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The diffusion intermixing of layers during annealing of EuS-based epitaxial superlat-
tice nanostructures was studied by X-ray diffraction technique. The interdiffusion coeffi-
cients for EuS—PbS, EuS-PbSe, EuS—-SrS superlattices were determined basing on change
of the intensity of near-Bragg reflection satellites in X-ray diffraction pattern. There are
no layer intermixing in EuS—PbTe superlattice was observed.

MeTogaMu peHTreHOBCKON Au(paxiiuyd HCCIAeI0BAHLI IIporecchl Au(p¢Gy3UOHHOrO IIepemMe-
OIMBAHUA CJOEB IIPU OTKUIE DIUTAKCUAJBHBIX CBEPXPENIeTOUYHBIX HAHOCTPYKTYP Ha OCHOBE
EuS. Tlo m3MeHCHMIO MHTEHCUBHOCTH Pe(QUIEKCOB-CATCILINTOB ONPEIeIeHbl KO03((PUIIMEHTEI
B3auMoAU(GOY3UN MATEepPUANOB cI0oeB s cBepxpemetok EuS—-PbS, EuS-PbSe u EuS-SrS.
B ceepxpemerkax EuUS—PbTe nmepememuBanusa MaTepraoB CI0€B He HAGIIOLAeTCA.

Bzaemodudy3sin 6 enimaxcianvhux nadzpamrosux HAHOCMPYKMYpPAx Ha ocrhosi EuS.
A.I'.®Pedopos, B.B.Borobyes, T.B.Cambypcvra, A.JO.Cinamos. Merogamu peHTreHiscbkoi gud-
pakmii gocaimskeno mpoiecu audysilimoro mepeMillyBaHHSA MIaApPiB IpU Bigmajax emmiTak-
claJbHUX HaATPATKOBUX HAHOCTPYKTYD Ha ocHoBi EUS. Ba aminow imTemcusHocTi pediiexcis-
careniTie BusHaueHi Koedimieutn Baaemoaudysii mMaTepiamie mapis gas maarpatok EuS—
PbS, EuS—PbSe Ta EuS-SrS. B maarparrkax EuS—PbTe mepemimysarnna matepianis mrapis
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He cIocTepiraernes.

The IV-VI nanostructures open wide op-
portunities both for fundamental researches
in the field of solid state physics [1-4], and
for creation of new functional elements for
microelectronics, IR-engineering and ther-
moelectricity [5—6]. The IV-VI superlattices
(SL) with ferromagnetic (T, ~ 16 K) EuS
layers are especially interesting for spin-
tronics due to antiferromagnetic coupling
between ferromagnetic layers via thin (0.5—
9 nm) spacers [7—8]. For such structures
with superthin layers it is very important
the state of interfaces — their roughness,
sharpness of transition from one layer to
other, presence and size of the intermixed
zones, and also temporary and temperature
stability of their structure and properties.
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The diffusion processes in such superthin
layers with a large gradient of element con-
centration can have the features and differences
comparing with the bulk materials [9-10].
Therefore the study of layer interdiffusion
in superlattices (SL) has a great significance
both in theoretical and in practical aspects.

One of the most effective methods for
investigation of SL’s is X-ray diffraction,
which allows not only to look after proc-
esses of layer intermixing basing on the
change of near-Bragg peak satellite inten-
sity but also to determine their interdiffu-
sion coefficients [11-12]:

Ln[I,(ty)/ I(t1)] = —8k212D(14 — 1)/ H2, (1)
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Fig. 1. X-ray diffraction curves for (200) re-
flection of SL EuS—PbSe with a period 20 nm
as-deposited (a) and after annealing at tem-
perature 733 K within 0.5 hour (b) and
1.0 hour (c). S, — satellites.

where D — diffusion coefficient; H — pe-
riod of SL; # — order of satellite; I, —
relative intensity of k-th satellite normal-
ized on zero satellite intensity; T — anneal-
ing time.

The subjects of investigation in this
work are EuS—-PbS, EuS-PbSe, EuS-SrS
and EuS—-PbTe SL’s which were made in oil-
free vacuum (1074-107% Pa) by thermal
evaporation of lead chalcogenides from
tungsten boats and electron-beam evapora-
tion of EuS and their consecutive condensa-
tion onto (001) KCI at 523 K. Layer thick-
ness and condensation speed were super-
vised by the calibrated quartz resonator
located near a substrate. The parameters of
prepared SL’s are represented in Table 1.
The samples were separated from the sub-
strates by dissolution KCI in distillation
water and were transferred onto object
glasses. The structural researches (electron
microscopy and X-ray diffraction) have
shown that SL’s have the monocrystalline
layers in (001) orientation with sharp inter-
faces. This indicated by the presence of sat-
ellites of the 2-rd order in the X-ray dif-
fractions (Fig. la). The samples were an-
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Fig. 2. Variation of satellite relative inten-
sity for the first S;” (I) and Sl+ (2) qorder
due to annealing time T at 733 K for SL
EuS—PbSe with period of 20 nm.

nealed in vacuum at three different tem-
peratures for each SL’s (see Table 2). The
samples were taken out from the vacuum
chamber periodically for X-ray diffraction
examinations. Diffraction curves were taken
using a double-crystal spectrometer in Cu—
Koy radiation and ¢ — 2¢ scanning regime
((400) reflection of the silicon monochroma-
tor crystal was used). In Fig. 1 it is seen
that during an annealing of SL EuS—PbSe
the intensity of lateral satellites decreases
and central (zero) satellite increases indicat-
ing intermixing of the layers. More evi-
dently process of layer intermixing in SL
EuS—-PbSe at 733 K is submitted in Fig. 2,
from which it is visible, that there are two
stages of diffusion — the fast (on the in-
itial stages of annealing) and the slow one.
The fast diffusion on the initial stages of
annealing is evidently due to the presence
of nonequilibrium nonstoichiometric point
defects in lead chalcogenides [13].

The similar dependencies of satellite in-
tensity changes are observed at tempera-
tures 593 K and 693 K.

The layer interdiffusion coefficients for
SL EuS-PbSe were determined for each
temperatures using expression (1):

Table 1. Parameters of the samples. f, is the lattice misfit of layers; N, number of layers; H, the

SL period.

SL f, % N H, nm
EuS-PbS 0.5 20 8.0; 12.0; 18.0
EuS-PbSe 2.5 20 11.6; 19.0; 20.0
EuS-PbTe 7.7 20 10.2; 12.0; 16.2
EuS-SrS 0.8 20 10.0; 12.4; 16.0
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Table 2. Diffusion characteristics of SLs. H, the SL period; T, the annealing temperature; D,
diffusion coefficient; D, pre-exponential factor; E,, activation energy; Dy, i, diffusion coeffi-
cient at 523 K; AX, the intermixed zone thickness at 523 K for 1 hour

CP H, nm T, K D, ecm?/s | Dy, em?/s | E,, eV Dyos ko AX, nm
cm2/s

EuS-PbS 8.0 543 1.1.10720 | 2.2.1079 1.22 3.10-21 0.06
12.0 593 6.4-1020
18.0 623 1.7-10718

EuS-PbSe 19.0 593 7.7.10721 | 4.0.10710 1.26 2.9.10~22 0.02
11.6 693 3.3.10°19
20.0 733 8.7-10°19

EuS-SrS 12.4 673 6.2.1021 | 1.7.10°8 1.3 3.2.10°19 0.7
10.0 723 4.5-10720
16.0 773 1.1-10718

EuS—PbTe Are not intermixed up to 800 K

D =7.710"21 cm?2/s (593 K);
3.3-10719 cm?2/s (693 K);
8.7-10719 e¢m?2/s (733 K).

Taking into account the Arrhenius law
(D = Dyexp(E,/kT)), the values of activa-
tion energy E, and pre-exponential coeffi-
cient D, were determined for SL EuS—PbSe:

Dy,=4.0- 10710e¢m2/s; E,=1.26¢eV.

Thus it is possible to calculate the diffu-
sion coefficient for any necessary tempera-
ture (for-example, for SL growth tempera-
ture 523 K) and to estimate the intermixing
zone AX formed during SL growth time (¢ ~
1 hour):

AX2 ~ ADt. (2)

The results of such calculations for SL
EuS—PbSe are Dyo5 g = 2.9-10722 cm?/s;
AX = 0.02 nm.

The same procedure was performed for
SL EuS-PbS and EuS-SrS and the results
of investigations are presented in Table 2.

It should be noted that layer materials in
SL EuS—-PbTe are not intermixed up to
800 K until re-evaporation of materials was
observed.

The results are presented in Table 2. Bas-
ing of the results the SLs studied are con-
sidered to be rather stable structures hav-
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ing in as-prepared state very small inter-
mixed zone thickness of the order of one
monolayer or less, thus being very promis-
ing objects for further studies and applica-
tions.
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