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Percolation transition of thermoelectric properties in PbTe thin films
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Extrema were observed in the film thicknesslependence of various thermoelectric parameters
(Seebeck coefficiers, electrical conductivityr, Hall coefficientR,, , charge carrier mobility:, and

power factorP) of epitaxial PbTg001) KCI thin films prepared by thermal evaporation in vacuum
and protected from oxidation by an EuS layer. We attribute the observed extrema in properties and
the high values ofu and P at d~50nm to the percolation transition from an island-like to a
continuous film and to the self-organization of the islands, which can occur not only in quantum dot
superlattices but also in an individual layer. ZD01 American Institute of Physics.
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Lead telluride(PbTe is considered to have great poten- dimensional Volmer—Weber growth mode and that the tran-
tial for thermoelectric application's® Recently, interest in  sition from island growth to a continuous film occurscht
PbTe has been stimulated by theoretical predicficarsd ~ ~100 nm. We have found that there is a narrow interval of
subsequent experimental observatforisf the possibility of  thickness in the vicinity ofd=50nm where the electrical
significant enhancement in the thermoelectric figure of meritonductivity o, charge carrier mobility:, and power factor
ZT in superlatticesSLs) based on IV-VI compounds. New P=S?¢ (Sis the Seebeck coefficignall have maximum
prospects for applications of [IV-VI compounds were opened/alues. Taking into account the high values pfat d
up by the first observation of semiconductor quantum-dot=50 nm (7, «<= 30 000 crd/V s), the observed dependences
(QD) SLs® ' The spontaneous formation of three- ond can be explained by the self-organization of the islands
dimensional (3D) islands on the epitaxial surface in the during the percolation-type transition from an island-like to a
strained-layer heteroepitaxial growth of IV—VI compounds continuous film.
has become a new way of preparing self-assembled Thin films of PbTe l=5-250nm) were prepared by
QDs! A large increase iZT has been reportédin QD the thermal evaporation of PbTe in vacuum {010 € Pa)
SLs based on PbTe. and the deposition ont®01) KCI surfaces at temperatures

The spatial distribution of the dots, their size, and theirof 520—-570 K. The condensation rate athdere monitored
shape determines to a great extent the potential of a particyith a calibrated quartz resonator. The stoichiometry and its
lar material for QD device applications. This stimulates in-homogeneity were verified by controlling the process param-
terest in studying the island mode of thin film growth and theeters and characterizing the samples after preparation. To
factors which affect the density, size, and distribution of theprotect the PbTe films from oxidation, they were covered
islands. In a number of studigs'*'®~*4ertical ordering of  with an EuS layer, 30 nm thick, which has been sh##a
the dots has been reported in QD SLs. Data on the latergdrotect a PbTe film completely from oxidation. Being a
ordering of QDs are significantly scarcer and the factors conyjide-gap semiconductor, EuS makes a negligible contribu-
trolling this type of ordering are not yet clear. Hogy al."™®  tion to the conductivity. The Hall coefficiem,, and o were
on the basis of theoretical calculations of the elastic interaCmeasured at 300 K using a conventional dc method and a
tion among the dots in QD SLs, related the effectiveness ofnagnetic field of 0.8 T. Six ohmic contacts were prepared by
the lateral ordering for the elastic anisotropy of materials,so|dering indium to the film surface. The error in tRg and
pointing out that IV-VI compounds have sufficiently high 5 measurements did not exceed 5%. The Hall mobility was
elastic anisotropy to self-order. Tersaéf al'® found that,  calculated ag.= Ry and the charge carrier concentration
with the growth of successive layers, the size and spacing Qfas determined as= A/(Rye), assuming the Hall factok
the QDs become more uniform. It was established that thg; pe 1.Swas measured with regard to copper with an accu-
lateral and vertical correlation of the dots only occurs over &acy of~3%. All the films hadh-type conductivity, wit in
limited range of SL period$.™** The question arises: Is the therange of 1.6 107—4x 108 cm 2.
lateral ordering_ of QDs possible in a single layer or canitbe |, Figs. 1 and 2, thel dependences of the thermoelectric
observed only in QD SLs? _ properties of PbTe thin films at 300 K are presented. The

The goal of the present work is to study the dependenceg,|es ofo, 4, Ry, and S for PbTe “thick” films (d
of the thermoellectric_ properties Qf PbTea1) KCI thin.film.s >150nm) correspond to those of bulk PbTe crystdlsn
on the PbTr film thicknessl. It is known'® that epitaxial  the (d) and u(d) curves, clear maxima are seen dit
growth of PbTe on(001) KCI always starts in a three- ~50nm, and the maximurs(d) in Fig. 1(b) correlates well

with R (d), as expected. Assuming the presence of only one
3Electronic mail: millie@mgm.mit.edu type of charge carrier, parabolicity of the conduction band,
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FIG. 2. Room-temperature dependence of the power fa&to8?c on the
(b) thicknessd of PbTe/KC[100) thin films covered by a 30 nm EusS layer.
400 forms at a certain critical concentratiqn= p. (percolation
threshold. At p= p. the system abruptly exhibits long-range
conductivity, whereo= oo(p— pc)' obeys a power law, and
300 t is the critical exponent, which equals 1.65 and 1.0 for 3D
x and two-dimensional2D) systems, respective?ﬁ.‘27 Sivan
Z and Imny® predicted a critical behavior fo® near p, and
200 showed thaS increases whep approacheg, from the me-
tallic side. We thus attribute the sharp growthsimnd . and
0 ® the decrease i atd>10nm to a transition from an island-
T like to a continuous film.
0 50 100 150 200 So, why are such high values ofand u observed at
d(nm) ~50 nm when we could expect defect formation under island

_ N coalescence? We explain the lakgand . by high structural
FIG. 1. Room-temperature dependences of the electrical conduetiand perfection caused by the self-ordering of islands in the grow-

the charge carrier mobility. (a) and the Hall coefficienRy and Seebeck . . L . 9,30 .
coefficientS (b) on the thickness of PbTe/KCI(100) thin films covered by Ing thin film. Itis knowr? that there are two main mecha-

a 30 nm EuS layer. The errors in the measurements due to the materiaisms for epitaxial growth which lead to island formation:
properties are within the size of the points, and the curves drawn are a guidgye Stranski—Krastano(BK) and the Volmer—WebeiVW)
to the eyes. mechanisms. In SK growth, the initial growth is layer by
layer, but thicker layers have a high strain energy, which can
and the absence of a strong degeneracy, which is quite redade lowered by forming isolated islands. The possibility of
istic for our case, we can write dislocation-free SK growth has been demonstrated both theo-
5 2(2mmyr kg T)¥? retically and ex_perimentall§/9,‘31 and is usually observed in

r+— —_— (1) QD SL fabrication. In the VW growth mechanism, which is

2 nf realized in our case, 3D island formation occurs without a

wherer is the exponent in the energy dependence ¢') of ~ “wetting layer.” The KCI substrates provide sufficient equi-
the relaxation timem} is the density of states effective librium conditions for island nucleation, and even at early
mass, ankgT is the thermal energ$ Takingn=A/(Rye)  stages of condensation, small monocrystalline islands with
into account, and assuming that thePbTe energy band clear-cut facets grow Island nucleation usually occurs on
parameters are unchanged over the entire rangeade can  point defects, which represent local regions of strong bond-
expect the behavior of th&(d) and Ry(d) curves to be ing between epitaxial particles and the substfé Due to
similar, which is actually observefFig. 1(b)]. As is seen the lattice mismatch between the condensate and the sub-
from Fig. 2, the maximunmP=S?0 (29.1x 10 “*W/mK?  strate, and to differences in their thermal expansion coeffi-
exceeds the highest values observed for bulk crystals anglents, islands are the centers of elastic distortions spreading
thick films of PbTe? and is comparable to observations in over the substrate. The deformation forces are short range
IV—VI-based SLs and QD structurés’® and vary as~1/r2 (r is the distance from a deféct In the
Several authors who studied(d) for inhomogeneous short-range approximation, one can introduce the raBgs
films consisting of conducting and nonconducting constitu-of a deformation sphere, outside of which these forces are
ents, observed an abrupt increaserjrsometimes by several rather weak. Overlapping of the deformation fields of neigh-
orders of magnitude, within a narrow range &f>?® and  boring islands will create regions with lower strain energies
explained it*~?® by percolation theor§’ According to this  that alternate with highly strained regions. After the forma-
theory, in a random mixture of conductir{ffactionp) and tion of percolation channels through the deformation

insulating (fraction 1—p) materials, an infinite cluster first spheres, the processes of elastic interactions can become co-
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