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X-ray-diffraction study of the lattice distortions induced by a fractional monolayer:
ZnTe embedded in vicinal CdT€001)
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The distortion gradient of the interplanar distances induced by a ZnTe fractional monolayer embedded in
vicinal B-type CdT€001) is analyzed within a kinematical model from the diffuse scattering neaf0Hé
Bragg peak of the substratscans alond00 ]). It is explained how these x-ray measurements allow us to
extract the relevant structural parameters of the sample. With this method, only the planes with distortions
along the growth direction and without local bending give a significant contribution to the diffuse scattering
along[00 ]. The measured diffuse intensity only comes from a fraction of the sample volume. It is shown that
the elasticity theory is very well verified in the monolayer limit by comparing the strains predicted by this
theory toab initio pseudopotential calculations. By assuming that this approach is still valid in the submono-
layer range, the maximum Zn concentration per plane and the integrated Zn quantity are deduced from the
distortion curves. The asymmetric profile of the Zn concentration can be explained by a nucleation of ZnTe
islands. This analysis of the diffuse scattering has been proven to be very sensitive to the elastic deformation
of the layers due to the large lattice mismatch between CdTe and @bbeit 6%, but not to the chemical
composition of the cationic pland€d or Zn. In a more general way, it can easily be applied to systems
having a large chemical contraf§0163-18287)04123-4

I. INTRODUCTION tional monolayers in a CdTe0l) vicinal sample, can be
extracted from this technique. An x-ray source with a high
Quantum confinement is one of the greatest successes iiilliance is needed due to the very small amount of ZnTe
recent band-gap engineering technology. Quantum wires arginbedded in the CdTe matrix and the experiments were per-
dots of 1I-VI and Ill-V compound semiconductors exhibit formed in the European Synchrotron Radiation Facility
unique optical and electrical propertiedput the controlled (ESRB. o _
fabrication of these heterostructures remains a difficult task, ZNnTe induces a large stress field in the matrix because of
The couples of materials must be chosen with precise bandh® large lattice mismatch between CdTe and Zrdkout
gap characteristics, furthermore the heterostructures have f7° for the bulk values The in-plane lattice parameter re-
grow coherently(i.e., without dislocation and with severe laxation of this high strain during the f!rst stages of the ZnTe
size requirementénean values and fluctuation§Some pro- growth on CdT€001) have been studied elsewhéréor a

cesses have been developed to build such quantum-sized d‘chtlonaI Iayer buried into CdTe, only a distortion of _the
. . . o interplanar distances relaxes the energy of the system in the
jects like nanolithographyspontaneous self-organization, or

. . elastic regime. From the electronic point of view, the ZnTe
nucleation at thg edges of the:- tgrra&és‘[he crystal Iattlcg hin layers (gap=2.39 e\} embedded in the CdTe matrix
between the wires or dots is inhomogeneously straine

; . . ) : 'gap=1.60 eV} have been demonstrated to be very interest-
mainly due to internal stressdse., lattice mismatch between o for assessment of isoelectronic perturbation effects in

the materials ar_ld to elastic strain rela>_<ation. I'F is well CdTe/Cdzn,_,Te superlatticed Moreover, the insertion of
known that strains strongly affect the microscopic and th&ractional monolayers leads to an interesting localization
macroscopic properties of semiconductor heterostructure@nenomena like the quantization of the movement of the
(for example, the band gap and the emission wavelengthcenter of mass of the excitdn.

The determination of these strains can be performed by graz- Section Il describes the elaboration of the sample and the
ing incidence x-ray diffraction. Experimentally, several in- experimental setup. The simple kinematical model used to
plane and out-of-plane diffraction peaks must be measured textract the relevant structural parametddeformations,
know the complete tensor strain components of the heteraoughness, etcfrom the (001) diffuse scattering curves will
structures. For pseudomorphic growth on a thick substratbe developed in Sec. lll. Section IV describes firstly the fit-
crystal, the problem is much simpler because the in-planéng procedure, then we comment on the values and the cor-
lattice constants are accommodated to the lattice parameteglations of the parameters obtained from the fit of the dif-
of the substrate, and so it is only important to know thefuse scattering around tH804) Bragg reflection. Section V
deformation profile along the growth direction. This defor- is devoted to the interpretation of the vertical distortions. The
mation profile can be extracted from the analysis of the dif-validity of linear elasticity is checked within the monolayer
fuse diffraction near the Braff peaks of the structure. In thislimit: the elastic deformation induced by the insertion of one
paper, we will show how the deformation profiles along themonolayer of ZnTe in CdTe is compareddb initio calcu-
growth direction, resulting from the insertion of ZnTe frac- lations within a plane-wave orbital basis. By assuming that
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FIG. 1. (a) and(b) Diffuse x-ray scattering intensities of the Z841 and Z952 sam(gleasn alond00l ]) near the(004) substrate Bragg
peak.l is in reciprocal-lattice unit of the substrate#fa,,). Dots are measurement data and solid lines correspond to the béstditd
(d) Details of the interference effects presentedanand (b) and best fits.

this theory is also valid in the submonolayer limit, it is monochromator made of two &il1) horizontal crystals, the
shown how the deformation profile can be interpreted acsecond one being bent to get a sagittal focusing. Grazing
cording to the sample characteristics. It is also shown hovincidence x-ray-diffractionGIXD) has been performed on
the Zn atomic concentration can be estimated from the exthe (220) and (440 Bragg reflections to verify the zero in-

perimental data. Finally, we summarize our work in Sec. VI.plane lattice mismatch between the CdTe layer and the sub-
strate: Aa/a);=0.01% for 2952, and this mismatch was too

low to be measured with this instrument for Z841. This result
Il. SAMPLES AND EXPERIMENTAL SETUP confirms the very low density of dislocations in the samples.

h | d q b ional The miscuts of the samples have been measured by compar-
e samples under study are grown by conventiona mol'ng the specular reflected beam and {B64) Bragg reflec-

lecular beam epitaxythe detailed conditions for fabrication 4 o = sample 7841, the miscut is about 2.80°005°
have been described elsewhgreA CdTe buffer layer towards[lf)] and 0.13°_L0_005° toward$110]. For sample
(around 1000 A thickis grown on a CgloeZMo,0aT€(001) 7955 “these two values are, respectively, 2:40005° and
substrate with a 2° miscut towards the10] direction (2°  0.10°+0.005°. The superlattice peaks due to the periodicity
B vicinal surface. A single fraction of ZnTe monolayer is of the Zn growth at the terrace edg@sans along thg110]
deposited at 320 °C. At this temperature, ZnTe grows at th@jirection cannot be clearly measured. Only a diffuse com-
step edges of the buffer as shown by the disappearance of tignent can be determined indicating a very large fluctuation
oscillation of the reflection high-energy electron speculargf the edges.
beam monitoring the deposition. The wires are then encap- The diffuse scattering intensity was measured along the
sulated under approximately 200 A of CdTe. The sample$oq ] direction around th€004) Bragg peak. This quantity is
are kept under vacuum after a short transfer umMtierTwo  only sensitive to the crystalline contribution of the sample
samples with; and 3 ML of ZnTe, named, respectively, whose planes are perpendicular to [p81] direction, and it
Z841 and 7952 in the following, are studied in this paper.ijs not sensitive to the in-plane order. The geometry of the
The wire thickness is abowt;,r/2~3 A and the average experiment consisted in counting scattered photons within
in-plane spacing, about 90 A, is determined by the miscut ofhe angular acceptance of the detector while symmetrically
the sample. increasing the incidente) and exit(B) angles on th€00l)
X-ray-diffraction experiments were carried out on theplanes by keepingr equal to 8. The openings of the slits
CRG-Interface French beam line of the ESRF with the multi-before and after the sample were set to get a sufficient reso-
technique goniometer using a radiation wavelength of abouition (<6x 1072 A1) to measure the interference fringes
0.6889 A (18 keV) for sample 2952 and of about 1.2400 A due to the largest thickness of the layers of about 1000 A.
(10 keV) for sample Z841. The energy was selected with aThe incident beam divergence wA#=1,3 mrad.
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Figure 1 shows a sharp peaklat4 which is the Bragg direction and without local bending give a significant contri-
diffraction peak of the CglyeZng oaT€ Substrate. The smaller bution to the diffuse scattering alorj@0 ]. Consequently,
peak on the left results from the CdTe buffer layer. Twothe column giving the measured diffuse intensity corre-
series of interference fringes are shown in this figure resultsponds to a fraction of the volume bounded by two step
ing from the CdTe buffer and the CdTe cap layer. The frac-edges. Moreover, the x-ray contrast is mainly due to the in-
tional insertion of Zn induces a dephasing term betweererplanar distance variation because the influence of the dif-
these two contributions. The oscillation periodicity of theseférence between the Cd and Zn form factbgf=48~ and
fringes in a reciprocal-lattice unit is nearly equal to the in-fzn=30e") is smaller than that induced by the large mis-
verse of the number of the CdTe unit cells, so that the widefa{ch effect between ZnTe and CdTe.
oscillations[see Figs. ) and 1b)] come from the CdTe The substrate and the CdTe lattice parameters along the

: - growth axis,aq, and acqgre, Were precisely measured by
i?d%]kfir)(/)i: g]nedéz_er;hgz?fglrsee the zoom in Figs.(&) and high-resolution x-ray diffraction. The interplanar distances

dsur=aqf4 and degre=acqrd4 are, respectively, equal to
dey=1.616 A anddcgr=1.626 A for sample 2841 and

Ill. CALCULATION MODEL dey=1.615 A anddcgre=1.627 A for sample Z952. The
interplanar distance under and above the plane containing the
Zn fractional layer is writterdcqre 6d.

We present a simple model based on the kinematical ap- A very simple modelwith only the adjustable parameter
proximation for the treatment of the data shown in Fig. 1. Asd) consisting in a rectangular shape of the distortion profile
detailed description of a quite similar method applied to ais not able to fit correctly the data. The variatiéd does not
guantitative analysis of the extended reflectivity curve of aallow us to reproduce properly the change of phase between
reactional interface SmTe/CdTe is given elsewHefthe the amplitudes scattered by the andng planes, particularly
sample, shown in Fig.(3), is divided into diffracting col- the position of the wider oscillations are not well reproduced.
umns the in-plane extent of which will be discussed laterThe best fit is however obtained fatd=0.28 A in the
The structure factor a column is obtained by summing thesample Z841 andd=0.09 A in Z952. It is noteworthy that
contribution to the scattered amplitude of different layersthe value for Z841 is unphysical because the maximum de-
[see Fig. 2)] which are successively for the sake of sim- formation, calculated within the elasticity theory in Sec. V,
plicity: the substrate, the buffer layer with, alternating for a pure ZnTe layer is 0.21 A.
planes of Cd and Te, one plane containin@n atoms and We tried to improve this simple model by introducing two
1-x Cd atoms X being the fraction of inserted monolayer kinds of perturbation to the perfect structure: firstly, a lateral
and the cap layem(; planes. In fact, the strain of the sample fluctuatiorf of the parametesfd where the amplitudes and/or
is complex because the ZnTe step decoration introduces tae intensities of the diffraction columns are summed with a
lattice bending of the diffracting planes the in-plane confine-Gaussian variation. But, the effect of the lateral fluctuations
ment of which depends of the amplitude of the step edgeis only to lower the intensity of the wider oscillations, and
fluctuations. A coherent CdTe column as well as bendedloes not allow us to improve the fit. The second type of
planes give no contribution to the diffuse scattering intensitydefect consists in adding a gradient of interplanar distance
measured only with an out-of-plane momentum transfer. Thalong the growth axis near the Zn plane insertisae Fig.
method presented in this paper is therefore very selectiv(b)]. This latter improves considerably the fit and is fully
because only the planes with distortions along the growtldescribed in the next section.

A. Introduction
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TABLE I. Adjusted parameters of the model described in the texm,,n; are the number of plandsee Fig. 2, 01,05, 5d define the
deformations of the layer containing ZnTe insertigns the roughness parameter, W in the rms roughness. The error bars are only

indicative and correspond to a variation of 1% of ffe

Sample ny o, oy n, sd (A) Ng B W22 (A)
2841 8144 0.7£0.5 4.2-0.3 22+3 —0.1+0.005 44+3 0.12+0.1 0.6-0.4
2952 82415 0.4:0.3 3.0:0.6 16+3 —0.04+0.01 53t1 0.7£0.1 4.5-3
B. Description of the model be Te terminated because of the Te-flux saturation before the

beginning of the buffer growth.

A stressed layer, containi lanes, is introduced be- . ) .
Y g P The amplitude of the substrate is approximated by

tween the buffer layerrn(; plane$ and the cap layerng
planes. In the kinematical approximation, the amplitude
scattered by one columw(q,), is given by Aqud 9y

_ i9,dcqTe
Allz) = Asu Gz) T Ag(g7) 5T wherev takes roughly into account the absorption of the
+[Ay(q,) + As(q,) €9z dcdret thick2) ] gidzn1deare layers.v =8mdg,,/q,A A, where is the wavelength and is
a characteristic length adjusted to obtain the intensity of the
@) substrate Bragg peak;(q,) is the form factor of the element
where Ay, is the amplitude scattered by the substrate and (to simplify the notation, the), dependence is omitted in
A; the amplitude scattered by th¢h layer. Thick2 is the the formulag.
total thickness of then, planes containing the ZnTe frac-  The buffer layer containg, pure Cd and Te planes alter-
tional insertion. Note that the phase origin is chosen at th@ating alond001]. The first plane is a Cd one and two cases
top of the substratgsee Fig. 2b)], this plane is supposed to have to be taken into account according to the parityof

(fret foge™'92dsu)
- ]_—e_'qudsuke_U '

@

(f gt free'd2dcae) (1 — gldz(N1/2)dcare)
1— @'9z2dcaTep v

if n, is even

Ai(dy)= ()

f -+ foel920cdTe) (1 — i (N1~ 1)/2)dcgre .
(feat fre ) ( )+fcde|qz<nrl)dcme if ny is odd.

1— e'9z2dcdTep—v

The CdTe-ZnTe-CdTe interface is modeled by adding a gradient of lattice parameter along the growth dirgglimmes
are supposed to be deformed by the Zn insertion. As shown in fy.the deformation gradient belo@bove the Zn plane
is modeled by a Gaussian profile defined by its full width at half maxinmnio,). o4 and o, are related to, by n, =
integer parf4X (o1 + g5) ]+ 3. n, is supposed to be odd to simplify the calculation. The distance between the ptahesnd
j is then defined by

(i—i0)?

207

4

2(})—2(j 1) = degre— 5 exp( _

dcgre 04 is the interplanar distance between the planéthe position of the Zn fractional layeand the plang,+ 1, where
joz (n2+ 1)/2

The amplitude is then

N2
A2<qz>=121 f;ei920), (5)

The nature of thg =2n+1 plane depends on the parity of. It follows that if n; is even thenf,,, =fcq and f,,.»
=freandifny is odd thenf,,, ;=fr. andf,,,,=fcq4. For the mixed plane containing the Zn fractional insertion, the atomic
form factor value is averaged over Zn and Cd atoms according to ¥a&le. But as discussed before, we measure a distortion
contrast which is not influenced by the chemical nature of the catiomsr Cd.

Finally, the sample is encapsulated undgrplanes of CdTe. The nature of the first plane still depends on the parity of
n.: if n, is even therf,=f{, f,=f-yand ifn, is odd then f,=f-4andf,=f; it also depends on the parity of:

( fl+ fzeiQZdCdTe)( 1— eiqz(nS/Z)dCdTe)

if ny is even
1— g'9z2dcdTep v 8

As(d,)= i i9,{ (N3~ ©
f. + fel9z9cdte) (1 — 92l (N3~ 1/2]dcqgre . ) )
( 1 2 )( ) + fcde'qz(n3fl)dCdTe if ns is odd.

1— @'9z2dcdTep v
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The substrate roughnegparameterp) is supposed to Z841 is reproduced with a very small interface roughness,
propagate at the upper interfaces. In this model, the diffractx/<—22$<1 A, whereas the 7952 one is greate«/rzz;
ing volume is divided in columns and each column has a<4.5 A. These values are quite small and show that the
probability*” g"x (1—B) to haven planes above the last roughness of the substrates were small. The value for Z952
complete plane of the sample. The total intensity is therhas been confirmed by small-angle x-ray reflectivity. With
obtained by multiplying the intensity of each diffracting col- the standard optical transfer-matrix method, the reflectivity
umn by (1- 8)%/[1— 28 cos(ml)+B2]. Within this approxi-  curve(not presented in this papds fitted with a rms rough-
mation, the overall root-mean-squatems) roughness is ness 64 A for the substrate, in good agreement with the
given by \{z%)=\/B/(1— B) X dcgre. Further standard cor- values determined from large-angle scattering. Unfortu-
rections are applied to compare measured and calculateghtely, small-angle x-ray reflectivity has not been performed
intensities® the Lorentz factor, the polarization factor, the gn sample Z841. The difference between these two values
size of the irradiated area, the Debye-Waller factor, and thenay be attributed to the sensitivity of the x-ray measurement

experimental resolution.
IV. FITTING PROCEDURE AND EXPERIMENTAL
RESULTS

The parameters of the model, o,, 84, N3, B and a
scale factor are adjusted to minimize the merit function:

1 M
X =3=p 2 ey~ loo D08, (@)

wherev =7 is the number of parameters aktithe number
of points of the experimental curvé/= 1995 for Z841 and
M =685 for Z952. I .adj) [lexpfi)] is the calculated ex-
perimenta) intensity andoe.,(j) is the standardstatistical
deviation of the measurement at point The calculated

to the substrate surface preparation.

Note that both experimental curves are well reproduced
by calculating the contribution of only one column. For a
coherent scattering betweah columns, the total scattered
amplitude should be

N o 1—e'dzNd
F(a)=2, A0 V=A) T—gga. @)

whereA(q) is the amplitude scattered by one column calcu-
lated in Sec. Il B andl is the step height. The second term
of this equation induces a very strong damping of the inten-
sity which does not correspond to the slow decrease of in-
tensity measured around t@04) Bragg peak. Therefore, it
proves that the diffracting columns of this sample are not
coherent. This behavior can be explained by the large rough-

curve for the best fit is superimposed to the experimentahess of the step edges confirmed by grazing incidence x-ray-

data in Fig. 1.

diffraction measurements. As a matter of fact, Figp)ds

Since the parameters, andns do not play a major role only schematic, and perhaps misleading because the large
for the interferences, they are adjusted with a conjugate greftuctuations of the terrace lengtand also the bending of the
dient method so as to calculate the same width of oscillationplanes are not drawn.
as the measured one, corresponding, respectively, to the The coherence has been protedo be larger in

buffer layer and the cap layésee their values in Table.l
During the fitting procedure, the parity of andns is tested

AlAs/GaAs superlattices grown on a vicinal GaAs substrate,
and with a diffracting column consisting in four steps, this

and the diffracted intensity is calculated according to Egsindicates the better crystalline quality of these 1lI-V samples.
(3) and(6). Then, the refinement of the strained layer param-The best fit obtained for the sample Z841 was used to calcu-
eters,o1, o5, andéd, consists in reproducing the change of late the diffracted intensity around tk@02) and(006) Bragg

phase between the amplitudes scattered bynthend ng

peaks: the experimental and calculated curves are shown in

planes. The calculation of the Hessian matrix of the meritrigs. 3a) and 3b). The calculated curves fit well the experi-
function gives the correlation factors between the parametemnental ones. These two complementary measurements were
of this model. It shows that these three parameters are coonly performed very close to the Bragg peaks of CdTe and of
related and their adjustment must be done step by step, aftdre substrate, it allows us to verify the consistency of the
studying their effect on the calculated curve. The measure ahodel, in particular the lattice parameters, thevalue, and

the intensity on a wide range of momentum transfer allowshe interferences close to the Bragg peaks.

us to diminish this correlation: the final values are given in

The asymmetry of the gradient of the lattice parameter

Table I. The error bars on the parameters given in this tabléas also been observed for thin Zn{ead MnTe epitaxial

are estimated for a 1% variation of thé. The error bars on

layers on nominal surfaces. Indeed, the lattice distortion has

the correlated parameters are probably underestimated Hpeen directly studied from high-resolution electron micros-

this method.
&d is smaller than the value found with no gradiéste

copy (HREM) images:! The samples were observed in a
(110 direction, and the local displacements of tt@0D2)

Sec. Il A), but the strain extends on several planes. Moreplanes were measured directly from HREM imagése

over, the value oféd is smaller for sample Z952 than for point to point resolution of the 400-keV microscope was
sample Z841: this shows that a smaller quantity of ZnTe wasbout 1.7 A. It has been shown that the distortion profiles
deposited in the first sample. For both samples the gradient isere asymmetric for 1-,2-,3-ML depositions with residual

asymmetric(see Fig. & it extends on one monolayétwo

distortions extending to a few planes on either side of the

planes under the plane containing the Zn insertion and up tanserted layers. Furthermore, the maximum measured distor-

4 ML above it.

tion was less than expected by elastic calculations. It has

B does not play a crucial role on the determination of thebeen interpreted by the presence of nonabrupt interfaces re-
gradients of distortion. The experimental curve of samplesulting from the interfacial roughness and also from some
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TABLE Il. Comparison between the calculatquane-wave or-
bital basig and the experiment&Refs. 18 and 1Plattice parameter

E a (A) and cubic elastic constan®,;; andC,, of CdTe and ZnTe
S (GP3. For the cubic symmetry, the bulk modulus is related to the
g elastic constants bB=(C,;+2C;,)/3.
©
> Source a(A) C,,(GP3 C,,(GP3 B (GPg
~—
Z CdTe
*E Experiments 6.481 53.8 37.5 445
- This work 6.370 60.5 37.6 45.2
ZnTe
Experiments 6.089 71.3 40.7 50.9
This work 5.924 80.8 40.6 54.0
@
5
o The experimental lattice constarg""® and the equilibrium
s lattice parametera, (given in Table I) show that this strain
; is about —7.53%. This equation can also be written with
[l 4 . .
=104 g oY ) respect to the substrate bulk lattice parameter as
: el + ¥ \ -
3 Lo
,5 AMmax_ 8znTe aCdTe: aZnTe< 1+ smax) -1
10¢ * AcdTe AcdTe *
5.94 5.96 5.98 6 6.02 2nT
(001) C3°
=" € 1+ZCZnTe ) (10)
11

FIG. 3. X-ray-diffraction profiles of the Z841 sampl@) near
the (002 and(b) near the(006) substrate Bragg peaks. The experi- where o= (acqre— azn1e)/ AcdTe-
mental conditions(incident-beam divergence and slits openijngs The numerical value of ™ predicted from this theory is
were the same as for the measure around@0é) substrate Bragg 1, + 12 9506, It can beldirectly measured from the dif-

peak. The solid curve is calculated with the parameters fitted fron}raCtion experiments. The tion is to k if th )
the (004) experimental curvésee Fig. 1 . P . q.“.es lon IS to know 1rthe "?‘Ssump
tions of macroscopic elasticity theory can be applied to a
segregation during the growth. This technique has some limimonolayer (and later a submonolayethin film. High—
tations which do not exist in the diffraction method presentedesolution electron microscopy studiéhiave purported the
in this paper.(i) The spots correspond to either columns oféexistence of a severe elastic anomaly fqi081) monolayer
atom pairs(Cd+Te or Zn+Te), or channels between these of InAs, embedded in GaAs. This system is very close to
atom pairs, so that individual planes are not resolviél A ~ ZnTe/CdT€001) with a large misfit of the bulk lattice pa-
partial relaxation of the inner strain may occur during therameter of about 7%instead of 6% and with similar elastic
specimen thinning(iii) The resolution limit is about one constants. But later, x-ray standing-waves experiniéatsd
monolayer on a nominal surface, and the fractional monoan ab initio calculatiort* have proved that the strains distor-
layer deposition on vicinal surfaces is very difficult to studytions can be accurately described by macroscopic-elastic
due to the projection effect. Nevertheless, the images repréheory. In our system, we will also prove lay initio calcu-
sent an average scattering potential through thickness whidations that this theory can be applied in the monolayer limit.
also integrates nonlinearity of the terrace edgewd of the The problem will be later to extend this assumption to the
ZnTe decoratiohn In the x-ray study presented in this paper, submonolayer range to estimate the Zn atomic concentration
the asymmetry of the gradient is confirmed although thérom the lattice distortions.
measured signal comes only from the nonbended distorted Total-energy calculations are carried out using abeini-

planes. tio pseudopotential method. Our calculations are performed
in the framework of the density-functional theory within the
V. INTERPRETATION OF VERTICAL LATTICE local-density approximation by using the Biosym Program.
DISTORTIONS The soft norm-conserving pseudopotentials of Troullier and

Martins® including relativistic corrections, are employed.
The program uses nonlinear core corrections to enhance the
The perpendicular strain of a perfect ZnTe monolayertransferability of the potential. The total energy of the system

(within a biaxial stressburied on a CdT@01) matrix can be includes the plane waves with kinetic energy up to ecl#t
calculated from the standard macroscopic elasticity theory bfry corresponding to an average number of plane-waves size

A. Validity of the linear elasticity within the monolayer limit

n ZnT below an ecut of about 17 000. This cutoff energy, which
Az re—a Cci ' . . ;
gmax_ “ZnTe ZnTe _ ,~12 (3cqre—aznrola depends on the types of atoms in the simulation cell, has
L aznTe cZnTelcicdre  SznTell SznTe: been tested to be sufficient for convergence of the total en-

9 ergy. We do not considerd3electrons explicitly for Zn at-
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oms, and treat them as the core. Tpoint integration was The calculated interplanar distortions are shown in Fig. 4.
performed on a single point to decrease the computation tim&he profile is symmetric as imposed by the symmetry of the
of the large cells. The CdTe and ZnTe lattice parametergroblem, and there is no gradient. Only the interface planes
a, are calculated by minimizing the ener@yof the primi-  are affected by the Zn insertion with a maximum distortion
tive cell (with two atom$ according to the volume/,  of about—13.1%, which can be compared to the value of
=a3/4. As shown in Table II, the values are smaller thanA™=—-12.95% determined from the elastic theory. The
experiment by 1.7% and 2.7%. The bulk modulBsis  agreement between the macroscopic elastic theory and the
defined by B=(2/9V,)(9°Elde?)|,—o, where e=(a  pseudopotentiahb initio calculation is therefore very good.
—ap)/ag, with ay the equilibrium lattice parameter. The de-  All the previous results tend to prove that the continuum
formatione is always lower than 1.5% in order to get a small elasticity theory can be applied to the monolayer limit in the
variation of the atomic volume and to remain in the linearZnTe/CdTe system. This assumption will be extended to the
regime. The calculated values of the bulk modulus are largesubmonolayer range.

than experiment by 1.6% for CdTe and 6.1% for ZnTe. The

C,, constant is obtained by multiplying the axis of the B. Determination of the Zn atomic concentration
cubic cell by ¢, but keeping they andz axis the samé’ from the deformation profiles
The change in strain energy as the functioneofs then If the elasticity theory is assumed to be valid for the ZnTe

AE/Vy=3Cy14+0(&?), and theC; constant is simply ob-  wires buried into CdTe, the local amount of Zn can be quan-
tained by fitting the curv&\E/V(e). Finally, theCy, con-  tified. Two extreme configurations corresponding to different
stant is extracted from the bulk modulus which is related tomorphologies of the interface of the diffracting column will
the C,; andC,, elastic constants b= (Cy;+2C,5)/3fora  be considered as model systems: firstly, a homogeneous
cubic symmetry. The calculated constants given in Table licd,zn, _,Te alloy and secondly, a broad two-dimensional
show a good quantitative agreement with experimentaCdTe and ZnTe islands distribution. In the first case, the
datd®® and with other all-electron self-consistent calcula-plane containing the Zn insertion is supposed to be a
tions pUb'lShEd in the Iiteratur?@._zzThe perpendicular strain CdXan_XTe a||oy whose elastic coefficients and lattice pa-
e, estimated with the calculated volume parameters and theameter are obtained by linear interpolation between those of
elastic constants of thab initio method is—7.56%. This  pure CdTe and ZnTela) =Xaznret+ (1—X)acare and (Ci;)
Value iS in Vel’y gOOd agreement W|th the Va|ue-e7.35% ZXCﬁnTe-F(l—X)CSdTe, Wherex is the fractiona' Coverage
computed from the experimental data. resulting from the Zn deposition.

The insertion of ZnTe in a CdTe matrix is simulated by  The strain measured according to CdTe is then
substituting a Cd plane by a Zn plane in fit®1] stacking.
The simulation cell is a superlatti¢with periodic boundary ﬁ 1_2<C12> (acare—(@N/@) | - 1. (1D)
conditions made of eight planes of Te, seven planes of Cd, (Cyp) CdTe '
and one plane of Zn. The forces are evaluated numerically bV\/e get the following second-order equation as a function of
means of the Hellmann-Feynman theorem, they are the gra-
dients of the total energy with respect of ion positions. The
energy of the crystal is minimized according to the forces X%eo(B#Me— BT + x(£0B T~ AC 114 40y/3)
applied on each ion. Due to the symmetry of the simulation

Aalloy= Acdre

cell (PMM2, label 25 of the international tables of crystal- +C(1:fTeAa”°>/3:O’ (12)
lography, only 16 atoms have to be considered. They arewhere

free to relax in the simulation box whog€01) in-plane A —a

stress is fixed by the calculated value of the bulk CdTe. The o= TATe - gi_(cl,+2Ch,)/3,

out-of-plane dimension of the box is chosen in order to ob- AcdTe

tain, after relaxation, the bulk calculated value of the Cd-Te AC..— CCdTe_ znTe
interplanar distance for the planes far from the Zn insertion. n—-n 1z -
The atomic relaxation is stopped when the root mean squarthe physical solution foxk is the positive root of this equa-
of the forces is smaller than 2.5 meV/ A@x 10 12 N). tion:

X=[(AC11A yioy/3— £oB<TO — \/(SOBCdTe_ AC11A iy /3)*— 5 Cg_:fTeAalloySO(anTe_ BCIT9)]/[2e(BZ"Te—-BCITY)].
(13

In the second case, we suppose that the CdTe and ZnTe This second approximation is not very realistic, but al-

islands are immiscible and keep their elastic constants. Thigws us to estimate the error bars occurring when a simple
calculated distortions are then averaged afterw@diTe is-  elastic theory is used to extract the chemical composition
lands do not contribute to the crystal deformation in thisfrom the measured distortions. It is important to note that the
approach In this model,x is simply given by two approaches fulfill the boundary conditions: im =~ x

alloy—0
X= A/ATaX. (14 =0 and |IrT'h aIonﬂA‘r‘“aX x=1.
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As show in Fig. 5, the discrepancy between these twc

models is very smallinferior to 2.6% for the whole compo- § 1:00¢ N ' ' ' ' '
sition rang¢. Consequently, the functio(A) = A/A T will = i ]
be chosen to extract the atomic Zn concentration from the % 0.80 1 ]
distortion curvegnote that this approximation overestimates & [ 1
the Zn concentration g 0601 7
It is quite difficult to go beyond these two approximation. om8 !
Finite element or path-integral methddhave to be usedto %5 o0.40 f 3" ]
take into account the real boundary conditions of a wire em = £ oo .
bedded in a material. Furthermore, all the fluctuations ant § g 59 [ e ]
average effects have to be introduced if we want to compar ‘g [ W TE T ow om e e ]
the calculations to the experiments. For a perfect linear wir¢ (& 0001 , o , , , ‘ .
deposited on a substrate surface, the elasticity theory can | 014 -012  -01  -0.08 -0.06 -0.04 -0.02 0
much more developed and takes into account the differer Interplanar distortion A = (d-d___)/d
substrate orientations and the directions of the wifes. i CdTe™ ~CdTe

The Zn concentrations are integrated on the whole range . .
of the gradients shown in Fig. 6 according to Em)_zs We FIG. 5. Curves giving the _fragtlon of ZnTe monolayer for two
find an equivalent amount of ZnTe of 1.5 ML for sample M0Jels{(@ The plane of insertion is supposed to be an alytted
2841 and 0.5 ML for 2952, which is in agreement with the Curv%" Vegards faw s used for ihe it parameters and an it
simple r'ectangular—sha_pe model Va]ues .Of about 1'3. anq 0'4§]hTe islands are supposed to be immiscible and keep their elastic
respectively. The maxima of the distortion curves in Fig. 6

constantgfull line). The inset shows the absolute value of the dif-

give an estimation of the maximum Zn concentration pe.rference between these two models. The numerical values used to

plane: 46%, and 21% instead of 50% gnd ,250/_0 for the NOMIG aw these curves are given in Table[¢éixperimental parameters
nal depositions. So, the Zn concentration is slightly underes(Ref_ 25].

timated by the analysis of x-ray data compared to the nomi-
nal deposition estimated from the growth flux, but thegimijarly explanations can be given. Other techniques, like

discrepancy is small and probably under the error bars of thgcanning tunneling microscopy, will be useful to clarify this
experiment and of its modelization. The value of the inte-,5int.

grated Zn amount is larger than the nominal deposition be-

cause the diffracting column takes into account only a frac-

tion of the sample volume. The very large meandering of the VI. CONCLUSIONS

wires and the substrate roughness can also modify the result |t nas peen shown that the gradients of the interplanar
of the integration and explain the presence of a gradient. Thgjstances resulting from the insertion of a single fractional
asymmetric profile of Zn concentration has already been obznTe monolayer into ® vicinal CdTe substrate can be de-
served in thicker samples.It has been attributed to the in- {ermined from the analysis of the diffuse scattering near the
fluence of the growth conditions: the Zn segregation, thesyagg peaks of the substrate. It is explained how these x-ray
beginning of 3D nucleation at the step edges or the interfacg,easurements allow us to extract the relevant structural pa-
roughness. In our case, the probability to nucleate ZnTe isrgmeters of the sample, in particular the number of pldimes

lands also increases with the ZnTe surface coverage, anfe pyffer layer and the cap layeand the deformations. We
have shown that this method is very sensitive to the elastic

1R | — deformation of the layers, but not to the chemical composi-
0.00—> 45—+ L B SR SRR S
[=1 e N T Calculated CdTe ] L L I e |
g g -0.021 bulk value —_ r
=) r = 1 OrF e LT o-® -4
S=, -0.04f 3 ] s ¢ . T e
o= N b = — . A —
= 3 S =
O W Calculated ZnTe el B4 .
go -0.061 2 butk value §E ] A 'y A
=N /-8 — — — — — — ] @~ -0.021 - T
< ,O“* F op- E - o N J A
=2 -0.08F — < 3 r e .
& r = ] &) ®
bSIL [ N 1 [ ) - A -
2 4o -0.10F . g - ' '
— [ . . .. ] T 0.04F | A _
0.12f Prediction of elasticity theory | 2= Y. . .
sHebar with calculated values. 7 = I : A
@ = - - X ¢ -
YR 7 L Y U A A T A A A A A W A A A S5 L : s --6--7841] 1
1234567 8. 9 10111213 1415 16 -0.06 KB 0795211
Interplanar distance number - | | . 1
-5 0 5 10

FIG. 4. Lattice distortions of a periodic superlattice made of
eight planes of Te, seven planes of Cd, and one plane oftt#n
insertion layer calculated with the pseudopotential local-density
approximation method and compared to the elasticity theory predic- FIG. 6. Gradient of interplanar distances with respect to CdTe
tions. The deformation is measured with respect to the CdTe hosteduced from the fit of the diffraction datsee Fig. 1 for the Z841
material. and 2952 samples.

Relative position of the planes (j-jo)
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tion of the cationic planesCd or Zn. A gradient of the can also modify the result of the integration. The asymmetric
interplanar distances along the growth axis near the Zn plangrofile of Zn concentration can be explained by a nucleation
insertion must be introduced to treat the data. The asymmebf ZnTe islands as reported in thicker sampfe$he method
ric shape of the distortion profile, already observed in highpresented in this paper has been applied to heterostructures
resolution microscopy for samples with 1, 2, and 3 ZnTe presenting a large mismatch of the lattice parameter. In the
ML has been confirmed. CdTe/zZnTe system, the chemical contrast does not play a
It has been checked that the elasticity theory is very welkey role in the interpretation of intensity measurements. For
verified in the monolayer limit by comparing the strains pre-other systems, the chemical contrast can be easily taken into
dicted by this theory taab initio pseudopotential calcula- account with nearly the same formalism.
tions. By assuming that this approach is still valid in the
submonolayer range, the compositions can be estimated from
the strain-composition function knowledge. The maxima of
the distortion curves give an estimation of the maximum Zn We would like to thank F. Rieutord, R. Simon, and M.
concentration per plane which agrees with the nominal depoAlba for their assistance in x-ray measurements and A. Bour-
sitions. The value of the integrated Zn amount is found to beet for stimulating discussions. We are particularly grateful
larger than the nominal deposition because this x-ray techto the staff of the BM32 Interface French Collaborating Re-
nique is only sensitive to a fraction of the sample. The verysearch Group of the ESREuropean Radiation Synchrotron
large meandering of the wires and the substrate roughnestadiation Facility.
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