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Effect of oxidation on the thermoelectric properties of PbTe
and PbS epitaxial films
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We report on the thickness$ dependences of the Seebeck coefficient, electrical conductivity, and
Hall coefficient of PbTe and PbS epitaxial thin filmsl£5—200nm), prepared by thermal
evaporation in vacuum and deposition @®1) KCI substrates. The oxidation of the films in air at
300 K leads to a sign inversion of the carrier type froro p in films with d<125 and 110 nm for
PbTe and PbS, respectively. The obserdatependences are interpreted in terms of compensating
acceptor states created by oxygen on the film surface20@1 American Institute of Physics.
[DOI: 10.1063/1.1355995

It is known that the surface adsorption of oxygen, actingpounds. Earlier we reportétan increase in the power factor
as an acceptor, sensitively affects the properties of the leafwr PbS/EuS SLs.
chalcogenides and devices based on th@mwygen is a dop- The goal of the present work is to study tbedepen-
ant in n-PbTe, which leads to an increase in the hole condences of the thermoelectric properties of PbTe and PbS ep-
centration with increasing oxygen concentration and eventuitaxial thin films exposed to air at 300 K to reveal the influ-
ally results in a sign inversion in carrier type® This  ence of oxidation processes on the film properties. The study
change in carrier type was observed forPbTe samples showed that already at 300 K, oxidation leads to a radical
pressed in air as the grain size decredstat,n-PbTe thin  change in the properties of PbTe anch-PbsS films withd
films under increasing oxygen press@répr upon annealing =100-150nm and to a sharp dependence of the thermoelec-
the films in air®*? and for n-PbTe implanted with tric properties ord, including sign inversion of the dominant
oxygen®!® Oxygen near grain boundaries increases or recarrier type.

duces the height of the potential barriers near boundaries in PPTeé and PbS monocrystalline thin  filmsd (
n- and p-PbTe thin films, respectivef:!2 =5-200nm) were prepared by the thermal evaporation of

H 6
The annealing of PbS polycrystalline films in oxygen N-PbTe anch-PbS in vacuum (10°-10"°Pa) and the sub-

can lead to a change in the conductivity type-p) and this sequgnt de.position ont@01) KCI surfgces at _520_570 K.
approach is widely used for the preparation of photosensitivd "€ film thickness was monitored with a calibrated quartz
PbS layerd:’14As a result of oxidation, polycrystalline PbS resonator. Layers of EuS, used for protecting PbTe and PbS

thin films consist ofn-type crystallites withp-type inversion films fr(z'm o?lgatlson_;_hwir]g 1?|r epatredt by electrto ré-.bzcaiatr)n
layers on their surfaces. evaporation of EuS. The thin film structure was studied by

Presently available results on PbTe and PbS film oxidax'&Y diffractometry. The Hall coefficierRy, and the elec-

tion were obtained on relatively thid.1—10m) and usu- trical cor_1duct|V|tya were measured using a conventional dc
. ! method in a magnetic field of 0.8 T. The measurement error
ally polycrystalline films, where the Opressure, the tem-

catur nd time of annealing were variable paramet rof Ry and o did not exceed 5%. The Seebeck coefficiént
peraiure, and time ot annealing were variable p Clevas determined with respect to Cu with an accuracy of better
Clearly, film thicknesgl is one of the most important param-

. L . . than 3%. All measurements were carried out on samples
eters affecting the degree of oxidation of a film. With de-freshly extracted from the vacuum chamber at 300 K

creasingd, the role of the inversion layer in determining the In Figs. 1 and 2, thel dependences @& o, Ry, and the
film properties increases. Using monocrystalline films auowsthermoelectric power factd®= S?o on PbTe and PbS filrd
us to exclude the contribution to the electrical conductivity 5. presentedS measurementgFigs. Xa) and 1b)] showed
from the inversion layers in the crystallite or grain bound-ihat thin PbTe films withd< 125 nm and PbS films witkd
ares. <110 nm arep type. In the vicinity of thesel values, a sign
PbTe is considered to have a high potential for thermojnyersion in the dominant carrier type occurs. Under further
electric applications?*® Recently, interest in the lead chal- jncrease ind, S becomes saturated reaching values close to
cogenides has been stimulated by theoretical predictionsihose observed in undopedPbTe single crystals. The re-
and subsequent experimental observafioi8 of the possi-  gylts of Ry measurementgFigs. 1c) and Xd)] confirm the
bility of a significant enhancement in the thermoelectric fig-sign inversion of the dominant carrier with increasitigin
ure of meritZT in superlatticesSLs) based on IV-VI com-  the range ofd~150-250 nm,R, remains practically con-
stant. In theo(T) curves[Figs. Xe) and Xf)] and in the

dauthor to whom correspondence should be addressed; electronic maiP_(d) de_penden_c_eézig. 2) in th_e vicinity of the sign inver-
millie@mgm.mit.edu sion point, a minimum irP(d) is observed.
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ductivity is determined by the thickness of the oxidized layer

200 200 d : . ; o
A . E d, relative tod. The higherd is, the smaller this contribution
< x will be. If d is small andd~d,, and if d has the same order
S o > 0 of magnitude as the Debye shielding distaffcthe film can
= = be considered as a semiconductor with two types of charge
» "’_200' carriers, so that we can write relations f@rS, andR, as
-200 L L E 1 I C L L : 1 (T:(Tp+ Un:pﬂpe"l_ nﬂne, (1)
(@) 50 100 150 20 ) 50 100 150 200
d(nm) d(nm) . Spopt Shoy 5
- : - (Tp+0'n ’ ( )
| P- typeq i n-type
' 1 php—uin
W=~ 7, ()
- e (upp+unh)

where thep and n subscripts are related to electrons and
holes, respectively, and we note tigtandS, have opposite

ol v i T signs. It is also proposed that the Hall factor 1. Since
© 50 100 150 20 (@ © '100 1200 oxidation is mainly a surface effect for monocrystalline
d(nm) d(nm) films, we assume that, and the concentration of acceptor
500 levelsn, are constanfd,~30—-40 nm based on Eg$) and
2500\ o : A : (7) below and Figs. @a) and Xb)]. Then, the hole concen-
[ \P-typei n-type| _ b P-type: n-type tration in the film volume is
B0 \° § 3001 p=nyd,/d, @
. o A\ -
= [ g o and assuming for simplicity that,,, u,, andn do not de-
% 50F > © 1001 pend ond, we write
1 OQO: 1 1 I 1 oI :o 1 1
50 100 150 200 50 100 150 200 nadp A
© d (nm) ® d(nm) Tp=PMpe= — g Mpe= g 5)

a1 T ) o MEIOA Tt A9 2 sl S 3R depend ot
i uctivityo (e), V i , (0), s . . .
(d), (f) layers at 300 K. The points are experimental and the curves are hend is small, the gbsolute.value of the first term in the
guide to the eyes. numerator of Eq(2) might be higher than that of the second
term, and the carrier sign will change fromto p. As d
Since Te and S are the most volatile components, onlhcreases, the f'rSF term decre_ases and so Bagsil S—0.
in P larged, thenSwill be determined by the second term, and
S(d) approaches a constant value. Assuming that in the thin-
nest films, the main contribution to the electrical conductiv-
ity is made byp-type carriers(holeg, we can estimate this

and consequently to have higher concentration-tfpe
charge carriers. This suggests tlpatlype charge carriers in

PbTe and PbS thin films arise from the oxidation of the thin i o e
films in air at room temperature. hole concentration based on the data in Fige) and Xf) as

8 -
The d dependences of the electrical properties of theP ™ (4=7)% 10'%/cm’ for both PbS and PbTe films.

PbTe and PbS films observed in this work are interpreted in I_n thick films (dP<d)’ charge is tra_nsferred by the holes
terms of two types of charge carriers, withtype carriers MOVing along the film surface and a film can be considered

dominating the transport of ideal PbTe and PbS films. How.as & two-layer sandwich, consisting of a surfadayer with

ever, oxygen is concentrated on the film surface and formflicknessd, and an underlyingn layer with thickness

acceptor states, capturing electrons from the inner layers of 9~ dp). €ach layer type being characterized by certain

the thin film. The electron contribution to the electrical con-€/€ctrophysical parameters. In this case, the obsedvee-
pendences of, S andR,, can also be interpreted within the

simple two-layer modét?® Assuming that such a bilayer
composition will behave like two power sources connected
in parallel, we obtain thel dependence of the kinetic coef-
ficients for the case when the current is flowing parallel to
the layer through the relations
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FIG. 2. Room temperature power fac®r S?o vsd, the thickness of PbTe ) )
(@) and PbS(b) thin films. where we writed,,=d—d,, and thep andn subscripts refer
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