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The diffusion intermixing of layers in epitaxial PbSe—-PbS superlattices has been
studied by X-ray diffraction technique. The interdiffusion coefficients was determined
basing on changing of the intensity of near-Bragg peak satellites in X-ray diffraction
pattern. Two stages of diffusion — fast (at the initial annealing stage) and slow are found
out. The diffraction reflection curves have been simulated by numerical solution of the
Takagi-Taupin equation for superlattices under account for its profile smoothing due to
diffusion.

MeTozaMu PEHTreHOBCKOM AUQPPAKIUH HCCIeJOBAHBEI IPOIECCHI AUGPY3MOHHOrO mepeme-
IIMBaHUA C10eB B cBepxpemierkax PbSe-PbS. Ilo usmenenuio unrencupnocTn pedexcos-ca-
TEJIIATOB ONpeAeneHsl KoahpuuueHTs! Baaumoxuddysuu cioe. OBHapYKeHE! ABa aTamna
Auddysun — 6GbicTpas (Ha HAYaJbHBIX 2Tamax OTIKUI'OB) U MeAJeHHas. IIpoBeseHo Momesu-
DOBaHME KPUBHIX NU(MPAKIMOHHOTO OTPAXKEHUS IIyTEM UHCIEHHOTO pelleHUs ypaBHEHUS
Takaru-TameHa IJA CBepXpEIIETKH C yyeToM Au(@OY3NOHHOTO CTIAKUBAHUA ee IIPOMUIIA.

© 1999 — Institute for Single Crystals

The IV-VI superlattices offer wide oppor-
tunities both in the field of fundamental
researches in solid state physics [1-4], and
in creation of new functional elements for
microelectronics, IR-engineering, thermo-
electricity [5—6]. For such structures with
superthin layers, of highest importance is
the state of interfaces — their roughness,
sharpness of transition from one layer to an
other, the presence and extension of inter-
mixed zones, and also time and temperature
stability of their structure and properties.
The diffusion progesses in such superthin
layers with a high gradients of element con-
centrations may differ significantly from
those in bulk materials [7-8]. Therefore,
the investigation of layer interdiffusion in
superlattices (SL) is of great importance
both in theoretical and in practical aspect.

One of the most effective methods for SL
investigation is the X-ray diffraction,
which allows, basing on the changing of
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near-Bragg peak satellite intensity, not only
to trace the layer intermixing processes but
also to determine their interdiffusion coef-
ficients [9-10]:

In[I,(t9)/I,,(x)] = - 8n%n2D(ry - 1,)/ H2, (1)

where D is diffusion coefficient; H, period
of SL; n, the satellite order; I n» relative
intensity of n-th satellite normalized to zero

satellite intensity; 1, the annealing time.
The study subjects of this work are
PbSe-PbS SL made in an oil less vacuum
(1074-10"% Pa) by thermal evaporation of
lead chalcogenides from tungsten boats and
their consecutive condensation onto (001)
KCI at 473 K. The layer thickness and con-
densation rate were monitored using a cali-
brated quartz resonator located near to the
substrate. SL were made with equal thick-
ness of layers and with periods H = 19—
22 nm (number of periods 20). The samples
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Fig.1. Experimental (dots) and calculated
(lines) X-ray diffraction curves for (200) re-
flection of SL PbSe-PbS with a period 22 nm
as-deposited (a) and after an annealing with
temperature 543 K within 10 hours (b) and
78 hours (c). S, — satellites.

were separated from substrates by dissolu-
tion of KCI in distilled water and trans-
ferred onto amorphous quartz object plates.
The structure studies (electron microscopy
and X-ray diffraction) have shown that
PbSe-PbS SL consist of monocrystalline
layers with (001) orientation and sharp in-
terfaces; that is evidenced by the presence
of satellites up to 3-rd order on X-ray dif-
fraction patterns (Fig.1a). The samples were
annealed in vacuum at constant tempera-
tures 543 K, 593 K and 623 K. The sam-
ples were taken out from the vacuum cham-
ber periodically for X-ray diffraction ex-
aminations. Diffraction curves were taken
using a double-crystal spectrometer in Cu-—
Koy radiation and 6 — 20 scanning mode
(the (400) reflection of the silicon mono-
chromator crystal was used).

Theoretical curves of the diffraction pat-
terns for superlattices were obtained by so-
lution of the Takagi-Taupin equation [12]
for symmetrical diffraction:

dY/dX =in[Y% - 2(n - /)Y + 1)/L,, (2)
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where Y is the amplitude ratio of diffracted
beam to primary one; L, the extinction
length; 1, the normalized angular variable;
f, the normalized change of interplanar dis-
tance along the X axis normal to layers.
The absorption was neglected due to the
small superlattice thickness.

The superlattice profile and its smooth-
ing in the course of annealing are defined
by the parameter

f = 2e(X,t)sin20/yy, , (3)

where: &(X,t) is distribution of relative in-
terplanar distance across the SL which
changes during the diffusion intermixing;
Xnr the real part of polarisation.

The equation (2) was solved by the
Runge-Kutta method for each point of the
angular range at a constant . The accurate
solution of (2) for a layer with a known
constant f value (in this case, for the buffer
PbS layer) was used as the initial condition;
then the equation was solved step-by-step

. numerically passing from the buffer layer-

superlattice interface to the free surface.
The product of the complex conjugated am-
plitudes on the SL surface gives the reflec-
tion coefficient at a specified 6. Fig.l pre-
sents experimental and calculated diffrac-
tion curves for several anneling stages at
543 K.

It is seen from Fig.1 that during an an-
nealing the intensity of lateral satellites de-
creases and central (zero) satellite grows,
thus evidencing the mutual intermixing of
layers. More illustratively, the process of
layer intermixing at 548 K is displayed in
Fig.2 where it is seen that there are two
diffusion stages, namely, the fast (on the
initial annealing stage) and the slow ones.
Similar dependences of the satellite inten-
sity changing are observed at temperatures
593 K and 623 K.

The layer interdiffusion coefficients were
determined using expression (1):
for fast diffusion, D = 8.6-10719 cm?/s (543 K);
2-10718 em?/s (593 K); 4.9-10718 em?2/s (623 K);
for slow one, D = 1.6-10719 em2/s (543 K);
410719 em?/s (593 K); 2.15.10718 cm2/s
(623 K).

Taking into account the Arrhenius law
(D = Dyexp(E/ET)), the values of activation
energy E and pre-exponential coefficient D,
were determined to be:

for fast diffusion, D, =
E = 0.95 eV;

2.4-10710 ¢m2/g;
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Ln(in/lo) what is confirmed also by the low activation
energy value (E = 0.95 eV).
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Bsaemonudysia mapis B emiTakciaapEHX HaarpaTKax
PbSe-PbS

O.I'-®@edopos, 0.F0.Cinamos, O.B.Kaiidanosa

Merozamu penTreHiBehKol Au@ppakuii gocaimxeno mpomecu gudysiinoro nepeMilryBaHHSA
mapiB B HagrpaTkax PbSe-PbS. Ba aminoio imTemcuBHOCTI peduexcis-caTeniTis BU3HAUEHO
Koediuientu Baaemoaudysii mapis. Bussiero asa eramu gudysii — msuaxa (Ha mouaTko-
BUX eramax BiamamiB) ta moBinbHa. IIpoBemeHO MOJAENIOBAHHS KPUBUX PEHTIeHiBCBKOIo
BiIGUTTA MINIAXOM YMCENBHOro pimeHHs piBHamua Taxari-Tamena mis HaJATPaTKU 3 ypaxy-
BaHHAM AUQy3ilffHOro 3riajKyBaHHS mpodirio.
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