ML |mpur|ty is expected
lation. to be inversely proportional to the in-plane effective mass,
In Fig. 2 we show thé&-space exciton envelope function and therefore it should be decreased with respect to the GaAs
A(k) for one and two MLs. It can be seen thratk) decays value by a factor of the order of 10-30%. The use of the
at wave vectors of the order of 0.81.0° cm™: thus the  GaAs dielectric constant in E¢B) has been tested by evalu-
shallow-exciton approximation discussed above is very welkting the effect of image charges in the real-space EF
approach’”: the effect is found to be smaller than a percent.
800 ———— — — g-dependent screening is usually negligible for large-radius
B i excitons. Finally, in order to investigate the dependence on
. TB parametrization we have repeated the calculation for 1
] ML using the TB parameters of Ref. 5. Binding energies
. (oscillator strengthsturned out to be smaller by about 20%
] (40%), mainly due to a smaller electron localization energy;
] the in-plane dispersion is almost unchanged. The different
results for the two parametrizations follow from the inability
of knowing and reproducing the bulk band structure with
sufficient accuracy. Our tests indicate that the results are
most sensitive to the GaAs masses atlthgoint, and to the
InAs band dispersion along th801] direction at wave vec-
L L, = . tors ~0.2x2w/a (wherea is the lattice constajtat such
0.0 0.01 0.02 0.03 wave vectors the two parametrized bulk bands differ only by
a fraction of an eV. Even within the quoted uncertainties, the
resulting binding energies and oscillator strengths are much

FIG. 2. In-plane exciton envelope function for one and two MLs higher than in InGa _,As/GaAs QWs, and the previous
of InAs in GaAs. conclusions about the role of band folding are valid.
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Several experimental investigations of MLs and sub-MLsthe large values for the oscillator strength suggest that InAs
of InAs in GaAs have been publisted (a more complete monolayers could be usefully employed as the active me-
list can be found in Refs. 5 and,%ut no determinations of dium in GaAs-based microcavitié.The Rabi splitting is
exciton binding energies have been reported. The observeskpected to be larger than in microcavities with embedded
strong radiative properties point towards high values for thepws, because of both the larger oscillator strengisML
oscillator strength$;* which, however, cannot be quantita- as well as the number of uncoupled MLs which can be in-
tively measured by the commonly employed photoluminesserted. Achieving a sizable Rabi splitting at room tempera-
cence and photoluminescence excitation techniques. Thgre would make microcavities with embedded MLs quite

transmission experiment of Ref. 3 on a GaAs sample Congyractive for application in VCSELs and other optical de-
taining one 0.5 ML insertion of InAs yields a strong dip jices.

associated with the localized exciton: this indicates that the Note addedA recent publicatiof? reports on the obser-
oscillator strength is much larger than in QWs, where theation of highly efficient laser emission from a single 1.5-
change in transmission due to a smgle QW is barely V'S'b,leML-thick InAs layer in bulk GaAs, and gives evidence for
The present results call for systematic measurements of binghe excitonic character of the recombination. This result con-
ing energies and oscillator strengths for excitons bound t¢,ms the importance of excitonic effects for InAs MLs in

ML insertions. GaAs.
We now briefly discuss possible implications of our re-
sults. An exciton binding energy in excess of 12 m@which It is a pleasure to acknowledge fruitful discussions with

is comparable to values for GaAs/8a _,As QW9 implies  A. Bitz, R. Colombelli, and J.-L. Staehli. One of (R.C.I)
that excitonic effects could be observable at room temperais grateful to EPFL for its hospitality to her during the course
ture. In addition to applications in usual QW-like structures,of this work.
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