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Effect of interface localization on elastic scattering in AISBINAs superlattice infrared detectors
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We employ a microscopic model of AISb/InAs superlattices to study their dynamical characteristics and the
effect of interface bond type. The localization of valence band-edge states at InSb-like interfaces is observed,
and we use the elastic scattering cross-section of substitutional defects to probe the superlattice bandstructures.
The variation of the scattering properties provides an unambiguous signature of the localized interface states
that exist in our model.
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. INTRODUCTION full elsewhere in the literaturé'® Essentially, the method
that we apply allows for the full reduction in symmetry as-
The AISb/InAs heterostructures have been investigatedociated with strain in the bulk constituents to be accounted
for many years due to their potential for application in opto-for in the superlattice states. In addition, in contrast to the
electronic and ultra-fast switching deviceS.The combina-  widely usedk - p methods, the empirical pseudopotentials al-
tion of large conduction band offset with high electron mo-jow for the correct microscopic description of the structure
bilites make these materials ideally suited to suchon an atomistic scale, i.e., it is possible to directly specify the
applications. A feature of these structures that has been thaterface type according to the atoms which terminate the
subject of considerable attention is the possibility for twovarious layers in the structure. However, it should be noted
different interface bond types to be forméd: Due to the  that since the empirical pseudopotentials used are fitted with
lack of a common ion, two different types of interface bondregard to(strained bulk data, and are sensitive to their local
may be formed, AlAs-like or InSb-like. Previous studfs®  environment, one does not expect that the potentials, which
have shown that the InSb-like interfaces can result in a logdescribe the bulk-like superlattice layefseveral atoms
calization of charge in the valence band-edge state—the svide), will necessarily provide a good description of the
called “Tamm state” initially proposed by Kroemet al*®  single interface bond layers. In order that the physics of the
While earlier studies of ours have demonstrated the existengaterface bonds is included in the potentials used, an addi-
of such localized states usingb initio pseudopotential tional fitting step is introduced to replicate the localizations
calculations;*** an explicit signature of their presence was and energy shifts that were obtained by our earlier local den-
not identified. The changes to band-gap energies that we preity ab initio calculations™®
dicted were in agreement with the localization model and |n this paper, we shall consider three AlSb/InAs superlat-
available experimental resuft§.However, the existence of tice structures of the type studied experimentally by Spitzer
such energy shifts could be explained in many ways, an@t al,'” all nominally described as 3AISb/3InAéwhere
cannot be taken as firm evidence for the presence of locaBAISh refers to three lattice constants of AJSkbut with
ized interface states. In order to understand the microscopigifferent interface configurationga) two InSb-like inter-
interface properties and their role in device performance, Weaces, (b) two AlAs-like interfaces, andc) one of each in-
need to obtain theoretical predictions of the macroscopic efterface. The structures are shown schematically in Fig. 1,
fects of interface bond type. What we require are predictiongoth as an atomistic picture showing the individual constitu-
of specific features that relate to the interfaces beyond thents of each layer and a diagram of the valence band lineup
simple energy shifts so far predicted, and whose origin cam the various layers. Here we have included a step at the
be unambiguously linked to the interface localization. interface layers, as suggested by the argument of Kroemer
In this paper, we apply our recently developed strainedet all®>—such a particle-in-a-box band picture has been
empirical pseudopotential scheme to study the scatteringhown in our earlier studies to provide a useful qualitative
properties of holes at the valence band edge. The relationshigsight into the behavior of these structutés® For each
between the interface types and the scattering rates assostructure the charge density was calculated at the zone-center
ated with specific defects provides us with a link between theor the valence band-edge state. The computed charge den-
microscopic interface stoichiometry and observable devicgities are shown in Fig. 2, and clearly show the localization
properties. We demonstrate that the differences between thg charge at the InSb-like interfaces, as seen in Refs. 12
scattering behaviors of the various interface configurationgnd 13.
can act as a signature of the localized interface states. From this microscopic model of the heterostructure sys-
tems, in which we have clearly demonstrated our ability to
specify and distinguish between interface structures, we are
able to apply the results of scattering theory to extract the
key dynamical information concerning disordered systems.
The extension of the conventional empirical pseudopotenThrough use of perturbation theory we can directly obtain
tial scheme to encompass strained systems is described tine perturbed wave functions for large supercg@ntaining

II. STRAINED EMPIRICAL PSEUDOPOTENTIAL
CALCULATIONS
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\ FIG. 2. The charge densities associated with the zone-center
valence band-edge states are plotted for struct@esb), and(c).

The charge densities were evaluated in the growth direction along

the center of the atomic spiral. The different interface types are

indicated, with the valence wells located in the center of the picture.
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(¢ IIl. ELECTRONIC BANDSTRUCTURES

The model of the AISb/InAs heterostructures described
above enables us to compare the electronic bandstructures
| associated with the different interface configurations. Since
nAs AISb . - ;

the expression for the cross section depends upon the density
) ' of destination states and initial electron velocities, it is clear
that the electronic bandstructure will be critical to the final
scattering cross sections. A study of the electronic bandstruc-
tures is therefore of more than just academic interest: it pro-
vides us with a link between the microscopic structural pa-
rameters and the scattering properties in which we are
directly interested.

FIG. 1. Schematic diagrams of the three superlattice structures The structurgb), with two AlAs-like interfaces, has the
studied. Structurga) has two InSb-like interfaces(b) has two  most conventional band lineusee Fig. 1, and presents a
AlAs-like interface and structurég) has one of each interface type. typical ground state valence band-edge charge defsity
Step potentials representing the valence band-edge lineups are pigy 9) ‘\we therefore expect that the band structure of this
sented, including the interface layers. structure will be the most conventional in form. It is inter-
esting to compare this with the band structuregaf(two
InSb-like interfacesand(c) (one of each interfageFigure 3

Insb IF_*
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several million atoms and following the method outlined in
our previous publication®°we can relate the information
contained in the perturbed wave functions to the scattering

cross section through thematrix. However, for the class of 3j§§ o o
defects which we shall study in the present paper, namely -0.02
isovalent substitutional anion and cation defects, we have o —0.04
shown that thenth-order result obtained by full application 2 -0.06
of the T matrix is almost identical to the simple first-order ?:g‘?g
Born approximationiequivalent to Fermi's Golden Rylé® 0 _g12
We therefore achieve considerable computational savings by ~0.14
the restriction to first order, evaluating the expression, -0.16
-0.18
27 Q ) 0.1X
on(k) ===~ 2 (K V6D pnk(Eni)s (D) Wavevector
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FIG. 3. The superlattice miniband energie¥) are plotted for

where o,(k) is the scattering cross section from an initial - . e
state¢y, in the unperturbed superlattice due to the perturbaf'trucwre(ao (solid lines and(b) (dashed linesalong key directions

. iltoni h . I d in the superlattice Brillouin zond: is the zone centeK is the point
tion HamiltonianU. The summatior® ¢ runs over all de- on the zone boundary in tHa00) direction, andK is the point on

generate destination stat@fé}/ , with partial density of states the zone boundary in th@ 10) direction.

155303-2



EFFECT OF INTERFACE LOCALIZATION ON ELASTIC ... PHYSICAL REVIEW B3 155303

0.05 T T T T T T T (a)
0.00 s
(]
S-0.05 E
asz2?tY >
3 P A 9
§-0.10 5
2_0.15 w
L R
-0.20
-0.25
0.1X
Wavevector (b) .
. . % 25
FIG. 4. The superlattice miniband energie¥) are plotted for g 20
structure (c) (solid lines and dashed—dot lineand (b) (dashed - ]:g
lines) along key directions in the superlattice Brillouin zorgis % 0.5
the zone centerX is the point on the zone boundary in tfE0Q) g 0o

direction,K+ is the point on the zone boundary in tteLO) direc-
tion, andK — is the point on the zone boundary in the @)1di-
rection. The reduced symmetry for structyoe results in the dif-
ference between thi€ + andK — directions.

shows the detailed valence band struct(fog the four up- ©)
permost valence miniband$or (b), and has superimposed

the band structure df). While the zone center energy sepa-
rations for these two structures are very similar, the mini-
band dispersions are rather different. Similarly, Fig. 4 com-
pares the band structures @b) and (c). The reduced
symmetry of the structurée), with different interface types,

is clearly seen in the band structure by the inequivalence ol -k
the miniband dispersions along tket+ and K— directions 0

[defined as £,3,0) and ¢, 3,0), respectivel}. It is clear kx=ky k K
then that the interface configuration is strongly reflected in £ 5. The variation of the uppermost superlattice miniband in

the miniband structures of the superlattice structures, particlne region close to the zone center for the three structaegb),
larly for the near-band-edge valence states. The contrast bgnd(c). The extent of the plot in thk, andk, directions is given by
tween the three band structures close to the zone center §s-0.001(2x/a), wherea is the in-plane lattice constant.
very clearly demonstrated by the plots of the valence band-
edge energy surfaces in Fig. 5. The existence of interfacsjons of the three structures that their density of states will
localization in structurega) and (c) dramatically alters the differ considerably. The detailed interface configuration of a
miniband dispersions. While structufie), with no interface-  structure determines the form of the density of states that
localized states, has a typical superlattice band structure asters the expression for the scattering cross section.
expected, the InSb-like interfaces result in anomalous mini- \We have therefore identified a number of features in the
band curvatures. superlattice band structures that are a specific result of the
Since the scattering cross sections depend upon the initighicroscopic configuration of the atoms forming the hetero-
velocity of the electrons, and therefore upon the effectiveinterfaces. These changes go beyond the simple energy shifts
masses of the minibands, the radically different minibantthat we have previously reportéti’® and which can be un-
dispersions for the three structures will be important in dederstood qualitatively by a simple particle-in-a-box picture.
termining the strength of the scattering. Clearly, the nonHowever, such changes to the electronic band structure are,
parabolicity of these bands is very significant, and simplein themselves, of limited practical significance. Only when
effective mass theory is not applicable. For the calculationgye can relate these changes to key device properties does
of scattering cross sections which we present later, we usgeir significance become apparent.
the f-sum rule to compute effective masses throughout the
superlattice Brillouin zone. Since the scattering cross sec-
tions depend upon the initial velocity of the electrons, and
therefore upon the effective masses of the minibands, the
radically different miniband dispersions for the three struc- The valence band-edge wave functions, miniband disper-
tures will be reflected in the scattering cross sections. sions, and densities of state were shown above to depend
As previously stated, the scattering is also dependenipon the microscopic interface structure. In this section, we
upon the density of scattering states available at any particlexamine the scattering cross sections related to simple sub-
lar energy. It is clear by examination of the miniband disper-stitutional defects for the three structures of different inter-

Energy (meV)
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IV. SCATTERING CROSS SECTIONS
OF SUBSTITUTIONAL DEFECTS
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FIG. 6. The computed hole scattering cross section FIG. 8. The computed hole scattering cross section
(X107 c?) for isolated anion defects, plotted as a function of (X 10 cn¥) for isolated cation defects, plotted as a function of
position in structuresa) (solid lines, (b) (short-dashed lingsand  position in structuresa) (solid lines, (b) (short-dashed lingsand
(¢) (long-dashed lines The positions are defined with respect to the (¢) (long-dashed lingsThe positions are defined with respect to the
beginning of the InAs layer, as shown in Fig. 1. No relaxation wasbeginning of the InAs layer, as shown in Fig. 1. Full relaxation was
included in the lattice surrounding the defects. included in the lattice surrounding the defects.

face configurations, and identify a signature of the interfacdional ground state envelope function, we see that the maxi-
localization. Since the interesting localizations occur in thesénUm cross section occurs for defects located at the center of
structures for the valence band edges, we shall investigaf® valence well. In other words, the maximum cross section
the cross sections for holes close to the top of the valenc@ccurs when the defect is located at the center of the charge
band. localization, maximizing the overlap integral. For structure
Let us first consider the case of isolated isovalent anio@. With two InSb-like interfaces localizing charge, the
and cation defects in the structures, and initially make théh@ximum cross section occurs for defect close to the inter-
assumption that there is no relaxation of the atoms surround@ce, again corresponding to the peaks of the charge density.
ing the defects. Restricting our study to those defects that cahis trend is repeated for structufe) where the strongly
arise from interdiffusion across the interface, we have com@symmetric wave function of the valence ground state is mir-
puted the scattering cross sections of the anion defegs Sbror_ed by the asymm_etry_ in the posm_on dependence of the
and Asy, (Where our notation Sh describes an antimony anion defects._Exammapon (_)f the catlon_defects, too, shows
atom at the site of an As atom in the InAs layeand the a ‘fwave funct|or! following” in the magnitude of the scat-
cation defects Al and Iny. For each type of defect, we !€ring cross sections. , _
consider all of the possible sites within the superlattice unit Given the nature of the expression for the cross section,
cell and compare the cross sections for a particular wav@nd considering the probability of the system “sampling”
vector in Figs. 6 and 7, respectively. If we examine first thetN€ defects, it is not surprising that this mirroring of the wave
variation of the anion cross sections, it is seen that the varigunctions occurs. However, it is important in the context of
tion of cross section with position reflects the localization ofth€ practical significance of the cross sections—the scatter-
charge in the valence band-edge states shown in Fig. 2. F##9 Cross sections provide us with a means of probing the
structure(b), whose interface structure does not induce inter\Wave function localizations. In our previous studies of local-

face localization and which consequently exhibits a conveniZation in InAs/AISb structures, we have only been able to
identify rigid energy shifts as an observable signature of the

o : : — : interface-induced localizations. The above calculations indi-
€ 04} Notrelaxed @ —— - cate that it may be possible to obtain an unambiguous signa-
o I (b) -+~ | | ture of the interface effects through the scattering cross sec-
© 43l @] tions.
E | ] In a number of previous papers we have shown that the
S ool . sy Ma l role of lattice relaxation may be significant in determining
§ | - s ) the scattering properties of hole cross sections for anion
doql Al /'ﬁ | defects®°1t is important to assess the role of relaxation in
S ‘ ; the AISb/InAs structures, as this might qualitatively change
© 7 i the distributions obtained above. In Fig. 8 we present the
% 5 20 25 results of calculations for the cation defects with full relax-

70 15
Defect Position ation of the surrounding atoms included through a valence
FIG. 7. The computed hole scattering cross sectionforce field model. Direct comparison with Fig. 7 reveals that
(x10°15 cnP) for isolated cation defects, plotted as a function of the cation position dependence remains largely unaffected by
position in structuresa) (solid lines, (b) (short-dashed linésand  the inclusion of lattice relaxation.
(c) (long-dashed lings The positions are defined with respect to the  In contrast, the variations of the anion cross sections with
beginning of the InAs layer as shown in Fig. 1. No relaxation wasposition are seen to change significantly upon the relaxation
included in the lattice surrounding the defects. of the atoms surrounding the defects. Figure 9 compares the
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the cancellations of anion scattering strength. These features

o4 _(a) e | A * i of the role of lattice relaxation in determining the scattering
0sl | properties remain the subject of our on-going research.
L, Sbig 4 “* VAR | Although it is not as simple to relate the dependence of
02f &l A~ T ”"' i the anion cross section to the localization of the valence
L 4 band-edge wave functions, the position dependence of the
o1k 3 . anion cross section remains easily distinguishable between
- Tt . the different interface configurations. While the cation posi-
N % Vi tion dependence was, in essence, qualitatively predictable
g - F from a simple particle-in-a-box model, the signature of the
o 06(b) relaxed —— - anion position dependence requires a full microscopic model
"c_> 05| not relaxed -+ ; 4 4 of the system.
X a4l "‘.“‘ 4
-§ sl L V. CONCLUSION
§ 02t Sb £ oo The strain-dependent empirical pseudopotential calcula-
Ooaal As Asgy, J tions of AISb/InAs superlattices reproduce the interface lo-
8 o - o T calizations predicted from earlier studies, and as proposed by
S 5 10 s 20 25 Kroemeret all® Comparison of a systematic series of struc-
sl ' ' i ' ] tures has demonstrated that the superlattice band structures
(C) i relaxed —o— . . P .
14l i |not relaxed - | and wave functions reflect the microscopic interface configu-
121 7 i 4 rations present. However, previous treatment of these struc-
1.0} / AR . tures has been able to make predictions only of simple en-
0.8 / / } 8 ergy shifts associated with the interface potentials. Although
0.6 - these energy shifts are in agreement with experimental ob-
041 T servation, they are not sufficient to provide an unambiguous
0.2 S T signature of the wave function localizations discussed.
0 5 20 2 The scattering cross-section calculations that we have pre-
Defect Position sented have enabled us to probe the valence band-edge wave

FIG. 9. The computed hole scattering cross sectionfunctions, and extract a microscopic signature of the inter-

(x10°16 cr?) for isolated cation defects, plotted as a function of face localizations that co.uld, in pr|nC|pI_e, be verlfled experi-
position in structured), (b), and(c). The positions are defined with mentally. We have p.redlcted a behf”‘V'Qr for W_h'Ch a direct
respect to the beginning of the InAs layer, as shown in Fig. 1. Fofink to the microscopic charge localizations exists. The un-
each structure, the cross section computed, including full relaxatio@mbiguous identification of the localizations related to the
of the lattice surrounding the defedtsolid lines, is compared to  interface configurations, and the understanding of the role of
the calculation with no relaxatiofdashed lings defect distribution on scattering properties of these struc-

) tures, represent important practical issues for the future ap-
relaxed and unrelaxed cross sections for each structure. B]ication of these structures in AlSb/InAs devices.

each case the dependence of the cross section upon defectgince the theoretical tools that we have applied are ge-
position changes considerably as the relaxation of the latticRgric methods and applicable to a wide variety of material
is included. In par_ticula_r, the effect of lattice relaxa'.cion is to systems, the process of probing for localization at interfaces
break down the direct I|n.k betwe(_an the wave function eNVeinrough the study of scattering properties, as developed in
lope and the cross-section maximum. The general mechanis paper, should itself be applicable to the investigation of

nism by which this may happen is not difficult to identify. jyierface localization across a broad range of heterostructure
Since the perturbation to the system induced by the defe@ystems.

now includes also the effect of a large number of atoms in
the lattice moving, the spatial extent of the perturbation be-
comes larger and incorporates many more individual and
competing contributions. However, we have not yet been We would like to thank the U.S. Office of Naval Re-
able to answer the question as to why the anion and catiosearch, U.K. Engineering and Physical Science Research
defects should behave so differently in this respect, or taCouncil, and D. E. R. A.(Malvern, U.K) for financial
identify the particular microscopic mechanisms providing forsupport.
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