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Abstract

Structural and chemical properties of InAs/AlSkenfiaices have been studied by transmission eleatioroscopy.
InAs/AISb multilayers were grown by molecular beapitaxy with different growth sequences at integfacThe
out-of-plane strain, determined using high resohuthicroscopy and geometrical phase analysis, &éas telated to
the chemical composition of the interfaces analylagdigh Angle Annular Dark Field imaging. Consiitgy the
local strain and chemistry, we estimated the iat=fcomposition and discussed the mechanisms effane
formation for the different growth sequences. Imtipalar, we found that the formation of the teasllAs-type
interface is spontaneously favored due to its higgrmal stability compared to the InSb-type integfaWe also

showed that the interface composition could bedurséng an appropriate growth sequence.

PACS numbers: 68.60.Bs, 68.37.Lp , 68.35.Ct , 68.65.Fg
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[. INTRODUCTION

The elastic strain is a key parameter of epitalxékrostructures like those developed for quantuiswThe
epitaxial strain results from the elastic accomntiodaof the lattice misfit between two materialsr fnstance the
substrate and the deposited layer. Many studieg h@&en devoted to probe this strain, but they areemlly
focused on determining the strain inside nanomédsiers. However, the strain variation at interfateemselves is
more complex. Strong strain gradients can occuntaetfaces because of chemical exchange over deatenaic
planes. In addition, the juxtaposition of two matksr without common atomic species require chenlxaids at
interfaces different from those existing in the twaterials. In some cases, these interfaces caergma larger

distortion than the layers themselves.

This situation is not the most frequent in the apjtof 11I-V compounds, where the simultaneous deanf
group Il and group V elements is often avoided, ibis not fictitious. Indeed, the alternationwélls and barriers
without common atoms can provide a great benefisane systems, particularly antimonide-arsenideesys like
AISb/InAs and GaSb/InAs. The AISb/InAs system altges a wide band gap material and a small gapriedsaed
its presents a very large conduction band discaityirof 2.1 eV, beneficial for fabrication of shosavelength
quantum cascade lasers (QCLs) (Ref. [1-2]). InAardhthe substrate) and AISb have close latticenpetexs,
inducing a moderate misfit of 1.3%. As they havecammon atoms, the interfaces consist of eitheAg€\bonds or
In-Sb bonds. Interfaces can thus be Al-As typeSintype, or mixed type. The misfit between InAz (Hubstrate)
and AlAs or InSb, as bulk materials, is -6.6% or9#6, respectively. Al-As or In-Sb type interfachsrmselves can
thus present very large local distortions, which effect the device properties through a loss wfcstiral quality
and a modification of the band structure (Ref.4p, Although this issue has been identified fdolg time, very
few studies have been done on the strain inducetthibylack of common atoms. The same problematist®xn
others arsenide/antimonide systems as InAs/GaSérenhrecent study by transmission electron miomgs¢TEM)
evidenced a tensile GaAs-like interface (Ref. [B}}Sb interfacial bonds were also at the originmadrphological
instabilities investigated by synchrotron x-ray fidi€tion (Ref. [6]) and cross-sectional scanninginiling
microscopy (XSTM) (Ref. [7]). The intermixing atAs/GaSb interfaces was also studied using higheaaghular
dark field scanning transmission electron microgcpAADF-STEM) (Ref. [8-10]) and atom probe tomopghy
(Ref. [11]). In the InAs/AISh system discussed hehe strain discontinuities at the scale of therfiaces (1 or 2

atomic layers) remain scarcely studied. The strattstudies reported to date concern mainly theriactial
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roughness measured using TEM (Ref. [4, 12]), therfiacial intermixing characterized by XSTM (Ref2]), or the
possible compensation of strain on a GaSb substsitg various growth sequences (X-ray diffracttundy) (Ref.
[13]). A similar issue exists in some |I-VI systetilee ZnTe/CdSe where the favored formation of of¢he two
possible configurations was recently observed byABR-STEM (Ref. [14]). This system, however, doed no

involve strain discontinuities as important as here

In a recent work (Ref. [15]), we have shown thattsinterfacial layers are formed in the InAs/AlSkstem.
The elastic strain induced by the interfaces thérasecan be experimentally observed at a very lgcale and
analyzed qualitatively. In this article, we intetadinvestigate more deeply the nature of the iat@a bonds in this
system by combining two methods of characterizatrthe scale of the interface. Information on civaim
composition and strain is thus analyzed indepemgeby HAADF-STEM and high resolution TEM (HRTEM)
respectively. The combination of chemical and stmdéta allowed refining the actual composition mkifaces.
Then the formation of the interfaces is discussedhe basis of the physical mechanisms involvedMBE is an
out-of-equilibrium process, the interface formatisna sequential process, which depends on theession of
microscopic events that occur at the surface. Wei known that due to this feature, direct anderse interfaces
are generally not equivalent. One of the questi@asntend to answer in this context is whetherftrenation of
one of the possible interfacial configurationsasdred. For this purpose, a multilayer with vemplie interfacial
sequences was investigated in order to determmeadkcalled spontaneous interfaces. In our previepsrt (Ref.
[15]) the predominance of Al-As type interfaces vadserved, which can be attributed to the gredtdilgy of
AlAs compared with InSb. Here we discuss compaedtithe formation of direct and reverse interfadces

InAs/AISb multilayer structures.

Then, for a better understanding of the interfafdaination mechanism, we have tried to force the éxtreme
casesij.e. either Al-As or In-Sb type interface. In practieee have introduced a very short sequence of eihks
or InSb; the duration of the deposit corresponde6.7 monolayer. The analysis of the results shgite clear
insight about the mechanisms favoring formatiothef actual interfaces. In particular, the asymmefrglirect and
reverse interfaces can be explained by considestogistic mechanisms at the growing surface. Fgrahe
interfaces can furthermore be useful to controttetmic properties, which depend not only on the twaterials
considered separately, but also on the exact atoamfiguration of interfaces, especially in QCLs@ining ultra-

thin layers.



IIl. EXPERIMENTAL DETAILS

InAs/AISb multilayers have been grown by molecldaam epitaxy (MBE) at 700 K on (001) InAs subssate
at a growth rate of 1 A’s Antimony and arsenic valved cracker cells werdusnd the V/11l flux ratio was close to
2 for both the InAs and AISb layers. Their thickees, respectively 20 nm and 4 nm, are larger thapGLs in
order to avoid superposition of fields of displaesinfrom adjacent interfaces. These values appear suitable
compromise to meet this objective without risk tfgpic relaxation. The growth sequences are desstii Fig. 1.
In sample A, the interfaces are spontaneously asdémbled while in sample B and C we tried to cbrttre
interfaces formation by the insertion of very snaatfiounts of either AlAs or InSb corresponding teaosit of 2/3
of a full monolayer. In sample B we intended tactoAl-As type bonding at the first interface (b&féine deposition
of AISb on the InAs) and In-Sb type bonding at eeond interface (before the deposition of InAglan AlSb).
This sequence is reversed in sample C. At all fiatess, growth interruptions without any flux wemamoyed to

avoid mixing of the group V elements.

For TEM experiments, cross-sectional specimens haem prepared by mechanical polishing and argon io
milling at low temperature using a Gatan Precidimm Polishing System equipped with a liquid nitrogaoling
system. For each sample, several specimens wareethialong both [1-10] and [110] zone axes (whim pgresent
different interfacial step structures). The samplage been observed by HRTEM on a TECNAI F-20 dpegaat
200 kV, equipped with a spherical aberration cdaeéor the objective lens to avoid the delocalizateffect at
interfaces and to achieve a 0.12 nm resolutiongadave been realized on a 2k x2k CCD camerahitesatoms

conditions using the negative spherical aberratimaging method with a &lose to -im (Ref. [16]).
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FIG. 1. (Color on line) Growth sequence of the si@fip(a) In the sample A the interfaces are speuasly
assembled. (b) In the sample B we tried to makesAlfen InSb interfaces while in the sample C (c)tred to
make InSb then AlAs interfaces.

The strain state of the samples has been determsiag the geometrical phase analysis (GPA) me(Red.
[17]). We used two vectors of the reciprocal lattigeandg, ([220] and[002]) to determine the 2D displacement
field u(r) of the atomic planes. A cosine mask has been usdbei reciprocal space allowing a 0.8 nm space
resolution in the direct space. For each resuliingse image, a reference zone of 4x20 nm?2 hasdbesen in the
middle of one InAs layer after correcting numetligathe distortion induced by the camera. The stridétd

components have been determined by the well-kn@ationship:

1(6u; | Ouj
f =3 (5 +52) @
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Strain profiles in the growth direction have beetracted from strain maps, after averaging on 30imrthe
direction parallel to the interfaces. For each danthe strain fields did not exhibit any signifitalifference due to

the choice of the [1-10] or [110] zone axis.



HAADF-STEM imaging has been performed on a TITAN3D operated at 300 kV and equipped with a high-
brightness field emission gun (X-FEG), a Wien fillmonochromator and a probe aberration correctachiag a
spatial resolution of 0.08 nm in STEM. In HAADF-SWEmMode, the intensity scattered by each atomicroolu
increases with the average atomic numb¢R&f. [18, 19]). Simulations, using the QSTEM pagkgRef. [20])

were made to ensure that the intensity in the imageoportional to Z with n close to 1.7 for the 4 elements
considered in this studyNote that the GPA method cannot be applied to tisd$eM-HAADF images. Indeed, to

reduce the artifacts due to the scanning proceissniecessary to realize two images rotated of @frabs of the

same area, which was not possible here due todb#ity of the sample under electronic beam.

Ill. PRINCIPLES OF THE INTERFACIAL ANALYSIS

A. Nature of interfaces

We can distinguish three types of interfaces toctvhire refer as minimal, topological and chemicél Fig. 2).
The minimal interface between the InAs and AlSkefayconsists of the necessary atomic bonds, AltAs-&b,
due to the fact that AISb and InAs have no commtmma. The width of the so-called minimal interfaseone
atomic bond (cf. Fig. 2(a)). Moreover, in the semniductor materials, the interfacial roughness @mes of steps of
one or more monolayers) induces a topological fiater (cf. Fig. 2(b)). Finally, in the case of midei materials as
here, the diffusion or exchange mechanisms resuhe formation of a mixed interface. This phenoamerwhich
can occur on several monolayers, can then be priedatty responsible for the nature and the widtlthefinterface
(cf. Fig. 2(c)). This interface corresponds to dhemical interface. Due to the fact that the TEMESTimage is a
projection through the electron path, it is notgibke to differentiate the chemical interface ahd topological

interface, if the thickness of thinned foil is larghan the size of the terraces.

(a) (b) (c)

FIG. 2. (Color on line) Schematic representationhef different types of interface between two systeA and B,
with no common atoms. (a) Minimal interface witlsienple atomic bond between A and B layers. (b) Tagioal
interface due to roughness, generally about omiatiayer in the semiconductor materials. (c) Chehinterface
where the diffusion mechanisms (for miscible maisjiresult in an intermediate mixed layer.



B. Strain analysis

The misfitf can be defined as:

f="= 2)

whereas anda; are the bulk lattice parameters of the substratietiaa film, respectively. In the case wheye a;,
the layer is stressed in tension whileif as it is in compression. Considering epitaxial growfttubic cells along

the [001] direction, in the framework of linear &fiaity, the in-plane and out-of-plane componerftshe strain,

suabsandsDabsrespectively, are theoretically given by:

g//abs - and £,95 = —2 (Cﬁ) g/;lbs =2 (Cl_z)f 3)

C11 C11

where G, and G, are the elastic constants of the layers (Table I).

TABLE I. Lattice parameters and elastic constafthe binary bulk compounds (data from ref. [21]).

& (nm) Ga Crz 1+4Cﬁ)
C11
(GPa) (GPa)
AlAs 0.5660 125.48 53.54 1.85
AISb 0.6136 87.80 43.51 1.99
InAs 0.60583 83.32 45.30 2.09
InSb 0.64794 66.65 36.41 2.09

As the size of an interface and the high straiesoatside the usual range of validity of lineaisgtaty, we also
performed an atomistic modeling based on the fiirstciples density functional theory (DFT) (see fiostance ref.
[22]). Although the linearity of the stress-straglationship fails, we found that the out-of-plasieain of a single
AlAs (or InSb) atomic layer forming an interfacetlween InAs and AISb is in good agreement with (&jng the
elastic constants calculated by DFT for bulk materiThis allows us to link the out-of-plane straiith the lattice

misfit through (3) even in case of ultra-thin irfiteres and lattice mismatch as important as -6.6%§®%).

As with GPA the displacements of the atomic plaaresmeasured comparatively to a reference zonesnlins

the middle of an InAs layer (supposed to be stf@nr), the in-plane and out-of-plane stragpsandeg measured



from (1) are relative to the substrate, that isdg that they are related to the absolute strainrrpomnent$//absand

absb

€n y

gy=¢"+f and e =, +f.
In case of a fully strained layer it comes fron (3)
= = G2
g,=0 and gl_f[1+2c11]' 4)

Through (4), information on chemical compositiomdaius be inferred from the out-of-plane strain Igsia
performed on HREM images. Fig. 3(a) shows f, thefinwith InAs calculated using (2), for the four possible
ternary compounds (the lattice parameters of allmgisng deduced from the binaries using the Vegdeilg. As
shown by this graph, In(As,Sh) (red curve) and (Al,In,)Sb (green curve) compounds are stressed in
compression (f>0), while (Ak,In,)As (blue curve) is stressed in tension (f<0). Ti€As,.,,Sh) (black curve)
compound can be in tension (i£y0.84) or in compression (ify 0.84). For AllnAsSb quaternary alloy, one given

strain value corresponds to several compoundsasrshy the iso-misfit curves displayed Fig. 4(a).
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FIG. 3. (Color on line) (a) Misfit f with InAs an¢b) average atomic number Z, for the four possibteary compounds. The
horizontal dashed lines correspond to InAs and AlSb
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FIG. 4. Curves of (a) iso misfit with InAs subsw#aand (b) iso average Z versus chemical composifian
quaternary alloys.

The determination of the exact value of the intgdstrain is difficult at the scale of an inteséa Indeed, two
kinds of phenomena have to be considered: grovitittsfand image analysis effects. Concerning tisé ioint, the
atomic steps (Fig. 2(b)) and the local variatiorcleémical composition (Fig. 2(c)) cannot be avoidadsing three
dimensional inhomogeneities in the sample. The amitipn is thus averaged across the electron @hcerning
the second point, the strain value obtained by@R& method in HRTEM depends on the imaging conajsuch
as focus (Ref. [23]), and requires a perfect homeig of the image. In practice, thickness flucitoias and/or
dynamical effects induce a local change of imagiogditions, especially at the interfaces. The usa spherical

aberration corrector suppresses delocalizationc&sffat the interfaces, which is critical for the AGRnalysis.
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Moreover, the spatial resolution of the GPA treatme limited by the size of the mask used in #ngprocal space.
Here, this spatial resolution is 0.8 nm, i.e. largEan the interface width or of the same ordemafynitude. This
implies a reduction of the measured strain compéoethe actual one, and a widening of the profiler these
reasons, the precise values of strain in the Wiciof interfaces cannot be found and only semi-tjtetive
information can be obtained. In practice, we wilug determine a range of composition compatiblén wie

experimental data, keeping in mind that the meakstrain is most likely attenuated compared toettteal strain.

C. Composition analysis

HAADF-STEM images are analyzed with a quite simgdaalitative approach. They are used to obtain étedm

Hr\ADF I—IAADF

information by comparing the intensity scatteredtbg interfaces with aisp and nAs, the intensities
diffused by InAs and AISb layers, respectively. wsll as for the strain, several compositions cqoesl to one
particular value of diffused intensity, as showrkig.3(b) for the ternary compounds and Fig.4(b)tfe AllInAsSb
alloys. Fig.4(b) can be easily divided into threetg: first: intensity lower thad"?°F g, (compounds lighter than
AlSb); second: intensity greater thdhP s (compounds heavier than InAs); third: intensityvieen M4PF g,
and "PF . (compounds with an intermediate Z). By restrictthgs analysis to ternary compounds (Fig.3(b)),
these three parts are defined by: first: Al(As,8b)(Al1In)As with x < 0.5 (lighter composition than AISb);
second: In(As,Sb) or (Al,In,)Sb with x> 0.5 (heavier composition than InAs) ; third: {4lIn,)Sb with x< 0.5 or

(Al x,In,)As with x> 0.5 (intermediate between InAs and AISb).

By coupling the GPA and HAADF results it is thugpegted to go further in the estimation of the passi

compositions of the interfaces than by using omlg method.

IV. RESULTS

As described in the previous section, the straid ahemical profiles can be qualitatively analyzed b
considering all possible alloys. Figure 5(a) shawsHRTEM image of the sample A along the [110] zaris. It
shows the very good quality of the epitaxy with@uty plastic relaxation; a very weak contrast ingisathe

presence of the 4 nm thick AISb layer between tasllayers. The map of the in-plane strajris homogeneous

and it is close to zero. Thee mapping in Fig. 5(b) clearly shows a layer in coegsion (the yellow part with 4 nm
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in width) surrounded by two symmetrical layersengion (in blue). The out-of-plane strain profileexhibits three
different strain states, two sharp and negativikpéaspectively -1 and -2%) and a plateau arou2®ZFig. 5(c)).

To ensure reproducibility of these results, sevét®TEM observations have been performed on sample A
Moreover, these observations have been realizethéntwo <110> directions of the (001) plane and the
corresponding profiles are qualitatively similaheTdifferent values obtained for the plateau aremised between
2% and 3%. These results are compared with therdtieal value assuming that AISb is fully strainégdom
equation (4), with G and G, of respectively 87.8 GPa and 43.5 GPa (Ref. [&&])pobtain 2.3%, a value that has to
be corrected by 10 to 20% due to the thin foil efféRef. [24]). The expected value is thus close2ib%.
Experimental values are thus in good agreementantirm that the AISb layer is fully strained. Tfect that the

measured straigy can be slightly larger than expected suggestssailple incorporation of a small amount of
indium due to segregation (Ref. [25]).
With an out-of-plane measured strain of -1 and -2%,interfaces can be described as being underdenate

tensile stress. From Fig. 5(c) and consideringitkerpretation based on Fig. 4(a), the two negatpeaks can be

attributed to (Al In,)As or Al(As,.,,Sh)) (y < 0.84), or quaternaries between AlAs, InAs and AlASk) 54

0 2 4 6 8 10 12 14 16
Position along growth axis (nm)

FIG. 5. (Color on line) (a) HRTEM image of A sampld.0] zone axis, (b§; mapping, (Ckg strain profile obtain
by GPA averaged on the whole width of the imagen(i8(). The white arrow indicates the growth directio

Figure 6 presents an HAADF-STEM image of the saampde, along the [110] zone axis. This image exhibi
three different intensities corresponding to thadihayer (the brightest layer on the image), th8Alayer (darker
than InAs) surrounded by two very thin layers vathintensity lower than AlSb (the darkest layefFspm Fig. 4(b),
it is possible to determine that the interfaces (tlarkest layers) are lighter than InAs and AlSgels. The
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corresponding compounds are the ternaries (Al In)h the In composition less than 50%, Al(As,Siodaby

extension the quaternaries between AlAs, AlSb alydldy sAS.
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FIG. 6. (a) HAADF-STEM micrograph of sample A. Taeow indicates the growth direction. (b) Intengitpfile
of HAADF micrography, plotted along the growth ditien. The intensity is given in arbitrary unit €tlntensity
variation between the different InAs layers is retbto the thickness variation of the sample).

By coupling the results obtained by HRTEM and HAABFEM, the composition of the interfaces of the
sample A can be identified as (4lIn)As (x<0.5) or Al(As.,,Sh) (y<0.85) or any quaternary in the quadrangle
limited by AlAs, AlysingsAs, AlASy 16Skyes and AbgAng19ASe26Skh74 (Iabelled 1 in fig.7). Although the exact

composition of the interfaces cannot be given ftbim analysis, it appears clearly that the intefaexhibit an Al

rich character.
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FIG. 7. Quaternary compounds composition from HRT&M HAADF-STEM analysis.

The in-plane strain profiles of samples B and Csngilar to sample A, proving their high epitax@ality.
The out-of-plane strain profiles for samples B &hdhow three different strain states, two peaksesponding to
the interfaces and one plateau around 2 to 2.5%osample A this plateau can be attributed toAtgb layer. In
the following, the interface will be named firstL)lor second (I12) interface, according to the gtosgquencd,e

AlISb grown on AISb or InAs grown on AlSb, respeetix

The sample B presents two strongly asymmetric fates, the first in tension and the second in high
compression. In the Fig. 8(a and b) the measuredfegpiane strains are -4% (11) and +4% (12). Degirg on the
area and/or the thinned specimen, these valuesezmh -7% and +7% respectively. The first interfecehus
attributed to the ternaries and the quaternariegtdd by AlAs, InAs and AlAgisShygs Concerning the second
interface, the compounds with a larger misfit thd8b are the ternaries and quaternaries limitedl®p, InSb, and
INAsy gShy 16 The HAADF-STEM analysis (Fig. 8(c) and 8(d)) icalies that the first interface is lighter than AlSb
which can correspond to (AlLIn)As (x<0.5) or Al(As.,,Sh) or the quaternaries between AlAs, AISb and
AlgslingsAs. The second interface appears to be heavierttr@AlSb layer and lighter than the InAs layer,icth

can be attributed to the presence of (Ah,)As (x>0.5) or (Ak.,In,)Sb (x0.5) or quaternaries limited by
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AlgslngsAs, INAs, AbslingsSb and AISb. Combining these results, we deducatittie first interface consists of
(Al 1, In)As (x<0.5) or Al(As.,Sh) (y<0.84), or any quaternary in the quadrangle limibgdAlAs, AlgslngsAs,
Al .gAN0.13AS0 265k 74 and AlAs 16Shy g4 (labelled 1 in Fig. 7). Moreover, the high levélstrain (-4 to -7%) allows
us to consider that its composition is closer tAAthan to others limits. The second interface @aly correspond
to the compounds in the triangle limited by AlSHg #nysSb and Ad 14ng gaASoe6Skh 34 (Iabelled 2 in Fig.7). The
high value of the measured strain (4 to 7 %) makesible a reduction of this range toward a contipostlose to

AlgslngsSh. Interfaces are therefore AlAs rich and ot sSb rich, respectively.

543210-1-2-3-4-5
€ (%)

2 (d)

Position along growth axis (nm) Position along growth ax

78 77 76 75
Intensity (u.a.)

FIG. 8. (Color on line) (ay; mapping of B sample, from GPA of an [110] zonesa®RTEM image, (b strain
profile averaged on the whole width of the imag@ (8n), (c) HAADF-STEM micrograph of sample B, (d)
Intensity profile of this HAADF micrography plottedong the growth direction.

Strain profile obtained for the sample C in Figa)oénd 9(b) shows that the interfaces are modgratel
stressed in tension with respectively= -1% and -2%. These interfaces could corresporneértwaries or

quaternaries limited by AlAs, InAs and AlfjsShyge The obtained HAADF-STEM profile (Fig.9(c) and
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9(d)) exhibits an asymmetric shape : the firstriiatee is brighter than the AISb layer and darkantinAs
layer, while the second interface is significardbrker than the AISb layer. Considering these testiie
first interface consists of ternaries or quateemtimited by AfslngsAs, INAS, AbslingsSb and AlSb while
the second interface corresponds to compoundselintily AlAs, AISb and AlsingsAs. By combining
HRTEM and HAADF, for the first interface this rangerestricted to the triangle #AinysAs, InAs and
Alg.gAN0.15AS0 265k 74 (labelled 3 in Fig.7).The moderate but significarstrain suggests a composition
closer to AjslngsAs than to other limits. For the second interfabés range is restricted to the quadrangle
AlAs, AlgslngsAs, AlggANg 13ASe 265ty 74aNnd AlAs 165k 84 (Iabelled 1 in Fig.7) i.e. the interface exhikdts

rich Al character.

Position along growth axis(nm)

543210-1-2-3-4-5

€, (%)
(c) 0 (d) 12
AR ’ InAs 110
|2 [T - - - -~~~ = '8
AISH
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»
Position along growth axis(nm)

0
30

32 31
X% Intensity (a.u.)

FIG. 9. (Color on line) (agomapping of C sample, from GPA analysis of an [14dje axis HREM image, (k2
strain profile averaged on the whole width of thege (30 nm), (c) HAADF-STEM micrograph of sample(€)
Intensity profile of the HAADF micrography, plottedong the growth direction.
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V. DISCUSSION

A. Mechanisms

As AISb and InAs have no common atoms, the chentioatls at interfaces are not defined a priori.tFite
minimal interface (as defined in Fig. 2(a)) is affel by the employed growth sequence. Then, thedton of the
actual interfaces results from the competition eetwdifferent mechanisms. The bulk binaries comedimg to the
four possible chemical bonds existing in this sysigresent very different melting points and cohesinergies
(Table Il, data from Ref. [21]). The two binariesriesponding to the candidates to form the intéafdmonds, AlAs
and InSh, are respectively the more stable andefsestable among the four compounds. The Al-As igerface
appears as a much more stable interface than lyg#b Unlike the binary compounds, ternary and ejunetry
alloys are generally not thermodynamically stabiethie whole range of compositions, but present @ gl
miscibility depending on the temperature of theimfiation (Ref. [26, 27]). Regarding AllnAsSb, thalaulations
suggest a large gap at 723 K (Ref. [28urely thermodynamic considerations are obviously sufficient. The
epitaxial growth is an out-of-equilibrium procesmt allows the growth of metastable compositioeglucing the

miscibility gap (Ref. [29]).

TABLE II. Physical properties of the binary bulkmapounds (Data from ref. [21]).

Crystal  Melting Point (K) Cohesive energy (eV)

AlAs 2013 6.8
AlSb 1338 6.6
InAs 1215 5.4
InSb 800 4.7

In MBE growth, it is known that direct and reveisgerfaces are not equivalent because of the catigoet
between various elementary processes at the grasuirigce, such as incorporation, desorption, actiange. This
is particularly important in IlI-V compounds whidre miscible and can form alloys. The probabiltgttthese
elementary mechanisms occur is different for atofrgroup 11l and group V, and for the different ahieal species
inside one group. At the growth temperature of 728id in regular growth conditionise. under an excess of group

V flux compared to group Il flux, both Al and Iratie a sticking coefficient close to 1, which metirag all Al and
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In deposited atoms participate in the growth. Nenatess, segregation of indium versus other Ilhmtas a well-
known phenomenon, which has been widely studigdeérnGalnAs systerfRef. [29-31]). Here, it is thus reasonable
to consider that the exchange of an incoming Alateith an In atom already incorporated is possibleile the
reverse situation is much less likely (Al being imunore strongly bonded with the atom of group Whtlha). The
situation is different for atoms of group V, whiate in excess and can desorb in the vapor phas¢hése reasons,

direct and reverse interfaces do not obey the samimeme of formation.

In this section the formation of the two interfag@éSb on InAs then InAs on AISb) will thus be dissed
separately. For each of them we will first discube possible mechanisms of formation of the scedall
“spontaneous” interface, then we will consider ttvenation of interface when a short sequence dieeiAl-As or
In-Sb is intentionally introduced. For each configion, after determining the minimal interfacenfraghe growth
sequence, the formation of a chemical interfacetdwexchanges will be discussed. A possible schafrfrmation,
based on the physical mechanisms mentioned abdNdyewproposed and compared to the experimentia. ddhe
atomic layers likely to exchange their positiorthe stacking sequence will be labelled and wriitebold. At each

step, exchanges will be considered only betweetwhbdast layers.
B. Formation of 11 interface (AlISb on InAs)

The growth sequence of the sample A did not intendromote a specific type of interface and lead¢he
spontaneous formation of interfaces. The expeciaaiia stacking is thus of the type In-As;-As-Al;-Shi.e. the
minimal interface is a single plane of Al-As bonés it is a very stable bond (the most stable ambtiye four
possible), it can thus be easily formed. Arsengodgtion and its substitution by Sb is unlikely vidgheless, due to
the segregation of In respectively to Ah; can exchange its position with ti#d; leading to the formation of
(Al In)As rich interface rather than a pure AlAseniThis scenario is very consistent with our experital analyses.
Incorporation of the segregated In atoms into tih@bAayer can explain the higher value of straianttexpected

which is sometimes observed.

The growth sequence in sample B was expected teidqardhe In-As-InAs;-Al;-As,-Al,-Sb succession of
atomic bonds at the first interface. An AlAs layas been added compared with the sample A to stremghe Al-
As character of the minimal interface, which isghhree successive Al-As bonds. By this way thsiterstress at

the first interface should be larger than in thegia A. Experimentally, we observed that the stragasured at the
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first interface of the sample B (-4% to -7%) is mudgher than in sample A (close to -1%) and that interface

has a clear Al-As character, which is in a verydyagreement with our interface formation model.

In sample C we tried to make a minimal interfacett@ In-Sb type on an InAs surface saturated wigh A
Considering the growth sequence we can write thmimel alternation of bonds as In-As;-Sh;-Al;-Sb. For a
given lll element, IlI-As bonds being more stalfiar 111-Sb ones, As terminating the InAs surfacentd switch its
position with Sh. On the contrary, during the c@aigtion of In and Sb on InAs (As rich) surface,il@hthe group
[Il element cannot easily desorb at this growthgerature (Ref. [32]) and is fully incorporated, $an be replaced
by As in excess on the InAs surface. Then, durrgdeposition of AlSb, thin; can partially exchange with the
Al,, leading to the formation of an (Al,In)As rich émnface in case of full desorption 8b;, or to a more complex
quaternary composition if only a part 8b; has desorbed. This result is in a very good ageeemwith results
obtained by microscopy, which showed that the Inférface configuration cannot be achieved ushig growth

sequence (the observed interface is wide and Blightension).

C. Formation of 12 interface (InAs on AISb)

Now consider the second interface of the three s&smescribed above. In the sample A, the secaedace
consists nominally of the ABb;-In-As;-In-As sequencs,e. the minimal interface is one plane of In-Sb bords.
this sequence, exchange of group Il elements likalp. But we can assume that the, $lan easily desorb and be
replaced by As(deposited in excess). This scenario, favorechbyunstable character of the In-Sb bond, would lead
to the formation of one plane of Al-As, the mosthde atomic bond, if this exchange is completépa mixed Al-
(As,Sb)-In interface extending over at least 2 efarin case of uncompleted exchange. Note thelhatoms that
have been replaced by As atoms are not necessuariyporated later on, but can also fully desorésuits obtained
by our image analysis showed the formation of amiéd interface in tension, which is fully consistevith these

hypotheses based on the growth sequence.

In sample B the intentional formation of In-Sb fiéee was tested using the following sequenceS#AH n;-
Sh,-In-Asy, i.e. 3 successive In-Sb bonds. With the same hypottesésthe previous case, exchange of group Ili
elements is unlikely but replacement of,Sty As, is possible. We indeed assume that during the trow
interruption the Spcan easily desorb and be replaced by As. If thiscerns only the last Sb plane, the In-Sb

character of the interface should be preserved. T&M analyses suggest a rich Sb interface with lvewea mixed
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composition of the group 11l elements. This carelgplained by a more complex exchange process piwbelbted

to the unstable character of the InSb bond.

In the sample C, we tried to form a minimal intedaf the Al-As type with the sequence 3d;-Al- As;-In-As.
While exchange of group Il elements is not likedy, exchange between Sb1 and Asl can occur letmimgvider
interface, extending over at least three succedsorals of either AlAs (in case of full desorptioh $b) or
Al(As,Sb). The results of the HRTEM and HAADF-STEAhalyses are in a good agreement with the expected

composition of the interfaceise Al-rich interface with a tensile stress.

VI. CONCLUSION

The interface strain state has been studied by HiR&Ralysis using the GPA method. This strain state be
related to the chemical composition of the intezfathemselves. Due to the technical limitationshef method
(spatial resolution, choice of the reference zon@ang to the averaging effects in the direction logervation, the
strain value at the scale of an interface cannaheasured as precisely as in thicker layers. Itiquéar, the actual
strain is probably larger than the measured. éireally, translate strain data into chemical dataaiquaternary
system does not lead to a unique solution. Thezefumly semi-quantitative information can be dedulde AlAs-
rich (tensile stress) or InSb-rich (compressivesst) interfaces. The chemical composition of thetefaces has
also been investigated by HAADF-STEM. Similarlyyeeal chemical compositions can account for one B&A
intensity profile. The combination of these two heiues allows a more precise description of therface

composition.

In parallel, examining the growth sequence andgusimy a limited number of hypotheses, we deterntiree
possible chemical composition of the interfacesesehassumptions are: (i) the elements of group rVdesorb
while those of group Il cannot, (ii) exchanges possible between In and Al, due to In segregatemsus Al, and
(iif) between Sb and As leading to a better incoagion of As than Sb. Moreover, we assume (iv) thatmore the
bonding is strong, the more it is favored. The o$ehese rules leads to the determination of thentbal

composition of the interfaces in a very good agre@mwvith the experimental results.

We showed that spontaneously, without any spekialdonditions, Al-As bonds are favored on both Bi&

InAs interfaces and InAs on AISb interfaces. Weuass that the Al-As type interface is favored duetsohigh
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thermal stability and bond energy. It should beeddhat, in the case of sample A, although straoh Zcontrast
profiles are comparable for the first and the sdconerfaces, the growth sequence analysis suggi$tsent
compositions. Indeed, the possible exchange betweetements at the first interface leads to aloyaklose to
(Al,In)As, while the possible mixing of V elementisad to a more complex alloy (Al,In)(As,Sb) at thecond

interface. Further experiments are underway tostigate this point.

Then, the intentional insertion of either an AlAsInSb sequence gave a clear insight about the amésrins
favoring the formation of these interfaces. Indetb@, intentional addition of one AlAs layer at tfilest interface
(AISb on InAs) should reinforce the natural tendetmwvards Al-As type interface and increase thesiterstress
(negative out of plane strain), which is actualbserved. At the second interface (InAs on AlSheg, dlaldition of
one AlAs layer should lead to the formation of ayeigh tensile interface, but the experimentallysia suggests a
more moderate tensile stress, in agreement withptssible mixing of elements V suggested by theusece
analysis. On the contrary, the addition of one Im&tmolayer at the first interface is clearly uselesder these
growth conditions, leading to a wide interface,hnat moderate tensile stress. At the second inetfee addition of
one InSb monolayer produces a strong compressiessstas expected; however an #%,sSb rich interface is

formed rather than InSb due to the unstable charaétin-Sb bond.

In summary, Al-As type interfaces can be achievasilg during the MBE growth of InAs/AISb multilaygr
both on InAs and AISb ; this can be explained key\thary high thermal stability of AlAs. The formatiof an In-Sb
type interface is clearly more difficult due to smgption of both In and Sb elements and due toristable atomic

bond. Special growth conditions have to be triedriter to stabilize the In-Sb type interface.
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Figure captions

FIG. 1. (Color on line) Growth sequence of the slasi(a) In the sample A the interfaces are
spontaneously assembled. (b) In the sample B weé toi make AlAs then InSh interfaces while in the
sample C (c) we tried to make InSb then AlAs irdeefs.

FIG. 2. (Color on line) Schematic representatiothefdifferent types of interface between two systeA
and B, with no common atoms. (a) Minimal interfagth a simple atomic bond between A and B layers.
(b) Topological interface due to roughness, geheadlout one atomic layer in the semiconductor
materials. (¢) Chemical interface where the diffasmechanisms (for miscible materials) result in an

intermediate mixed layer.

FIG. 3. (Color on line) (a) Misfit f with InAs an@h) average atomic number Z, for the four posdibteary
compounds. The horizontal dashed lines correspmimits and AlSb.

FIG. 4. Curves of (a) iso misfit with InAs subst&and (b) iso average Z versus chemical composiion

guaternary alloys.

FIG. 5. (Color on line) (a) HRTEM image of A samld.0] zone axis, (bdo mapping, (Ckp strain profile
obtain by GPA averaged on the whole width of thage (30 nm). The white arrow indicates the growth

direction.

FIG. 6. (a) HAADF-STEM micrograph of sample A. Taeow indicates the growth direction. (b) Intensity
profile of HAADF micrography, plotted along the grth direction. The intensity is given in arbitrargit

(the intensity variation between the different InAgers is related to the thickness variation efshmple).
FIG. 7. Quaternary compounds composition from HRT&M HAADF-STEM analysis.

FIG. 8. (Color on line) (a3; mapping of B sample, from GPA of an [110] zones@&tRTEM image, (b}
strain profile averaged on the whole width of thage (30 nm), (¢) HAADF-STEM micrograph of sample

B, (d) Intensity profile of this HAADF micrograpipfotted along the growth direction.

FIG. 9. (Color on line) (ad; mapping of C sample, from GPA analysis of an [14d}e axis HREM image,
(b) &7 strain profile averaged on the whole width of ittheage (30 nm), (c) HAADF-STEM micrograph of
sample C, (d) Intensity profile of the HAADF miciraghy, plotted along the growth direction.
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