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Diffraction anomalous fine structure of 2. Experimental

forbidden reflection of super_ordered Nominally lattice matched InGaP/GaAs (x=0.51) hetero-

GalnP epitaxial epi-layers were grown by Low Pressure Metalorganic
Chemical Vapour Deposition technique using TMGa, TMin,
AsH; and PH, as source materials on GaAs substrate with miscut

Lucilla Alagna, Stefano Turchini, Tommaso angle of 6 degrees off the (001) direction. The resulting surface

Prosperi plane is deviated toward the (011) direction.

High Resolution X-Ray Diffraction and Trasmission Electron
Microscopy measurements describe sample with very high

Istituto di Chimica dei Materiali, CNR, Area della Ricerca di quality layers and thickness uniformity. When super-ordering is
Roma, Italy. present in the cationic sublattice of group (lll) along the (111)
Email:ala@mlib.cnr.it direction, the c axis is doubled and additional spots are present in

the diffraction pattern corresponding to h/2, k/2, 1/2 Miller
indices. This reflection, that becomes partially allowed only if
super-ordered domains are formed during the growth process, has
been used in the DAFS study (Francedial 1996)

We used DAFS to probe super-ordered domains in InGaP/GaﬁBectra have been coI_Iected at BMOl. beamline at ESRF (Fr),
ownstream of a bending magnet, using an unfocussed beam,

epitaxial growth. The sample was lattice matched InGaEur circle diffractometer, monochromator and integrated
epitaxially grown on GaAs with a substrate miscut angle of oftware. The munting geometry was such that the diffracted

degrees with respect to the (001) direction. InGaP epi-lay : o .
exhibited (111)-type alloy ordering, of alternating InP and GaP%-earn was collected with polarization perpendicular to (001)

- L ; rowth direction.

like planes and giving rise to a (-5/2,5/2,-5/2) Bra e .

reflecriion which %eco?nes allowed.( Structural )data ggar? the 6/26 scan two Bragg peaKs, respectively for the GaAs
extracted, at the same time, for the surroundings of Gallium in tﬁﬁbstrzte a?ld fpr theD IpGaP ehpl—layer, arhe recordedb for each
bulk and in the epi-layer from allowed reflections, while thé i)we reAectlon._ rving ,&t\ e monochromator — between
forbidden reflection gives structural details around Gallium in thé =1.21149 A and\ =0.91219 A, across the Gallium K-edge,
ordered domains. Difference with the bulk InGaP FourieWith a wavelength step of 0.0002 A Intensity variation of each

transform confirms the symmetry selectivity of chosen reflectiorR€2K iS recorded giving rise to two DAFS spectra, selectively due
for the super-ordered domains. to Gallium in the substrate and Gallium in the epi-layer

An extensive range of data has been collected in order to study

the reliability of data with noise level compatible to structural
Keywords: DAFS, Domains, Super-ordering, Semiconductors. parameters extraction. Five scans have been accumulated for both

allowed and forbidden reflection

More than one allowed reflection has been recorded to check

both the intensity of the reflection, that allows to obtain a good
1. Introduction signal to noise ratio, and the percentage of DAFS signal with

DAFS is a structural spectroscopic technique suitable téespect to the edge jump, which is typically more relevant for

investigate the crystalline structure of domains embedded in pzrctl'(ilégtteer‘ilov‘;ggtorrg:';%lggzbrbﬁ]elngomconnected to the
matrix chemically not distinguishable. It is well known that 9 9 '

important optical and electronic properties as birefringence an-léhe typical (004) gave an intense signal {2ps, in the pre-edge

dichroism, (Zhanget al) are resuling from arrangement of region) and the (044), chosen to have a different polarization

super-ordered domains with uniaxial symmetry, segregated in tl eometry, had similar intensity.
sori)d mairix Y Y, segreg e DAFS spectrum of the “forbidden” has been recorded using

the (-5/2, 5/2, -5/2) reflection. Only one of the four possible

Evident difficulties have been found to structurally characterize - . o >
Teflections is present, indicating that super-ordered domains are

gog:ms,wvivtnicg 3?;‘62:1??“222“6? ;mggtirz)enrcaegéagerggtehnet r;];r'ﬁormed only on the (-11-1) plane (in our geometry). The intensity,
Y ' P 9 P OF the order of 16 cps, and the large variation of intensity with

problems as “dilute systems”. - . .-
We used DAFS to select, as in EXAFS, a chemical species as thhifi?rirggiigllfcvt\lgr?/ Lézt?::;f;gigood data in a range sufficient to

absorber (Gallium K-edge, in our case) and, at one time, to seld?
the domain contribution to the Bragg spectrum. In the systern
under study Gallium is present in the substrate as GaAs and in the
epi-layer as InGaP with the same zinc-blende structure. The epihe experimental extracted DAFS spectra, for the allowed (044)
layer domains of InGaP have the super-ordered structure (Alagrad the forbidden (-5/2, 5/2, -5/2) are reported in Figure 1.
et al), and the zinc-blende cell is doubled along the ¢ axis. Henckhe two DAFS spectra from 044 reflection (substrate and epi-
the forbidden h/2 k/2 1/2 reflection becomes allowed and it idayer) are respectively reported in Figure 1a and b, while in 1c is
possible to deduct size and crystalline quality of the domains ithe spectrum due to the forbidden reflection.
the epi-layer, where two possibilities may coexist : commorin the EXAFS-like analysis phase and amplitude corrections as
(111)-type long range ordering of InP and GaP alternating planééustrated in Proiettet al (1998) have been taken into account.
and local ordering with (InRand (GaP)planes (Liuet al). The analysis has been checked with the DAFS spectrum of the
The DAFS of these extra peak bears short range informatiomell known structure of GaAs and GaP..
around the Gallium, within the epi-layer super-ordered domainslThe spectra have been checked for reproducibility and noise level
and it is possible to extract EXAFS-like structural informationin the wide collected range with satisfactory result, but only part
(Proietti et al. 1998), giving details for Gallium bond distances. of the range has been used in present data analysis. While
experimental data extending to higher energies would increase
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Figure la.. Raw DAFS spectrum of InGaP epi-layer, from the allowed
(044) reflection Figure 1c. Raw DAFS spectrum of InGaP super-ordered domains in the

InGaP epi-layer, from the forbidden (-5/2, 5/2, -5/2) reflection

nearest neighbours have been satisfactory used to reproduce the
experimental spectrum.
3104 | T Once obtained satisfactory fit for GaP, the Indium has been

considered fitting the InGaP epi-layer contribution from (044)
allowed reflection. In this respect we have to notice that within

- the epi-layer there are the super-ordered domains, but they do not
interfere with the epi-layer characterisation, being the (044) peak

I(A.U)

-4
610 b to be ascribed to the zinc blende arrangement only.

- All the parameters used to simulate the GaP data have been

L transferred to the epi-layer spectrum, taking into account the

910% | appropriate phase for Indium and no attempt has been made to

PPN EIFIRIN RN RN R R vary coordination numbers, while the Debye-Waller type factors
10,200  E(Kev) 10,800 11,400 have been kept as similar as possible to an ideal situation.
The simulation of the experimental data is fully satisfactory
taking into account the literature crystallographic distances only,
with errors estimated between 0.01 A for first neighbours to a 0.1
A for third nearest neighbours.
Figure 1b. Raw DAFS spectrum of GaAs substrate, from the allowed h€ best fit of the allowed reflection, to which InGaP contributes
(044) reflection with zinc blende structure, was achieved with 4 Phosphorus at
2.40 A, 6 Indium at 3.93 A, 6 Gallium at 3.93 A and 12
Phosphorus at 4.60 A.

the precision on bond lengths, we have to consider that dgAnce obtained the fit for the allowed reflection, the same
averaged distance will be weighted towards the shorter distanf@rameters and phaseshifts have been transferred to the fit of the
because of the F/dependence inherent in the EXAFS theory. Inforbidden (=5/2, 5/2, -5/2) reflection, which has identical
our case this is of relevant importance for the forbidden reflectiofh€mical composition. . .

and we had to keep the same analysis range between known &r@i the DAFS data from the forbidden (-5/2, 5/2, -5/2) reflection
unknown systems to avoid unwanted numerical effects affectingf INGaP, and hence directly related to the super-ordered domains
bond lengths precision of the unknown system under study. ~ Only, the best simulation (reported in Figure 2) has been obtained
The first attempt to extract bond distances and coordinatioHsing: 4 Gallium-Phosphorus 2.42 A, 6 Gallium-Gallium 3.91 A,
numbers has been tested on the substrate peak, being G#AsSallium-indium 3.96 A 6 Gallium-Phosphorus 4.57 A 6
extensively studied with EXAFS, and on the well known GapGallium-Phosphorus 4.59 A. The distant Phosphorus splitting is
We used bulk GaP as standard. In the k range examined, betwélg to the presence of two distinct sets of second neighbours, i.e.
4 and 12 A and with R range between 2 and 5 A, is available a3allium and Indium.

over-exceeding number of independent points necessary to fihe unusually long Gallium-Phosphorus in first shell is due to the
three shells both in GaAs and in GaP, and a sufficient number §#€asure polarisation, due to the fact that we are collecting
independent points to fit the unknown system. Here we report tHegontribution along the (110) direction. The same distance had
extracted data for GaP. been already reported by Tabor-Morisal (1993) in a polarised

The bond lengths and the coordination numbers used (and MeXAFS study, where contributions from ordered and super-
refined) in the fit for the known systems are those reported in th@rdered domains of the epi-layer were mixed together.

literature. Central atom and backscattering phaseshifts have be@i#olins and Zunger (1998) also theoretically predicted the
calculated ab initio, while Ehas been fitted together with Debye- Parallel to (-11-1) direction Gallium-Phosphorus distance as
Waller type factors and cross section for inelastic scatteringg-43A.

Typical bond lengths of 2.38 A for Gallium-Phosphorus, 3.89 ABut the very striking point is the appearance, besides the first
for Gallium-Gallium and 4.56 A for Gallium-Phosphordé 2 shell of Phosphorus at 2.42 A, of a new and unexpected Gallium-

Indium distance at 3.01 A.
This distance matches perfectly that theoretically predicted by
Froyen and Zunger (1991) for fully relaxed near-surface
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reconstructed structures for neutral
minimum energy surface geometry presents indeed a buckl
and tilted dimer with a cation-cation long distance of ca. 3 A.

The contribution is in the same position as seen previously

clearly originated from the super-ordered domains only becau
the DAFS spectrum from the forbidden reflection is isolating th

contribution from the domains, and is not describing the averagg

epi-layer structure.

kih'1 )

Figure 2a. Extracted DAFS spectrum from the forbidden (-5/2, 5/2, -5/
reflection from the super-ordered InGaP domain in the epi-layer. . Sup
ordered monolayers only contribute to present experimental DAF
spectrum (solid line) and calculated (broken line) due to the diffractio
geometry (see text).

FT mod.

i P S

Figure 2b. Fourier Transform (solid line) and relative fit (broken line) for

b
Tabor-Morriset a.l for the same system, but, in our case, is ver

e

InGaP/GaAs. The final. Conclusions

ptgiata analysisf the obtained experimental raw data of forbidden
5/2 5/2 -5/2 reflection, allows to obtain structural information
¥round the Gallium in the super-ordered domains with two main
)fmportant findings i ) theoretical results indicating the existence
Zo‘? surface dimers driving the growth of super-ordered domains
are confirmed as indicated by Froyen & Zunger (199i));a

ong Gallium - Phosphorus bond (2.42 A) as predicted by Ozolins
& Zunger (1998) is identified .
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DAFS spectrum from forbidden reflection. Radial distances in FT are
phase corrected. Super-ordered monolayers only contribute to present

data. See text for discussion about the 3 A peak
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