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Size effects in thin n—PbTe films
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The effect of the film thickness d on the Seebeck coefficient S, the Hall coefficient Ry,
electrical conductivity o, charge carrier mobility u; and thermoelectric power factor
S2 .6 of thin films (d = 7-235 nm) prepared by thermal evaporation of n—type PbTe
polycrystals doped with InTe in vacuum onto (001)KCI substrates was investigated. It was
established that at d = 20 nm, an inversion of the conductivity type (p — n) occurs, which
is attributed to a change in the thermodynamic equilibrium conditions in films as com-
pared with bulk crystals and\or to partial re-evaporation of In atoms. In the thickness
range d < 20 nm, extrema in the d-dependences of the properties are detected at
d =13 nm, and at d > 20 nm, the thickness dependences of the properties exhibit an
oscillatory behavior with the period Ad = 12 nm. The observed oscillatory character of the
thickness dependences of the kinetic coefficients is attributed to the manifestation of
quantum size effects. The theoretical S(d) dependence calculated in the approximation of size
quantization taking into account d-dependences of the Fermi energy and a number of subbands
is in good agreement with the experimental one with regard to the oscillation period.

Keywords: lead telluride, indium, thin film, thickness, thermoelectric properties, quan-
tum size effect.

HccnemoBano BausHMe TOAMMHLL d Ha 3HadeHUs Koshdunuenta Seebera S, Koodduiu-
enrta Xomna Ry, 2JIeKTPOIPOBONHOCTH O, HOABUMKHOCTH HOCHUTEJEH 3apAfa Uy K TePMODJIEKT-
pruueckoil MomgHocTH S2 - 6 ToHKMX miaeHOK (d = 7—285 HM), MOJYYEHHLIX METOZOM TEpPMI-
yeckoro ucrnapenus B Bakyyme Ha nomaokku (001)KCl momumkpucranmos PbTe, meruposan-
upix InTe, ¢ n-TumoM mTpoBoAMMOCTH. YcTaHOBIAeHO, uTo mpu d = 20 HM MMeeT MecTo
VHBEPCUA TUNA TPOBOAUMOCTH (p — 1), UTO CBASBIBAETCA ¢ M3MEHEHWEM YCJIOBUH TEePMOIU-
HAMMWYECKOI'0 PAaBHOBECHs B IIJIEHKAX W/WJAN C YACTUYHLIM peHclapeHumeM aTomMoB In. B
obiactu d < 20 HM oOHAPYIKEH SKCTPeMyM Ha d-3aBUCUMOCTAX CBOMcTB mipum d = 13 uM, a
npu d > 20 um Habaogaerca OCHMJJNPYIOIIMIA XapakTep U3MEHEHUA CBOMCTB C TOJIIUHON ¢
nepuoxom Ad = 12 um. HaGnogaemblil OCHUIIMPYONINI XapakTep TOJNM[MHHBIX 3aBUCHMOC-
Tell KHHETHYECKUX KOd(M(DUIMEHTOB CBAS3BIBAETCA C IIPOABIEHHEM KBAHTOBBIX Pa3MEPHBIX
adderroB. Pacuer saBucumoctu S(d) B HNpubiuiKeHUN PasMepPHOr0 KBAHTOBAHUS IIPU yueTe
d-zaBucumMocTHu sHepruu PepMHU U HECKOJbKUX MOA30H COBIIAJAET C SKCIEPHMEHTAJBHOHN IO
BEJUYNHE [IePUOAA OCIIAJIIAIMINA.

Poamipni edextn B Tonkux miaiskax n—PbTe. C.I.Mensvwurosa, O.I1.Pozauwosa, O.J0.Cina-
mos, €.M.3ybapes.

HocaimKeHo BIJIUB TOBUIMHY d Ha 3HaueHHA KoedimieHTa 3eebera S, roedimienta Xomaaa
Ry, eIeKTPOTIPOBIHOCTI O, PYXJIUBOCTI HOCITB 3apAAY [y TA TEPMOENEKTPUYHOI MOTYHHOCTI
S2 . 0 romrunx maisok (d = 7-235 HM), AKi Gyam OTPUMAHI METOLOM TEPMIUHOrO BHIIAPOBY-
BaHHA y BakyyMmi Ha migrmagkm (001)KCI| moraikpucraais PbTe, nerosamux InTe, 3 n-tunom
nposiguocti. Beranosiewno, mo npu d = 20 am mae micue imBepcia tumy nposigzmocti (p— n),
110 0B’ sA3yeTheA 31 8MiHOIO yMOB TepMogmHaMiuHOI piBHOBarm B ILTiBKax Ta/aGo 3 4acTKO-
BUM peBuNapoByBaHHAM aToMiB In. B oGumacrti d < 20 HM BHABJIEHO €KCTPEMYM Ha d-3aJei-
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HOCTAX BJacTuBocTeil mpu d = 13 uM, a npu d > 20 HM cHoCTEpiraeThes OCIUIIOIOUNIT Xa-
pakTep 3MiHM BJACTUBOCTEM 3 TOBH[MHOK 3 Iepiogom Ad = 12 mm. Ocumiamomuunii xapaxrep
TOBIIMHHNX BaJEXKHOCTeH KiHeTMUHMX Koe@ilieHTiB IOB’A3yeTbcs 3 IIPOABOM KBAHTOBUX
posmipuux ederTis. Pospaxynor sanexuocti S(d) y Habam:KkKeHHI PO3SMipHOTO KBAHTYBaHHS
3 ypaxyBaHHSM d-3ajexHocTi erepril @Pepmi Ta meriIbKOX IIiI30H cIliBIamae 3 eKCIepUMEH-

TAJbHOIO 32 BEJIMUYUHONIO IIEPiogy OCIIMIAIiiL.

1. Introduction

In structures, where charge carrier mo-
tion is confined in one, two or three direc-
tions (thin films, quantum wires, and quan-
tum dots, respectively) and dimensions of
structures in those directions are compara-
ble with the de Broglie wavelength A,
quantum size effects (QSE) can be observed
[1]. The manifestation of such effects can
significantly change kinetic properties of a
material in a low-dimensional state in com-
parison with bulk crystal.

One of the manifestations of size quanti-
zation of energy spectrum in thin films is
an oscillatory behavior of the dependences
of kinetic properties on film thickness with
period Ad equal to a half of the de Broglie

wavelength Ap/2. In metals, charge is
mainly transferred by carriers with high en-
ergies (of the order of the Fermi energy),
for which Ap are comparable to interatomic
distances. This complicates the observation
of the thickness oscillations of kinetic prop-
erties. From this point of view semimetals
and semiconducting materials are more con-
venient objects, because the Ay values for
them are much larger than for metals and it
facilitates experimental studying of QSE.
For the first time, quantum oscillations of
galvanomagnetic properties were observed in
thin bismuth films [2]. Starting from the
2000’s, a series of studies on quantum oscil-
lations in IV—=VI thin films, in particular lead
telluride films, have been carried out [3-9].
Lead telluride (PbTe) belongs to well-
known thermoelectric (TE) materials; it is
also applied in many other fields of science
and technology [10, 11]. With a view to
controlling its properties, type and concen-
tration of charge carriers, PbTe is usually
doped with donor and acceptor impurities
[10]. Indium is a well-known donor dopant,
which makes it possible to obtain PbTe sam-
ples with a spatially uniform charge carrier
concentration and stable properties [12]. A
small effective mass in the direction perpen-
dicular to the film surface and a high
charge carrier mobility indicate that PbTe
is a convenient object for studying QSE by
investigating transport phenomena.
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The goal of the present work is to reveal
the effect of the film thickness d on the
galvanomagnetic and TE properties of films
obtained by thermal evaporation of n—PbTe
crystals in vacuum with subsequent deposi-
tion onto (001)KCI substrates.

2. Experimental

n—PbTe films with thicknesses d = 7—
235 nm were grown by thermal evaporation
of PbTe crystals doped with 1 mol.% InTe
(PbTe<InTe>) in vacuum (~1075-1076 Pa)
with subsequent deposition onto freshly
cleaved (001)KCI substrates. Using electron-
beam epitaxy, the films were covered by a
15 nm thick BaF, layer with a view to pro-
tecting the film surface from oxidation and
mechanical damage. The condensation rate
was 0.5—-1.0 nm/s. The film thickness d was
controlled using a quartz resonator, which
was preliminary calibrated with the help of
an interferometer MII-4 (for d > 100 nm)
and the small angle X-ray scattering
method (for d < 100 nm).

The Hall coefficient Ry and electrical
conductivity o were measured using a con-
ventional dec method with an error not ex-
ceeding 5 % . The Hall charge carrier mo-
bility ug was calculated as ug = Rp - 6. The
in-plane Seebeck coefficient S was measured
using a compensation technique relative to
copper with an accuracy of 3 %. On the
basis of the measured values of S and o,
thermoelectric power factor was calculated
as P = S2 . 6. The measurements were carried
out on freshly prepared films at room tem-
perature. The type of dominant charge carri-
ers was determined from the sign of Ry and
S. The measurements of Ry and S showed
that the PbTe<InTe> crystal used as the in-
itial material for thin film preparation exhib-
ited electron conductivity with charge carrier
concentration = 3.0 - 1018 e¢m 3.

Electron microscopy characterization of
films was performed using a transmission
electron microscope PEM-U at accelerating
voltage of 100 kV. For electron microscopy
investigations films were separated by dis-
solving substrates in distilled water and
then fished out on a copper grid. The struc-
ture of films was investigated by diffraction
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contrast in a bright-field imaging mode.
Electron microscopy characterization was
carried out on two-layer structures
PbTe<InTe>/BaF,.

Theoretical calculations describing the
oscillatory dependence of the Seebeck coeffi-
cient on the film thickness were performed
using software package Maple 15.

3. Results and discussion

The electron microscopy study of the
films showed that both PbTe on (001)KCI
substrate and the protective BaF, layer on
the film surface grow epitaxially in a
(001) orientation. In microdiffraction pat-
terns for films with thicknesses in the
range of d = 7—-50 nm, reflections indicat-
ing diffraction by two structures were seen.
The results of indexing of the patterns
showed that these reflections correspond to
PbTe and BaF,. No reflections correspond-
ing to any other phases were observed.

In Fig. 1, the room-temperature d-de-
pendences of galvanomagnetic and TE prop-
erties for thin film structures
(001)KCI/PbTe<InTe>/BaF, are presented.
It is seen in the figure that at thicknesses
d <20 nm, the films exhibit p-type con-
ductivity, whereas at larger thicknesses —
n-type, like in the initial crystal. It can be
suggested that one of the causes of the ap-
pearance of hole conductivity at small
thicknesses is a change in thermodynamic
equilibrium conditions in the thin film state
as compared with the bulk crystal, and, as a
result, a change in equilibrium concentra-
tion and type of defects. Another factor
leading to the change in the conductivity
sign can be re-evaporation (at least partial)
of indium atoms, which are donor dopants,
in the process of the material deposition on
the substrate. Note, however, that for PbTe
films grown by thermal evaporation in vac-
uum and deposition on (001)KCI substrates
of n—PbTe crystals, exhibiting electron type
of conductivity not due to doping with InTe,
but rather due to introducing excess lead,
in the range of small thicknesses (up to
d = 75 nm), the change in the conductivity
sign from n- to p- was also observed [9].
That is why the first cause (a change in
thermodynamic equilibrium conditions in
thin films) seems to be more grounded, al-
though purely qualitative.

It is seen in Fig. 1 that in the p-type
conductivity region, in all curves: S(d),
Ry(d), ug(d) and S2 - o(d), extrema are ob-
served at the film thickness d; = (13£1) nm.
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Fig. 1. The thickness dependences of the See-
beck coefficient S (a), the Hall coefficient Ry
(b), the Hall mobility of charge carriers g
(c), and thermoelectric power factor S2 - o(d):
1 — PbTe<InTe> crystal;

2 — (001)KCI/PbTe<InTe>/BaF, films.

In the thickness range corresponding to
n-type conductivity (d > 20 nm), all d-de-
pendences have an oscillatory character, and
the average distance between two maxima
or two minima is Ad = (12£1) nm. It should
also be noted that for the S(d) and Rpy(d)
dependences, the positions of corresponding
extrema (maxima and minima) practically
coincide, whereas maxima in the ug(d) and
S2 . 6(d) curves correspond to minima in the
S(d) and Ry(d) dependences and vice versa
(Fig. 1). The oscillatory behavior of the S(d)
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and Rpg(d) dependences with amplitudes
reaching 80 %, is observed for d < ~60 nm
(Fig. 1a and 1b), while at larger d the oscilla-
tion amplitude decreases and eventually the
kinetic coefficients practically cease to change
under further increase in thickness. Let us
note that the Seebeck coefficient, the Hall
coefficient and electrical conductivity were
measured independently, although on the
same samples. Thus, the fact that in all
curves the oscillation period is practically the
same represents another argument in favor of
the existence of such oscillations.

One can see in Fig. 1d that the depend-
ence of thermoelectric power factor S2 .o
on the film thickness also exhibits an oscil-
latory behavior, besides in films one can
obtain values of S2 .o more than twice as
high as for the crystal used as the initial
material for the thin film preparation. Note
that o and ug in the films with thicknesses
d > 20 nm were also higher than in the
polycrystal (Fig. 1¢), which, in accordance
with the results of electron microscopy
study, is connected with a monocrystalline
structure of the films.

The presence of the extrema in the p-re-
gion at d;=(13%x1) nm and thickness oscilla-
tions in the region of n-type conductivity
can be connected with the quantization of
hole and electron gas of carriers.

If the PbTe<InTe> film is assumed to be
a rectangular potential well with infinitely
high walls formed by (001)KCI| and BaF, in-
sulating layers, the carrier motion in such
potential well will be confined by the well
width, which will lead to the quantization
of the transverse component of quasi-mo-
mentum of charge carriers in the given di-
rection and the formation of transverse en-
ergy subbands. The charge carrier motion in
other directions is not quantized. In the ef-
fective mass approximation, assuming that
charge carriers in a quantum well occupy
the lowest subband [13] and assuming a
parabolic dispersion law, the energy of
charge carriers in the potential well can be
expressed as [1]:

T n2E2 . 7%k (1)
2m*d? 2m}, 2m;’

where n is the quantum number (n =1, 2,
3, ...), mL is the effective mass along the

direction perpendicular to the quantum
well, k,, ky and m,", my* are the compo-
nents of the wave vector and effective mass,
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respectively, for charge carrier motion par-
allel to the quantum well. As d increases,
the number of occupied energy subbands N
in the two-dimensional system changes in a
jump-like fashion, and every time the in-
crease in thickness d equals a half of the de
Broglie wavelength, a new subband drops
below the Fermi level ¢ and a new wave
function starts to make contribution to the
density of states, which leads to a sharp
growth in charge carrier concentration.
Within an individual energy subband the
concentration n first grows, reaches its
maximum and then decreases [14]. The rela-
tionship between d and N accounts for oscil-
lations in the transport properties and the
appearance of QSE.

Within the framework of such model the
quantum oscillation period Ad and the num-

ber of energy subbands N can be calculated
as follows [1, 15]:

AgE__h (2)
2 \smiey

kpd 4 d\8m'ey (3)

N = = =
T Ap/2 h

The thickness d; at which the first sub-
band crosses the Fermi level (E; =c¢p) is

calculated as d; =\/¢7*, which coincides
m’ €
1°F

with the value of Ad (Eq.(2)). Thus, it fol-
lows that one can determine the quantum
oscillation period with a high of accuracy
from the position of the first extremum in
the thickness dependences.

For films exhibiting hole conductivity (d <
20 nm), the value of Ad calculated theoreti-
cally using Eq.(2) and substituting the Fermi
energy value € determined on the basis of
the mean hole concentration p = 4.3-1018 ¢m™3
and values of the longitudinal and trans-
verse components of effective mass for p—PbTe,

m} = 0.022mg, mj = 0.31mg [11], was Ad =

(16+2) nm, which is in good agreement with
the position of the first extremum observed
in the thickness dependences.

For the n-type conductivity region (d >
20 nm), Ad calculated using the values of

m’ = 0.024m,. m” = 0.24mg for n-PbTe [11]

and the mean electron concentration n =
5.2 - 1018 em3, was equal to Ad = (14+1) nm,
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which is close to the experimentally ob-
served average distance between extrema
Ad = (1241) nm (Fig. 1).

As was mentioned above, to estimate the
effect of size quantization on the properties of
thin films, it is assumed that charge carriers
occupy only the lowest subband. The authors
of [16, 17] took into account the contribution
to kinetic coefficients by a number of energy
subbands, besides they assumed that the re-
laxation time did not depend on energy. In
such a case the Seebeck coefficient for a two-
dimensional system can be presented as:

E <ep 4)

D J.ES(%]CZS

where f is the Fermi distribution function,

n2h2
e=E-E,, and E, = ———N2}. The See-
" " 2mid2
ik

beck coefficient S can be rewritten as in the
following way:

_ kB, Bty (5)
S - e [‘Ca - T]y
E <ep
o= (In(l + en*8) — pn? + &),
n=1
EnSEF

B=b-Yn2. (ln(l +eb™8) —pn2 + &),
n=1

EnSSF
2
Y= 2(2 - di log(1 + et %) + (bn? - &>2+%l
n=1
where b = nr € =¢ep/kgT, kp is the
% To %59 ° ¢F/ B> I'B
kBTZmid

Boltzmann constant. In this case, the sum-
mation is made over several subbands. It is
important to note that in Eq. (5) it is as-
sumed that the value of €5 does not depend
on thickness.

The assumption about the constancy of
the Fermi energy value under changing d is
a simplification used in the model on which
equation (5) is based. In [14] it was shown
that the value of € must oscillate with
changing film thickness. A rigorous expres-
sion for ep for 2D-degenerate electron gas
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Fig. 2. The thickness dependence of the See-
beck coefficient S for thin films PbTe<InTe>:
1 — experiment; 2 — theoretical calculations
of QSE in accordance with [16, 18].

with a given electron concentration taking
into account size quantization as a function
of d and the number of discrete filled levels
N in the quantum well was obtained in [18]:

.0 A d +>\12?(N+1)(2N+1) (6)
FoEF 30N 82 a2 ’

where €} is the Fermi energy in the crystal

volume where size quantization is negli-
gible. Equation (6) is true when the condi-
tion Ey <€y < Ep,;, where N is the maxi-
mum number of the subband located below
the Fermi energy, is fulfilled. The number
of subbands depends on d and epslonyp ac-
cording to the following equation:

- e

Within the framework of the model [16]
and taking into consideration equation (5)
and the assumption regarding the depend-
ence of €y on thickness (6), we calculated
the dependence S(d) in the range of d = 20—
60 nm, which is shown in Fig. 2 as the solid
line. As is seen in Fig. 2, the Seebeck coef-
ficient oscillates with amplitude decreasing
as d increases and with the period Ad =
(13£1) nm, which is close to the experimen-
tally determined value of Ad = (12t1) nm.
However, the calculated values of S are sig-
nificantly lower than those determined ex-
perimentally. Such discrepancy is probably
connected with a number of simplifying as-
sumptions used when constructing the theo-
retical curve S(d) (independence of the re-
laxation time of energy and its dependence
on the film thickness only, the assumption
that electrons occupy only the lowest sub-
band, etc.). As initial parameters in our cal-
culations we used the values of effective
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masses in n—PbTe and the value of &} deter-
mined for the mean electron concentration
n=4.8-1018 cm 3 in the thickness range
d = 20-60 nm.

It is known that the possibility of observ-
ing QSE to a great extent depends on tem-
perature: thermal broadening kT of energy
subbands must be small in comparison with
the distance between the subbands AE [19],
i.e. the condition kpT < AE must be ful-
filled. The value of AE between the states with
the lowest energies in neighboring subbands is

h2
(2N+1) [1]. The

% 72
de

film thickness at which QSE can be ob-
served at room temperature for N =1, can
be estimated using the following inequality

2
a2 < 3 " gubstituting the value of the
8m’kpT

determined as AE = 5

effective mass for n-PbTe (m’ = 0.024m, [11])

into the inequality, we obtain d < 43 nm. It
means that at room temperature it is possible
to experimentally observe QSE in films with
thicknesses d less than ~43 nm. And indeed,
the oscillatory behavior of the thickness de-
pendences of S and Ry is observed at thick-
nesses d < ~60 nm (Fig. 1), which is in good
agreement with the calculated thickness at
which QSE can be observed at room tem-
perature.

4. Conclusions

It is established that thin films grown by
thermal evaporation in vacuum of n—PbTe
crystals doped with 1 mol.% of InTe, exhibit
p-type conductivity at thicknesses d < 20 nm,
and n-type conductivity at d > 20 nm. The
appearance of hole conductivity at small
thicknesses d is attributed to a change in
the thermodynamic equilibrium conditions
in thin films as compared with the bulk
crystal and/or to partial re-evaporation of
indium atoms in the process of deposition.
In the p-type conductivity region, in the
d-dependences of the Seebeck coefficient,
the Hall coefficient and charge carrier mo-
bility, extrema are observed at d = 13 nm,
while in the films exhibiting electron con-
ductivity the thickness dependences of prop-
erties have an oscillatory character. The ob-
served effects are attributed to quantization
of energy spectrum of hole and electron
gases. The experimentally determined oscil-
lation periods are in good agreement with
those calculated theoretically within the
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framework of the model of a rectangular
potential well with infinitely high walls.
The theoretically calculated S(d) dependence
in the thickness range d = 20-60 nm, based
on the assumption of the size quantization
and taking into account the contributions by
several subbands and the €z(d) dependence, is
in good agreement with the experimental one
as far as the oscillation period is concerned,
although theoretical values of S are lower
than experimentally observed ones.

This work was supported by the Ukrain-
ian State Fund for Fundamental Research
grant # UU 42/006-2011 and by the CRDF
grant # UKP2-7074-KK-12.
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