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The growth mechanisms, structure and thermoelectric properties of thin PbTe films
prepared by thermal evaporation in vacuum and subsequent deposition on mica substrates
at temperatures T, = 375, 525 and 635 K were studied. The films were prepared from
charge with different electron concentrations (n = 1017 and n = 102 ¢m™3). The film thick-
ness was varied in the range d =4-500 nm. Electron microscopy study showed that PbTe
grows on mica epitaxially in an island like fashion predominantly in the (111) orientation.
It is established that in PbTe films there exists a critical thickness at which the transition
from electron to hole conductivity with decreasing d is observed. Covering films with a
protective layer, lowering the substrate temperature and increasing electron concentration
in the charge result in narrowing of the thickness range corresponding to hole conductiv-
ity. It is shown that electron concentrations n in the charge and in thick PbTe films grown
at the substrate temperature T, =525 K differ, the character and magnitude of this
difference depending on n in the charge.

HccnemoBaHbl MEeXaHU3M POCTA, CTPYKTYPA W TEPMODIEKTPUUESCKUE CBOMCTBA TOHKUX ILJe-
ok PbTe, monyyenHbix TepMuUUecKUM HcCIapeHVeM B BaKyyMe HA TOIJOKKHU U3 CJIOMLI.
Bapouposannuchk Tonmuna niaeHok (d = 4—-500 mm), remmeparypa mogmoxku (T, = 375,
525 u 635 K) m KoHIeHTpamus HOCUTeJell sapsaga B mcxopmoil mmxrte (n =107 u n=
1020 cm3). MeTomoM 5I€KTPOHHON MUKDPOCKOIWM ycTaHOBJIeHo, uro PbTe pacrer ma cioge
SMUTAKCHUAILHO IO OCTPOBKOBOMY MeXaHU3My IIPEeUMMYIlecTBeHHO B opuenTaruu (111). Yera-
HOBJIEHO, 4uTO B ILIeHKax PbTe cyiiecrByer KpUTHUYeCKas TOJIIIMHA, IIPH KOTOPOM HaGIIOLA-
eTCs IIEPEeXO0] OT JJEKTPOHHOW K ABIPOYHON HPOBOAMMOCTH IIpu yMeHbIIeHuu d. Hanecenue
HA IUIEHKHN SaIlUTHOrO IOKPHITUS, CHUIKEHIE TeMIIePaTyPhl HOJJIOMKKN U YBEJINYCHNE KOHIIEHT-
panuy SJIEKTPOHOB B IIMUXTE IPHUBOAAT K CYKEHHIO WMHTEPBAJIa TOJIMUH, COOTBETCTBYIOIIMX
IOBIPOYHON HpoBogMMOCTH. II0KasaHo, UTO 3HAUEHUS KOHIEHTPAIMU SJEKTPOHOB N B IIUXTE U
ToaCTEIX IUeHKax PbTe, monyuenmbix mpu Temmeparype noamoxkmn Ty = 525K, pasmmuarorcs,
IPUYeM XaPaKTEP W BEJIMYMHA STOTO M3MEHEHUS 3aBHUCAT OT 71 B IINUXTE.

© 2005 — Institute for Single Crystals

Lead chalcogenides belong to the well-
known thermoelectric materials operated in
the average temperature range (600 to
900 K) [1-8]. The interest to these materi-
als has quickened recently, because it has
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been predicted theoretically [3—4] and veri-
fied in practice [6—9] that the thermoelec-
tric figure of merit could be considerably
increased in thin film structures on the
base of lead chalcogenide base. This stimu-
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lates the complex research works on the in-
fluence of technological factors (the sub-
strate material and temperature, the charge
composition, etec.) on the growth mecha-
nism, structure and thermoelectric proper-
ties of the thin film lead chalcogenide
structures.

We shall study PbTe thin films grown on
mica by thermal evaporation in vacuum.
Lead telluride is widely used not only as a
component in heterostructures and superlat-
tices, but also in buffer layers [10-12].
PbTe has a narrow (no more than ~0.02 %)
two-sided homogeneity region [13, 14] and,
according to the deviations from stoichio-
metric composition, can display n-type (if
there is a Pb excess) or p-type (in case of Te
excess) conductance. The type and concen-
tration of charge carriers in PbTe bulk
crystals and thin films can be changed by
doping or deviation from the stoichiometry
[13, 14]. Both methods are accompanied by
introducing defects into the crystal lattice,
that, on the one hand, results, in changes
of electronic properties and, on the other
hand, should influence the thin film growth
mechanism and its structure. The
stoichiometry of a thin film depends not
only on the composition of the charge used,
but also on a number of additional factors
(the temperature and the type of the sub-
strate, the value of the binding energy be-
tween the film and the substrate, etc.), es-
sential for the prediction and interpretation
of thin film properties.

The existing works on structure and elec-
tro-physical properties of PbTe thin films
report mostly about the films obtained on
BaF,, KCI, NaCl substrates and much less
about the films grown on mica [10-12].
Meanwhile, mica belongs to rather cheap
substrate materials, allowing to obtain epi-
taxial PbTe films with good electrophysical
properties [15].

The aim of this work is to study the
influence of substrate temperature, concen-
tration of charge carriers in the charge and
the film thickness on the growth mecha-
nism, structure and thermoelectric proper-
ties of PbTe thin films.

PbTe films with thickness d = 4—500 nm
were obtained by thermal evaporation of
lead telluride crystals of nearly stoichiomet-
ric composition and with electron concentra-
tion n=1017 em™3 from wolfram boats in
oil-free vacuum of 107°-1076 Pa, followed
by condensation onto mica substrates heated
up to temperature T, = 37515 K, 52515 K,
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or 63515 K. At the substrate temperature
T,=525t5 K, the extra second series of
thin films with a higher charge carrier con-
centration was obtained. To that end, the
charge consisted of PbTe enriched in lead
and additionally doped with PbCl, (0.995
Pbg,Teyug + 0.005 PbCly) with electron con-
centration n = 1029 cm=3. The condensation
rate was 0.1 to 0.3 nm/s. The film thick-
ness was measured using a quartz resona-
tor. In order to prevent the film exposure
to air, those were coated in part with Al,O4
by electron beam evaporation.

The electron microscopy studies were
carried out using a transmission electron
microscope PEM-125K at 100 kV accelera-
tion voltage. For the examination, the films
were separated from mica using gelatin in
the standard technique and picked out on
object copper gauzes. The films less than
10 nm thick were secured with thin carbon
film before separation from the substrate.
The Hall coefficient Ry, electric conductiv-
ity o and the thermo-e.m.f. coefficient S
were measured at room temperature. Ry
was measured in magnetostatic field of
about 0.8 T, the sample carrying constant
current. The material of contacts was in-
dium. The electron concentration was deter-
mined using the formula n = r(e-RH), sup-
posing the Hall factor r = 1. The error in
Ry and o measuring did not exceed 5 %.
Electron mobility p was calculated as
u = Rpg-0. The thermo-e.m.f. coefficient was
determined by compensation method rela-
tive to copper within less than 8 %.

The measurements of lead telluride bulk
cry stal (used as charge) electrophysical
properties show that PbTe ecrystals have
electron conductivity with different sets
of electrophysical parameters for doped
and undoped charge. In the first case,
n=1.0101"em3, u=1710 cm2/Vss, S=-
440 wV/K, while in the second one, n=
1.0-1020 ¢m 3, u=145 cmz/V's, S =-
27 uw/K.

The electron microscopy shows that the
films of effective thickness d <10 nm have
island structure, about 10 nm thick ones,
channel structure (Figs. 1a, 1b) while those
of about 20 nm thickness are already essen-
tially solid (Figs. 2a, 2b). At all condensa-
tion temperatures, it is just the
vapor—crystal growth mechanism that is
realized. The nucleation of PbTe islands
takes place in the orientations (111) PbTe
(001) mica and (001) PbTe (001) mica (Fig.
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Fig. 1. The structure of 10 nm thick PbTe films grown on mica, T, = 525 K: (a) the film grown
from undoped charge; (b) the film grown from doped charge; (c) typical microdiffraction pattern

of d < 20 nm thick PbTe films.

c)

Fig. 2. Dependence of PbTe film structure on thickness d. The films are grown from undoped
charge at T, = 525 K: (a) d = 20 nm; (b) d = 100 nm; (c) microdiffraction pattern of the film (b).

1lc). Most of the islands have (111) orienta-
tion. This can be observed at the evapora-
tion of undoped as well as of doped raw
material. Islands with orientation (111)
take two positions, equal to one another in
interphase conjugation ([110] PbTe Il [010]
mica) rotated about each other by 180°
about the axis [001], on the mica surface
(two-position nucleation). The islands of
(001) orientation take on the mica surface
three equivalent positions ([110] PbTe Il
[010] mica) rotated by 60° about the axis
[001].

The conservation of islands faceting at
the stage of their intergrowth and the fac-
eting of the pores in the film at the stage
of channel structure formation evidence a
weak coalescence process as the condensate
mass increases. It is found out by compari-
son of growth pattern for the films of the
same thickness (d = 10 nm) prepared from
doped and undoped charge that in the sec-
ond type films the coalescence is more pro-
nounced (Fig. la, 1b). This testifies an ac-
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celerated surface diffusion stimulating the
liquid-like confluence of the islands at their
contact in the films prepared from the
doped charge. One can suppose that in this
case, the coalescence activation is caused by
the high concentration of intrinsic and im-
purity defects in PbTe films, caused by in-
troduction of over-stoichiometric lead and
PbCl, added. A similar effect (the pro-
nounced coalescence process) was observed
in SnTe films and believed to be associated
with a high concentration of cation vacan-
cies in tin telluride [16]. As the film thick-
ness increases, the number of (001) oriented
crystallites decreases. It is so because of the
recrystallization proceeds in continuous
films. As a result, PbTe films prepared
from stoichiometric charge at the substrate
temperature T, = 525 K, consist of crystal-
lites with (111) orientation, if the film
thickness exceeds 50 nm (Fig. 2¢). How-
ever, even in 100 nm thick films, crystal-
lites with (001) orientation sometimes are
present.
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Two-position nucleation of small crystals
with (111) orientation causes a large num-
ber of twin boundaries to appear in the
structure of continuous film (G in Fig.
2a,2b). Initially, the boundaries are ori-
ented perpendicularly to the substrate and
lie in the planes of (11Z) type. Twin
boundaries make closed figures, which at
the initial stage are outlined with broken
lines in the directions (01T) of PbTe. As the
film thickness increases, the acute angles of
the boundaries become rounded, and the
boundaries become inclined to the film sur-
face (Fig. 2b), leaving crystallographic
planes of (112) type. The boundaries in-
clined to the film plane are shown as bands
and contain grain-boundary dislocations. It
was observed that in about 100 nm thick
films prepared from undoped charge, some
twin type boundaries were split. In the
place of splitting, a horizontal (111) twin
boundary passes from the inclined boundary
into the crystallite. Such region is indicated
by arrow A in Fig. 2b. The (111) boundaries
contain twinning dislocations. Similar ef-
fects have been considered thoroughly for
silver films [17]. It was shown that twin-
ning dislocations in the twin boundary (111)
are generated by boundaries {11Z}. In {112}
boundaries, prismatic dislocation loops are
formed at the expense of vacancies coming
from the surface of the growing film. Some
individual branches of these prismatic dislo-
cations can emerge in the form of gliding
twinning dislocations into the boundaries
(111). A similar process seems to take place
in PbTe films.

In the course of the collective recrystalli-
zation occurring in the films during the
condensation with the increase of thickness,
the inclined boundaries movement causes
some boundaries to join and annihilate. On
the annihilation spots, dislocation walls of
lattice dislocations, that compensate small-
angle off-orientation of the crystallites, can
remain. We have evaluated the enlargement
of the crystallite size caused by collective
recrystallization by determining the length
of twin boundaries per unit area of the
film. This has been made with the intercept
method, used as a rule to determine the
dislocation density in compound dislocation
accumulations [18]. It was found out that at
T, =525 K, in the films prepared from un-
doped charge, the thickness increase from
20 nm to 120 nm is accompanied by the de-
crease of twin boundaries length from
10 pm/pum?2 to 6 pm/um?2.
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PbTe films prepared at the higher sub-
strate temperature T, = 635 K, had a more
developed relief than those condensed at
T, = 525 K. In electron microscopy images
thereof, numerous growth patterns in the
form of dark triangles were observed on the
surface of every crystallite (Fig. 3¢). In the
films condensed at T, = 525 K, only flutes
along the twin boundaries (light lines along
the boundaries in Fig. 2a) were distinctly
seen, the growth figures being much
fainter.

The films condensed onto mica surface at
T, =875 K were essentially epitaxial. There
could be found one or two grains of (100)
orientation in the area of 40x40 pum?2 (the cell
area in the object gauze whereon the films
were picked out for microscopic examination).
In those films, however, there were a lot of
very small pores or small dislocation loops
(B in Fig. 3a) and the density of twin type
boundaries was about twice higher than in
the films prepared at T, =525 K. Another
drawback of such films was a low reproduci-
bility of structure characteristics: we have
observed the appearance of numerous grains
in the orientation (112) PbTe (001) mica in
some films.

A distinctive feature of the films obtained
from doped charge at T, = 525 K was the
higher mobility of the twin boundaries
therein as compared to the films obtained
from undoped charge at the same T,. These
boundaries become inclined at smaller d val-
ues and form a smaller angle with the film
surface (in electron microscopy images,
their plane projection is wider at the same
film thickness (Fig. 3b)). Here one can ob-
serve much larger number of split bounda-
ries with horizontal regions in (111) planes.
The extension of the twin boundaries here
is of the same order as in the films pre-
pared from undoped charge. In the films of
d =100 nm, it is about 8 um/um? at a
more disperse initial structure than in those
obtained from undoped charge. A higher
diffusive mobility of twin boundaries in the
films obtained from undoped raw material,
as well as the trend to coalescence at the
stage of island growth observed therein,
must be caused by a high concentration of
structure defects in these films resulting
from stoichiometry deviations and doping.

The measuring of thermo-e.m.f. coeffi-
cient and Hall coefficient as a thickness
function for the as-grown films without
protective layer has shown that at d smaller
than a certain critical value d., one can

Functional materials, 12, 1, 2005
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Fig. 3. Dependence of PbTe film structure on temperature T, and the charge composition: (a)
T, = 3875 K, d = 65 nm, undoped charge; (b) T, =525 K, d = 75 nm, doped charge; (c) T, =635 K,

d = 36 nm, undoped raw material.

observe p-type conductivity in the films and
as the electron concentration in the initial
charge increases, the inversion point moves
towards smaller d values. For instance, for
the films obtained from doped and undoped
charge, condensed at the substrate tempera-
ture 525 K, these values were d,. = 110 nm
and d,= 25 nm, respectively. Before, we
have observed similar effects [19-21] in as-
grown films of lead chalcogenides grown on
(001) KCI: when the films were exposed in
air, there appeared thickness dependence of
thermoelectric properties and inversion of
the conductivity type from n to p as d de-
creased.

When the films from undoped charge
were condensed on the substrate at T, =
375 K, the thickness interval where there
was p-type conductivity became wider, and
the critical thickness shifted towards larger
values (d, > 250 nm). If a protective coat-
ing (the about 20 nm thick Al,O5 layer) was
applied to the films, the inversion point
shifted towards smaller d. So, in the films
obtained from undoped charge and con-
densed at T, =525 K, the inversion point
was shifted to d, =20 nm, and in those
obtained from doped charge, the p-type con-
ductivity was observed at all thickness val-
ues. At T, = 375 K, after applying the pro-
tective Al,O5 layer the critical thickness de-
creased to d, = 165 nm. These facts indicate
that, besides the surface oxidation of the
film in open air, there are additional fac-
tors that stimulate the transition to p-type
conductivity. The change of film
stoichiometry with the T, change can be
considered to be among such factors.

It is known that the gas phase over PbTe
crystals consists mainly of PbTe molecules,

Functional materials, 12, 1, 2005

but it is PbTe with excess tellurium that
turns into vapor. The amount of free Te in
the vapor over PbTe is small, but in time,
when the stoichiometric composition evapo-
rates, excess tellurium can accumulate in
the condensate, resulting in the appearance
of p-type conductivity. As the solid residue
in this process must be enriched in lead, it
becomes clear why one can usually find n-type
conductivity in thick PbTe films regardless
of initial charge composition [15, 19-21].
The conductivity sign in the films of any
thickness will depend not only on d but also
on many other factors, including the ratio
of PbTe and Te condensation coefficients.
One can expect this relation to be deter-
mined by T, to a considerable extent.

The main stages of film formation proc-
ess are adsorption, which results in nuclea-
tion, and the new phase growth because of
surface atomic diffusion to the nucleation
sites. T, decreasing, the diffusion rate de-
creases and a part of the adsorbed atoms or
molecules can re-vaporize before they attain
the growing nucleus due to diffusion. If, at
T, decrease, the probability of Pb atoms re-
vaporization increases, that is, their con-
densation coefficient decreases, there will
appear Pb vacancies in the PbTe lattice.
Such vacancies result in p-conductivity even
in thin films with protective coating. Such
situation is also likely in case T, = 875 K.

On the other hand, the widening d inter-
val where the conductivity is of p-type can
be determined by purely thermodynamic
factors. In fact, the change of condensation
temperature must cause a change of ther-
modynamic equilibrium conditions and thus
a change in the equilibrium concentration
of defects in PbTe films. If the equilibrium
becomes shifted towards the increase of Te
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excess with respect to the stoichiometric
composition, the number of cation vacan-
cies, and so the concentration of p-type
charge carriers, will increase. It is to note
that we have also observed the increase of
cation vacancies concentration at T, de-
crease in the SnTe films grown on
(001)/KCI crystals [22].

Comparing the electron concentrations
and thermo-e.m.f. coefficient in the initial
charge with average values of these parame-
ters in "thick” PbTe films (d = 400-
600 nm), when the contribution of oxida-
tion processes to the kinetic coefficients can
be ignored in the films without protective
layer, we can see that in the films obtained
from undoped charge, there is an increased
electron concentration in comparison with
bulk ecrystals (n,= 1.01017 em 3  and
ng= 7.0-1017 ¢cm 3, respectively) and the de-
crease of thermo-e.m.f. coefficient
(Sp = 400 uv/K and S;= 250 uv/K, respec-
tively). On the contrary, for the films ob-
tained from doped charge, the transition to
thin-film state is accompanied by a decrease
of electron concentration from n, =
1.0-1029 cm™3 to ny = 1.0-101° cm™3 and the
increase of thermo-e.m.f. coefficient from
Sp =30 uV/K to S;=90 puv/K. So, the dif-
ference in n observed in doped and undoped
bulk PbTe crystals used as charge (about
1017 and 1020 ¢m~3, respectively) decreases
in thin films (about 1018 to 1019 cm™3).

In Fig. 4 the dependences of electron
concentration n; in "thick” films (d = 400—
600 nm) obtained at T, = 525 K on the elec-
tron concentration n, in the bulk crystal
used as the charge are shown. The data
used here are taken from this work and the
results from the works [19, 21], where PbTe
films grown on (001)KCI| substrates at
T, =525 K were studied. The solid line in
the Figure corresponds to the condition
ny = ny. The dependence shown indicates
that the best relation of n values in the
film and in the charge is observed at n; ~
21018 em 3. This shows that in thin-
film state at T, =525 K, the thermody-
namic equilibrium conditions cause the
equilibrium concentration of non-stoichio-
metry defects being close to the mentioned
concentration value.

Thus, in this work, it has been established
that at substrate temperature T,= 525K,
PbTe growth on mica occurs epitaxially ac-
cording to the island mechanism, mainly in
the (111) orientation and the film becomes
continuous at d = 20 nm. The two-position
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Fig. 4. Dependence of charge carrier concen-
tration n; in thick PbTe films on the current
carrier concentration n, in the charge. The
straight line corresponds to the condition np=m,
(the composition of the film and the charge
coincide).

nucleation of PbTe crystallites of the (111)
orientation causes the appearance of twin
boundaries in the continuous film struec-
ture, the number thereof being increasing
as the T, decreases. In the films obtained
from the doped charge, and containing
charge carriers in a higher concentration,
the trend to coalescence increases at the
stage of island growth and the twin bounda-
ries are more mobile, which is connected
with the increase of surface diffusion rate
as a result of the increase of structure de-
fects concentration in the doped charge. It
has been established that PbTe films pre-
pared at T, =625 K exhibit a well-devel-
oped surface relief, which is undesirable for
the preparation of heterostructures, and the
films prepared at T,=3875 K contain a
great number of pores.

The influence of wvarious factors (film
thickness, substrate temperature, the
charge carriers concentration in the charge,
presence or absence of protective layer on
the film) on the sign and concentration of
charge carriers in PbTe thin films is re-
vealed. It is established that for as-grown
films, a certain critical thickness exists at
which the transition from n-type to p-type
conductivity is observed as the film thick-
ness diminishes. Coating of the films with
protective layer, lowering of the substrate
temperature, and increasing of the electron
concentration result in narrowing of the
thickness range corresponding to hole con-
ductivity. The effects observed are attrib-
uted to oxidation processes on the film sur-
face exposed to air as well as to the changes
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of condensation coefficients for molecules
and atoms (PbTe, Pb, Te) in the condensate-
vapor cloud system as the substrate tem-
perature changes. It is shown that the dif-
ference in the electron concentration values
in the charge (n;) and thick PbTe films (n/)
grown at the substrate temperature T, =
525 K depends on 7, and is maximum at n,
~2:1018 cm™3. This is attributed to the
change of the thermodynamic equilibrium
conditions in thin-film state compared with
bulk crystals.

This work was supported by the US Ci-
vilian Research and Development Founda-
tion (Grant # UP2-2426-KH-02) and Minis-
try of Education and Science of Ukraine in
"New Substances and Materials” program.
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JocaigsKeHHs MeXaHi3My POCTY, CTPYKTYpH
i TepMOEJeKTPMYHUX BJIACTHBOCTEH TOHKMX ILIiBOK
PbTe na caroxi

O.1.Pozauwoéa, C.M.I'puzopos, C.I'./Ito6uenko,
0.10.Cunamos, B.B.Bonobyes, M.C./[peccenxayc

HocaigKeHO MeXaHiS8M POCTY, CTPYKTYpPa i TepMOeJeKTPUUHI BJIACTUBOCTI TOHKHUX ILIiBOK
PbTe, omepsxkanux TepMiuHuUM BUTIAPOBYBAHHAM y BaKyyMi Ha migraagkwu is caroxu. Bapito-
Banuch ToBmMuUHA IIiBOK (d = 4—500 nMm), TemmepaTypa migknagku (T, = 375, 525 n 635 K)
TA KOHIEHTpaIlis HociiB sapsxy y Buxigmii muxti (n =107 u n =1020 em3). Merozom

eJIEKTPOHHOI MiKpOCKOTii BCTAHOBJIEHO,

mo PbTe pocte ma carogi emitakciaanHo 3a

ocTpiBKOBUM MexaHisMOM IepeBakHO B opienrarii (111). Beramosaeno, mo y miiskax PbTe
icHye KpuTHYHA TOBIIUHA, OPU AKil crocrepiraerbcsa mepexig Big eleKTpoHHOI 10 ITipKoBoi
npoBiguocti npu 3meHmenui d. Hanecemns Ha IIIBKM 3aXKCHOIO IIOKPUTTH, SHHUMKEHHS
TeMIIepaTypPU IIAKJIAAKKA Ta 30iJIbIIeHHS KOHIEHTPAIlil eJeKTPOHIB y IIMXTi IPUBOLATH IO
SMEHIIIeHHA IHTepBaJy TOBIIMH, AKHU Bignosigae mipkosiit nposimmocti. Ilokasamo, mio
3HAUeHHA KOHIeHTpauii esexkTpoHis n y mmumxTti i ToBetux mminkax PbTe, omepsanux mpu
Temmeparypi migxnagrm T, = 525 K, sBigpisHamooTbcd, a xapaxkrTep 1 BeamuumHa 1iel

BimmimmocTi 3amemars Big n y mmxri.
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