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We consider AlAs/GaAs/AIA$001) quantum wells in which one of the interfaces is planar and the other is
modulated by periodic steps. The systems are described theoretically within a real-space tight-binding ap-
proach, and the optical nature of the heterostructures is investigated through the calculated oscillator strength
of the fundamental transition in the well. The interface profile amplitude and wavelength combined effects lead
to distinct optical regimes, which are qualitatively summarized in a simple phase diagram. At short wave-
lengths, increasing the modulation amplitude causes a decrease in the oscillator strength and eventually a sharp
direct-to-indirect gap transition takes place at a critical amplitude. For long enough wavelengths, the gap
remains direct at all amplitudes: The oscillator strength decreases until it attains a minimum, and then it
increases again as the interface modulation amplitude increases. The oscillator strength minimum in the second
regime is a signature of a quantum well to quantum wire crossover in the optical behavior of the system.
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[. INTRODUCTION from all these studies is that small interface imperfections are
usually negligible in affecting optical properti&.

The advances in crystal fabrication techniques allow the Previous TB studies of interface roughness efféaten-
growth of heterostructures combining a wide variety of semi-sidered AIAs/GaAs/AIA9001) QW's of average widthW in
conductor materials of different atomic compositions. Semiwhich one of the interfaces is flat and the other has a shape
conductor heterostructures, such as quantum wWel4/’s), given by an arbitrary oscillating functiod. At each inter-
quantum wires, and quantum dots, remain continually in foface, the material changes abruptly from GaAs to AlAs, or
cus over recent decades. In particular, the study of interfacegce versa. Calculations were limited to periodically oscillat-
between different materials have received considerable atteing shape function& of comparable wavelengthet was
tion. Several experimental studies show that some degree shown that the optical properties do not depend on the geo-
interface disorder is intrinsic to all epitaxial growth metric details oiZ, but only on the interface roughness,
processe$? Transport phenomena in heterostructures, such
as the electron scattering rate, are sensitive to any degree of p=(Z—(2))%), 1

interface roughness® Moreover, two-dimensional quantum )
well width fluctuations lead to naturally formed lower- Where(...) denotes averaging over tixey plane, perpen-

dimensional wells at interfaces. Optical measurements officular toz=[001], thus(Z) is the average interface height
QW’s reveal interesting properties associated to thes@nd p quantifies therms deviation of the interface with re-
formations>~8 Since optical phenomena in heterostructuresSPect to(Z). . _
are now widely implemented in technologw better under- In the present work we further explore this problem in-
standing of interface roughness effects in the optical propercluding the effects of th&-function periodicity, i.e., oscilla-

ties of these systems is useful for further development of th&on wavelength. Given our previous results, a single func-
field. tional dependence is considered, which we choose to be a

From the theoretical point of view, the envelope functionPeriodic step function. Experimental studiex AlAs/GaAs
approximatioh? (EFA) provides a simple scheme for the heterostructures grown alorgindicate steps ang terraces
treatment of optical and electronic properties of heterostrucformation at interfaces preferentially along the=[110] di-
tures. Nevertheless, a detailed description of the disorder reection. Motivated by these results, most results presented
gion at heterointerfaces is known to be outside the range dielow refer to interface shape function with steps alang
applicability of this formalism. This type of study requires an ~ The optical nature of the heterostructures is described by
atomistic description of the materials, and it was shown thathe calculated oscillator strengtiof the fundamental transi-
the tight-binding (TB) model is well suited for modeling tion in the systems. We start with an optically active QW
guantum heterostructures in situations where the EFA breakd #0) with flat interfaces and widtiW. When steps are
down! In this way, a simple empirical method based on thepresent in one of the interfaces, increasing their amplitude up
TB model and large supercells has been used to study diffeto A=W leads to a quantum wire geometisee Fig. 1 We
ent manifestations of interface imperfections, such as surfacghow that, according to the steps periodicitycertain con-
segregatior? diffusion® and the natural occurrence of figurations become inactivef £0) in the quantum wire
roughness at interfacé3$An interesting result that emerges limit, while others remain optically active. In both cases,
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AlAs (a) formalism, with periodic boundary conditioh$The super-
cells geometry is chosen to describe the configurations in
Fig. 1, withW=16 ML (monolayers; 1 Ml=a/2, wherea
GaAs 4 is the conventional cubic cell parameteBy adopting ortho-
rhombic supercells of dimensionbl,, N., and N, (§
AlAs =[1 1 0]) we model the interface shape with steps along
7 the # direction according to

1
A for kN,<n<|k+3IN,

S S . [ Z(n, &)= 2

AlAs GaAs

—A for

1
k— E) N”< 7]<an,

wherek is an integerA is the amplitude, antl, =\ defines
AlAs the wavelength of interface oscillations. For this shape func-
tion, Eq.(1) givesp=A. In Sec. lll, we usé\ instead ofp to
(C) quantify the interface deviations from planar geometry. One
— should notice that the amplitude can only vary within a set of
discrete values(multiples of 1 ML between 0 andw
=16 ML.
Gons | s | Gans | |ZW | caas In AlAs/GaAs heterostructures, Ga or Al atoms occupy
one of the two interpenetratingcc sublattices of the
zincblende structure, and As atoms occupy the other. Be-
cause GaAs and AlAs present negligible lattice mismatch,
z=[001] T we assume that, for every configuration, all atoms remain
/2 “frozen” at their ideal equilibrium zincblende positions. The
electronic states are treated within an approach based on em-
pirical TB theory. We use the first-nearest-neighbor model
proposed by Vogkt al,*” which adopts arsp’s* basis set,
FIG. 1. Schematic illustration of three interface configurationswith the zero energy level corresponding to fhetate at the
of a AlAs/GaAs/AlAs(001) heterostructure of average widitt ()  top of the valence band of AlAs. For GaAs, we take a posi-
QW of width W with completely flat interfacegh) QW of average tive band offset correction of 0.47 é¥ Recent studiés
width W (dashed ling with one flat interface and the other given have demonstrated that this is a reliable parametrization for
by the step functionZ with amplitude A and wavelength\; the QW’s properties investigated héfeThe corresponding
(c) Rectangular quantum wire$\2X \/2, corresponding to the limit  spin-independent TB Hamiltonian is
A=W.

Growth direction
P

n=[110]

T T
clear optical signatures of a quantum well to quantum wire H:z €RaCr oCRa™ 2 , R R0’ CR oCR" 0 »
crossover in the electron wave function, induced by interface R RaRe (3)
roughness increase, are identified. The first case is trivial.

The crossover is characterized by a direct-to-indirect gagvherecg ., Cg, are electron creation and annihilation op-
transition. For the last case, we find that the crossover magrators, witha=s,p,,p,,p,,s* representing the atomiclike
be identified by a minimum iri(A), the oscillator strength basis functionseg , the on-site energies, ang , g/ - the
dependence oA. hopping parameters between the indicated orbitals at lattice
nearest-neighbor sitd® andR’. The TB eigenfunctions

Il. MODEL CALCULATION AND METHOD

We consider GaAs QW's of average widW between ¢TB:i2 CiolRi @) 4
wide AlAs barriers, as illustrated in Fig. 1. Figuréajlshows “
the QW structure with planar interfaces, while Figbjlre-  are characterized by the expansion coefficie@its,. The
fers to the steplike QW configuration in which one of the supercell sizes are defined according to the system geometry
interfaces is planar and the other is defined by a periodic stepith N, large enough to guarantee convergence of our results
function Z with amplitudeA and wavelength.. IncreasingA  to the infinite-width barriers situation. The largest cells in-
one eventually reaches the quantum wire limiting case, volve N,=100 ML, N.= 142 ML, and N,7=28\/§ ML,
=W, depicted in Fig. (). From these configurations we see leading to cells with 78 400 atoms. Since we are interested in
that increasingA changes the heterostructure geometry pro-electronic properties that involve only the first electron state
gressively from a QW with flat interfacefAE0) to a rect-  (]e;)) and the first hole statgl{;)) in the well,H in Eq. (3)
angular quantum wireA=W) of basal area B/ X \/2. is diagonalized using an efficient computational method
Calculations are performed within a real-space supercelhat scales linearly in time with the size of the system.
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We consider initially a structure with planar interfaces [ ' ' ' ' ]
[see Fig. 1a)]. For a given supercell size in thedirection, (a) AN.=50ML
N,, we increase the GaAs well width fro/=0 (pure Tr ?,Ex;fg(ﬁ A o °1
AlAs) to W=N, (pure GaAs$. For intermediatéV, the im- ! ’ A
posed periodic boundary conditions generate a | o o
(GaAs)y(AlAs) \; superlattice, withM =N,—W. Since these A o)
configurations are translationally invariant in the two direc- [
tions perpendicular ta@, the superlattice eigenstates may be
conveniently labeledaccording to their symmetry proper- | A

ties) by ak vector in a two-dimensional Brillouin zone of the A

superlattice® A detailed analysis of th& symmetry of the
band-edge states in GaAs/AlAs QW's and superlattices
within the TB formalism was performed in Ref. 19. Since o lann
general types of interface roughness completely break the ’ : : : : :
translational symmetry of the system, it is interesting to in- [ (b) 1
vestigate whether reciprocal-space assignments for the band- 10 a & o o B o Of
edge states will remain useful in the present context. For - a
random alloys, which is also a system with completely bro- 8 a .
ken translational symmetry, we have previously shtimat ! ;
the orbital averaged spectral weight . &F 4

oa

Q=2 |ca<12>|2=§ij2a explik- (R—R)1C;.Cf, ‘I ]
(5) o | ]

provides a reliable way to quantify the amount of zincblende

k-symmetry character in the wave functions. We present in 0 ppas . . .
Fig. 2(a) the calculated spectral weight at thepoint for the 0 20 40 60 80 100
band-edge statds;) and|h,). Calculations were performed W(ML)

for N;=N,=8y2 ML and three values df,: 50, 80, and
100 ML. Nc_)te that the conductlor_l-band-(_adge state has Z€1Qith different values of the supercell dimensidly. Data points
spectral weight aF for W=0, (_:onSIStent W_'th the A_IAS band correspond to the band-edge stateg} and|h,) (latter given at the
structure where the Conduc.t'on'ban‘.j minimum is at X, SQngey, for a (GaAs)y(AlAs)y _w superlattice, as a function of the
|e1) has nol” component. This behavior is maintained while GaAs widthW. (b) Oscillatorzstrengtﬁ for the same superlattices.
W<10 ML. For the AlAs valence-band-edge state, the full
conssent i he A1 band Sueure. Calcuted s oy 1 e e expansion coefcers ) and
Q(T), for both statege;) and |h;), and for all other QW | */. lelB 2 - ST

widths W, decrease with increasing supercell dimensign basis orbitals|R; ), |R_J B, and d;;=R;—R;. As ex-
Of course this is not an unphysical result: It reflects the inpeqted from the results it@), f vanishes in the indirect-gap
crease in the number of k-space sampled points as the sup&fdime W< 10. Also, f depends only on the QW geometry,

Il size i f M here the zinchlddsct notonN,. This is a crucial feature for QW studies since, for
cell size mcrea}‘ses orasystem W ere the zinc of  each particular interface geometty, is taken to be large
is not a good “quantum number.

In Fig. 2(b) we present, for the same supercell confi ura--en-Ol-Jgh -to guargntee_ convergence -Of the -reSl.Jlts- o the
. S el pd i " fph nig b infinite-width barriers situatioA® According to this criterion,
:ﬁgzﬁltei ;igThage oscillator strength of the transition the oscillator strength, as well as the tra_msition ene;rgyor _

1 i the momentum matrix element, are reliable quantities while
the spectral decomposition of the band-edge states will not

~ 2
_ 2 [(eq|plhy)| (6) provide further insight into the problem. In what follows we

FIG. 2. (a) Spectral weight at the zinchlendlepoint calculated

m AE ' characterize the optical properties of the QW'’s by the oscil-

) - lator strength of the main gap transition.
wherem is the free electron maség,|p|h;) the momentum

matrix element between statde;) and |h;), and AE
=E(e,) — E(h;) is their energy difference, which also gives ll. RESULTS FOR THE OPTICAL PROPERTIES

the well's energy gap. The momentum matrix element is cal- Results for QW’s with flat interfaces in Fig. 2 show that

culated through the TB expressfén narrow wells display indirect-gap behaviafipole-forbidden
im transitions, f=0) and a sharp transition into direct gap

edplh) = — ce *Cch H. .d . 7 (dipole-allowed transitionsf#0) occurs forwW=10 ML.

(edlplhs) h i,j,za,ﬁ ha AT el BT @ Therefore, for the value aV considered her&l6 ML) and in
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T
&= 051 - MML)
i ] FIG. 4. Phase diagram illustrating the optical behavior of AlAs/
5 o A=10ML GaAs/AlAs heterostructures as a function of the interface modula-
oA | oA 0O | A | . tion geometric parameters fovY=16 ML. The dash-dot line sepa-
L 10 it G — 20 et 55 rates short (left) from long (right) periodicity, the solid line
indicates direct {+#0) -to-indirect § =0) gap transitions while the
A (ML) dashed line separates QW-likE\,) from quantum-wire-like { )

optical behavior. Due to the discrete nature of the paramétersd
FIG. 3. Calculated variation of the oscillator strength of QW'’s \, the lines in this diagram indicate average values where the cross-
illustrated in Fig. 1 as a function of the interface modulation wave-overs between different behaviors take place.
length\. The results correspond to average widtl-16 ML and
the indicated values of interface modulation amplit¥geand are
normalized with respect to the flat interface value. Trianglesh is sufficiently large, e.gX =142 ML (circles in Fig. 5:
(squares represent step formation in the=[100] (»=[110]) di-  No transition tof =0 occurs, and a peculiar optical behavior
rection. is found. As A increases from 0, the calculated oscillator
) ) ) strength decreases as described above, attaining a sharp
the absence of interfaces roughness, the first optical transiinimum atA~8 ML, above whichf increases withh up to
t|or|1:_|n the well is dr|]pole qllllowed. m lized to th A=W. For\=28\2 ML (triangleg, the minimum inf(A)
\gure 3 gives the oscillator §trengt ormaize to the occurs atA~3 ML. Thus, whenA increases from 0 toV,

flat interface valuefy as a function of the interface wave- . . . .

the system may display two different optical behaviors de-

lengthX for fixed values of the amplitudéa) A=9 ML and . . S
(b)?Ale ML. Triangles and squgres (Sva%ich are essentiall;Pend'ng on\. We may refer to the modulation periodicity as

superimposed, correspond to steps formation along Hrel S_hoft.or long accordir_lg to Fhese behavior(:t) for short pe-
7 directions, respectively. The calculated optical behavior is/°dicity the system is optically active in the quantum well
therefore, independent of the direction of the steps: This prol€9ime and becomes inactive in the quantum wire limi)
vides additional confirmation for the main conclusion in Ref.for long periodicity, both regimes are optically active and
15, namely, that the only relevant parameter is the interfacé(A) has well defined minimum. In Fig. 4hort (long) pe-
roughness, which is of course isotropic for steps formediodicity behavior is found to the leftright) of the vertical
along any crystalline direction. It is also clear that, for thesedash-dot line. In théong periodicity region, the minimum in
amplitudes, decreasing leads to a transition from direct-to- f(A) is indicated by the dashed line, which separates the
indirect gap behavior at a value af that depends on the decreasingf(,) and increasingf(") ranges off (A).
amplitudeA: It occurs at\~15 ML for A=9 ML and \ Of course the values of defining shortor long period-
~20 ML for A=10 ML. This transition is indicated by the icity behavior depend on the widW. The minimum basal
solid line in Fig. 4, where a phase diagram for the overallarea leading to optically active quantum wires, from our re-
optical behavior of théV=16 ML system is presented. sults in Fig. 5, isSWXA~2.48x10° A2 It is interesting to
Figure 5 further explores the combined effects of interfacenote that this estimate is in good agreement with the theoret-
modulations amplitude and wavelength. It presents resultgal result of Franceschetti and ZunfEbased on an empiri-
for the oscillator strength as a function Af f(A), for dif-  cal pseudopotential approach. They found that the critical
ferent values of\. For A=8y2 ML (diamond$ and diameter for the direct-to-indirect band-gap transition is
122 ML (squarey the oscillator strength decreases with56 A in a GaAs cylindrical quantum wire embedded in
increasingA, and eventually undergoes a transition to zero.AlAs, which corresponds to critical basal area of 2.46
This qualitative behavior is exactly the same obtained\for x10° A2
=8 ML in Ref. 15. As noted abovéFig. 3), increasing In order to investigate qualitatively the peculiar optical
increases the amplitude at which the direct-to-indirect tranbehavior obtained in thieng periodicity regime, we explore
sition occurs. However, a new situation is encountered whethe electronic TB wave function. The overall probability den-
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| s & | FIG. 6. (a) Same as Fig. 5 fox =142 ML. (b) - (f) Envelope
OA=14V2 ML SR T wave function squared, projected in the plane, for the first elec-
5 2 wa&:wvvvwVvvvv . P
¥ A=282 ML [ tron state in the QW's. The considered interface modulation ampli-
i 16 ottt tudes are indicated ifa) by the filled circles:(b) A=0; (c) A
0F N =4 ML; (d) A=8 ML; (e) A=12 ML; (f) A=16 ML. The gray
(') —— "1 —— é —— 1'2 —— 1I6 scale indicates higher densities by darker regions. Solid and dashed
lines represent the interfaces geometry, as in Fig. 1.
A(ML)

L . . QW. Further increasing the amplitude causes the electron
FIG. 5. C‘T"ICUIaied variation of the ‘.)SC'!lator strength O.f QW' state|e;) to remain predominantly localized in the wider
of average widthV=16 ML, illustrated in Fig. 1, as a function of GaAs valleys, with negligible density around the AlAs steps
the interface amplitudé@. The oscillator strength is normalized to Thi I ' lectronic distributi hing th .
the flat interface values. Different symbols correspond to the indi- IS rgveg s.an electronic distrioution app_ro_ac ing - € quan
cated modulation wavelengths. The insets give the correspondin m ere limit, A:W: 16, ML. Therefore, "F IS pIaUSIbIe'tO
energy gapsAE in the direct-gap range. identify the two regimes in the calculate_édlwth a predomi-
nantly quantum well {\,) or quantum wire { ) character
sity distribution across the well may be described through thef the electronic charge distribution in the GaAs region. In
envelope functiol |¢er(%,2)|?, which corresponds to the this context, the amplitude corresponding to the oscillator
projected squared TB coefficienfsummed over orbitals, strength minimum is identified with a characteristic ampli-
sublattices and coordinatg in the 7,z plane. Figure 6 il- tude above which the system crosses over to the quantum
lustrates the electronic density distribution corresponding tavire regime. Forlong \, the calculated oscillator strength
the statele;) for a QW of average widttw=16 ML, for — minimum provides an optical signature for the crossover
interface modulation periodicity =14y2 ML, and for dif-  from two-dimensional to one-dimensional electronic distri-
ferent values of the amplitude. The amplitudes 0 and 4  bution with increasingA.
ML correspond to the >\ regime, while andA=8, 12, and It is simple to understand, in general terms, the origin of
16 ML to the f  regime. These particular amplitudes arethe f, andf ~ regimes off(A). Starting from the perfect
represented by the filled circles in Figah In Figs. Gb)— QW limit A=0, it is known that increasing the interface
6(f) we presentyer(7,2)|? by the gray-scale plots, where roughness is equivalent to narrowing the weko f(A) is a
darker regions correspond to higher charge densities. decreasing function oA for A~0. In the quantum wire
For the QW withA=0, |gr(7,2)|? is homogeneously limit, A=W, the oscillator strength is enhanced by confine-
distributed alongy in the GaAs region. FOA=4 ML, we  ment, which increases the real-space overlap of the electron
note a displacement of the electronic density away from th@nd hole states, leading to larger optical matrix elements.
rough interface, with an overall behavior similar to the flatNote in Fig. 5 that forn=28\2 ML (triangles, f(W) is
interface distribution, but in a narrower Q#&/We obtain a  even larger tharii(0). In thequantum wire limit, decreasing
qualitatively different behavior foA=8 ML: The charge A from W reduces the confinement, thus reducingrhis
distribution becomes highly inhomogeneous alapgwith  justifies associating the\, andf ~ regimes respectively to
appreciable migration of the electronic density to the widerQW-like and quantum-wire-like optical behavior of the sys-
GaAs valleys, and away from the AlAs constrictions into thetem, with the crossover identified by the minimumfifA).
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The behavior of the energy gap versispresented in the strength presenting a minimum value at an intermediate am-
insets in Fig. 5, shows that in the QW regime the energyplitude. Forlong A\, we associate the oscillator strength mini-
increases monotonically with, while in the quantum wire mum with the optical signature of the crossover from two-
regime it saturates. Thus the crossover might also be inferredimensional to one-dimensional optical behavior.
from the behavior oAE vs A. However, for large enough, Of course the shape of the interface modulations adopted
e.g.,\=28\2 ML in Fig. 5, AE is not a very sensitive here is important in defining the lower-dimension geometry
function of A, while a minimum inf vs A may still be clearly in the limit when the modulation amplitude approaches the
identified. QW width. Steps or other oscillations restricted to one par-
ticular direction perpendicular tlead to quantum-wire-like
IV. SUMMARY AND DISCUSSIONS geometries in this limit. However, for more general types of
oscillations in thex-y plane, amplitude modulations increase
By employing a real-space supercell formalism we havemay lead to quantum dots formation. The behavior obtained
investigated interface modulation effects on the optical prophere is also expected to occur in the islands formation pro-
erties of AIAs/GaAs/AlAs QW’S. Interface modulations are cesses, where guantum confinement effects are known to en-
modeled, in only one of the interfaces, by periodic steps ohance the optical efficiency of the system.
amplitudeA and wavelength\. For a given\, increasingA
from O to the well width means changing the geometry from
a QW with flat interfaces into a quantum wire of rectangular
basis. The optical nature of the heterostructures is studied by The authors would like to thank H. Chacham, L.A. Cury,
calculating the oscillator strength of the fundamental transiand F.J. Ribeiro for helpful discussions and suggestions. This
tion in the QW’s. We found characteristic behaviors for thework was partially supported by the Brazilian agencies Fun-
oscillator strength with increasiny Forshort\ a direct-to- da@o de Amparo aPesquisa do Rio de Janei(BAPERJ,
indirect band-gap transition takes place while, for suffi-Conselho Nacional de Desenvolvimento Ciéot e Tecno-
ciently long \, this transition does not occur. In this last case,logico (CNPg, MCT-PRONEX, and Fundao Universitaia
the gap remains direct at all amplitudes, with the oscillatorJoseBonifacio (FUJB).
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