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ELECTRONIC PHASE TRANSITIONS IN THIN Bi1.xSbx FILMS

The purpose of the present work is to study the concentration dependences of thermoelectric (TE) and
galvanomagnetic properties of thin BiixShx films in the range x =0-0.25. The thin films with
thicknesses d = (250 + 10) nm were prepared by thermal evaporation in vacuum of Bi1Shy polycrystals
onto (111) mica substrates and the transport properties (the electrical conductivity, Seebeck coefficient,
Hall coefficient, electronic and hole mobility, magnetoresistance) of the films were measured at room
temperature. It was established that all anomalies in the concentration dependences of the properties,
observed earlier in the Bii«Sbx bulk crystals and attributed to electronic phase transitions, were
reproduced in thin films. The data obtained represent another evidence of the existence of the
concentration peculiarities in the transport properties of BiixSby solid solutions, indicate a good
correspondence between the compositions of BiiShx initial polycrystals and those of the thin films, and
should be taken into account when interpreting the results of studies and predicting properties of Bis.
xShx crystals and thin films. Bibl. 21. Fig. 4.
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Introduction

BiixShy solid solutions have attracted much attention as promising n-type low-temperature
thermoelectric (TE) materials for refrigeration devices at temperatures below ~ 200 K [1-3]. Besides, these
materials are among the physical objects whose unique properties continue to be revealed more and more
every year, surprising us with the manifestation of new physical effects. Recently, interest in studying
Bi1«Shx crystals and thin films has sharply increased after it was established that they exhibit properties of
3D-topological insulators [4,5] in which a strong spin-orbit interaction leads to the appearance of
topologically protected metallic surface states with a Dirac dispersion law. However, by now, the
simultaneous coexistence of the topological and good TE properties, which is also observed for other
promising TE materials (e.g. V2VIs compounds), has not found an unambiguous explanation, but in recent
years several works have appeared, related to possible effects of topological surface states on controlling TE
properties of BiShy crystals and thin films [6, 7].

Due to the structural and electrochemical similarities of Bi and Sb semimetals, these elements form a
continuous series of BiwxSby solid solutions [8], which makes it possible to study in detail the effect of the
composition on the crystal structure, band structure and physical properties. It is known that although
Bi1«Shx solid solutions have a rhombohedral crystal structure in the entire concentration range, the band
structure changes in a non-monotonic way [9-12] (Fig. 1). In the valence band of pure Bi, there are subbands
of “light” (L,) and “heavy” (T) holes and, as a result of the overlap of the hole T and electron L bands, Bi
exhibits semimetallic properties. With an increase in the Sb concentration, the distance between the
conduction band Ls and the subband L, decreases and at x = 0.023 - 0.04 (different authors indicate different
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values of this concentration) a gapless state is observed, the Ls and L, bands invert. With a further increase in
X, the gap between them increases again. Simultaneously with an increase in X, the overlap of T and Ls bands
decreases, disappearing at x = 0.06 <+ 0.07, and a semimetal — indirect semiconductor transition occurs. Then,
at x = 0.08 + 0.09, the ceilings of T and Ls of the valence bands converge, and in the concentration range
x=0.09 - 0.15 the semiconductor becomes direct-gap. The maximum value of the energy gap in the
semiconductor region (Eq ~ 0.025 eV) is reached near x = 0.15 = 0.17. With a subsequent increase in X, at
x ~0.15, the semiconductor becomes indirect-gap again and at x >0.22, Biw,Sbhy solid solutions acquire
semimetal properties. Thus, the Bil-xShx system is characterized by a number of electronic phase transitions,
the presence of which should be reflected at the concentration dependences of properties.
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Fig. 1. Electronic band structure of the Bi1-xShyx solid solutions

Although the majority of studies on the fundamental properties of Bii..Shyx solid solutions were
carried out using single crystals, at present, an increasing number of works are devoted to the study of
polycrystals [13-16]. This is due to both the great simplicity and cost-effectiveness of manufacturing
polycrystalline materials and the convenience of manufacturing TE devices of various types from them. It
was found that the nature of the concentration and temperature dependences of the TE properties of
polycrystals and Bi1«Shx single crystals is basically the same, although the grain size has a significant effect
on the properties of polycrystals.

Earlier, we revealed a nonmonotonic behavior of the concentration dependences of TE properties in
polycrystalline Bii-«Shx solid solutions in the vicinity of x = 0.01, 0.03, 0.07, 0.08, 0.15, 0.22 [17 — 25] and
attributed the concentration anomalies of properties in the vicinity of x = 0.01 to percolation effects in the
impurity subsystem of crystal, and other anomalies to corresponding electronic phase transitions (to a
gapless state, semimetal - semiconductor, indirect — direct-band-gap semiconductor).

Currently, in connection with the development of nanotechnology, low-dimensional structures (thin
films, quantum wires, quantum dots) are widely used in various fields of science and technology, including
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thermoelectricity. The possibility of enhancing the dimensionless TE figure of merit (ZT = (S2+T)/A, where
S is the Seebeck coefficient, A is electrical conductivity, A is total thermal conductivity, and T is absolute
temperature) in low-dimensional structures [26] have stimulated studies of Bii.«Shx thin-film structures. In
particular, it was of interest to find out whether the revealed concentration anomalies would be observed in
the thin films obtained from the bulk crystals. When studying thin Bii«Shx films in the range x = 0 - 0.09,
we have showed [27] that concentration anomalies of properties are also reproduced in the thin films. It
was interesting to expand the range of compositions under study, taking into account that the highest Z
values are observed in the concentration range x = 0.12-0.15 [1 — 3]. In addition, it was of interest to find
out whether technological factors or measurement conditions influence the fact of the presence of
anomalies or the nature of their manifestation.

The objects of the present study were the BiixShy thin films with thicknesses d = (250 + 10) nm
prepared by thermal evaporation in vacuum onto mica substrates at 7s = 380 K of Bii.«Shx polycrystals in
the composition range x = 0 — 0.25.

As a result of the conducted studies, it was found that in the dependences of TE and
galvanomagnetic properties on composition of thin Bi..Sh, films in the range x = 0 - 0.25, concentration
anomalies were found as well as in Bi1..Sh, polycrystals, and that changes in the polycrystal preparation
technology and in the magnetic field value in which the galvanomagnetic properties are measured, do not
change the general character of the dependences of the TE and galvanomagnetic properties on the
composition.

Experimental details

The BiiShy thin films with the thicknesses d = (250 + 10) nm were obtained by the thermal
evaporation of Bii,Sby polycrystals (x = 0 — 0.25) in a vacuum (~ 10 Pa) from a single source and their
deposition onto (111) mica substrates at a temperature 7s = 380 K with a rate of 0.1 — 0.3 nm/s. Fabrication
technique of the polycrystalline Bil-xShx samples of various compositions (x = 0 - 0.25) for the thin films
obtaining is described in [27]. The only difference was that in the present work we used samples that were
annealed for 720 hours after synthesis, and the samples used to obtain films in the work [27] were annealed
for 1200 hours.

The film thicknesses and the condensation rate were controlled using a calibrated quartz resonator.
The crystal structures and phase composition of the initial materials and thin films were characterized by
the X-ray diffraction method. In the X-ray diffraction patterns for thin films similarly to the initial bulk
crystals, only BiixShyx lines were seen. The obtained Bii.«Sby films had a mosaic structure with a trigonal
axis perpendicular to the film surface. Using X-ray photoelectronic spectroscopy and microprobe analysis,
it was shown that the film composition corresponded to the initial material composition with an accuracy
(AX) not worse than Ax =+ 0.002.

The measurements of the transport properties were carried out at room temperature on as-prepared
films. The electrical conductivity o, the Hall coefficient Ry and magnetoresistance Ap/p were measured by
a conventional d. method on bulk parallelepiped-shaped samples and double Hall-cross shaped thin films.
Ohmic contacts were prepared by soldering indium to the bulk or film surfaces. The used value of the
magnetic field (B = 0.05 T) corresponded to a weak magnetic field in contrast to work [27], where a
magnetic field equal to B = 0.9 T was used, which corresponded to the region of a strong magnetic field. It
is known that in the weak magnetic field, RH value does not depend on B and Ap/p increases of quadratic
function. The error in the Ry, o and Ap/p measurements did not exceed £5 %. The Seebeck coefficient S
was measured relative to Cu with an accuracy of =3 %. The component of the TE power perpendicular to
the trigonal axis was measured. The calculation of the Hall mobilities of electrons p, and holes p, was
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carried out taking into account two types of charge carriers and assuming that n = p (which is observed
with a high degree of accuracy in Bii1xShx solid solutions) according to the equations:

_ 1B Hy Ap

o =en(u, 1, ) RH_enu +u, o gz b )
n p

Since the mobility of electrons pn exceeds the mobility of holes pp, the sign of Ry for Bi
and Bi1xSby solid solutions is determined by the mobility of electrons. This explains the resulting
negative sign of Ry and S in bulk crystals. From the results of measuring o, RH, Ap/p, and S values
and taking into account the value of B, the values of n = p, un, pp and TE power factor P(x) = S2 o
were calculated.

Results

In Figs 2-4, the concentration dependences Ry (x), S(X), 4p/p(x), tn (X), wp (X), and P(x) are presented
for the Bi1xSbx bulk crystals and thin films. It can be seen that all dependences exhibit a distinctly non-
monotonic oscillatory behavior.

According to the measurement of S, all obtained thin films, like the initial polycrystals, had an
electronic type of conductivity. From the Fig. 2 (a) it can be seen that S(x) dependences for bulk
polycrystals and thin films are very similar. The addition of Sb atoms to bismuth to x ~ 0.10 leads to a
significant increase in S, due to the reduction of the overlap of T and Ls bands and the formation of a
semiconductor region (Fig. 1).
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Fig. 2. Room-temperature dependences of the Seebeck coefficient S (a) and the Hall
coefficient Ry (b) on the composition x of the Bi1Shy polycrystals (1) and thin films (2).
Solid lines are guides to the eye.
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Fig. 3. Room-temperature dependences of the electron un (a) and hole x4, (b)
mobilities on composition x of the Bii-«Shx polycrystals (1) and thin films (2).
Solid lines are guides to the eye.
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Fig. 4. Room-temperature dependences of magnetoresistance 4p/p and thermoelectric
power factor P = S% & on composition x of the Bi1xSby polycrystals (1) and thin films (2).
Solid lines are guides to the eye.
After that, S decreases. However, we are talking only about the general trend of S change in the
range x = 0 - 0.25. Meanwhile, the S(x) dependence for both bulk crystals and thin films exhibit several
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peaks or inflections near the compositions x = 0.01, 0.02, 0.05, 0.12, and 0.18 which we attributed
[17 — 25] to a percolation and electronic phase transitions.

In accordance with the Ry measurements, all the initial polycrystals also had an electronic type of
conductivity. In the Ry (x) dependence for polycrystals (Fig. 2,b), in addition to the indicated anomalies in
S(x) dependence (Fig. 2,a), we were able at x ~ 0.08 to reveal the peak associated with an indirect-gap - a
direct-gap semiconductor transition, when the T-band top coincides with the Ls-band top [24, 25]. In S(X)
dependence, in contrast to dependence Rn (x), there is one diffuse anomalous section in the range
x =0.05-0.08 (Fig. 2a).

The dependence Ry (x) for thin films (Fig. 2,b) turned out to be more complex: Ry (x) curve had a
number of features connected with the change of conductivity type. Bi had p-type conductivity (R > 0) but
introduction of the first portions of Sb (to x ~ 0.007) led to inversion sign of conductivity (p — n). Then, at
x ~ 0.01, the conductivity type changed again (n — p) and followed by a new change in the sign of the
conductivity at x~ 0.02 (p — n). After that, with a further increase in x, the Ry sign for all films was
negative (Ry < 0), as for bulk crystals. The reason for the difference between the Ry and S signs may be as
follows. According to [28], in Bi monocrystals, Ry has a positive sign only along the direction of the
trigonal axis, and in the perpendicular directions, the sign changes to a negative one. Unlike Ry, the
coefficient S in any crystallographic directions remains negative. BiiShy films were grown along the
direction of the trigonal axis [001], which was perpendicular to the plane of the substrate. That is why a
positive Ry sign and a negative S sign were observed for Bi films what we showed in our work [29]. The
introduction of Sb leads to an elastic distortions of crystal lattice, and with increasing X, orientation along
the trigonal axis [001] becomes less and less perfect, and at a certain concentration of Sh, orientation
practically disappears. A convincing fact confirming this assumption is the negative Ru sign observed by
the authors of [30] in polycrystalline Bi films in which there is no anisotropy of properties.

Let us point out the following circumstance. As noted above, it was previously assumed [17 — 25]
that in the range x=0.005-0.01, there is a percolation transition from an impurity discontinuum to an
impurity continuum, which is with a high degree of probability is accompanied by ordering processes [31].
These processes can stimulate the formation of a more perfect oriented structure and determine inversion of
conductivity type (n — p). A subsequent increase in Sb concentration makes again the structure less perfect
and leads to the inversion of the conductivity sign (p — n). Approach to transition to a gapless state leads
to a decrease in RH but it no longer causes an inversion of the conduction type (n — p) since a significant
number of impurity atoms makes the oriented structure even more imperfect. Thus, the alternating change
in the Ry sign reflects in some way the change in the degree of structure perfection (degree of orientation),
which, in turn, is associated with the presence of phase transitions. In a sense, a conductivity type can be
used to estimate the degree of anisotropy in the film structure. This, of course, only applies to the case if
the type of conductivity depends on the direction in the crystal.

Let us note that in the work [27] in which the Bii.«Shx films were studied only in the concentration
range x = 0 — 0.1, no change in the sigh of Ry was observed at the percolation transition near x = 0.01.
Perhaps this was due to the fact that the Ry measurements were carried out in a strong magnetic field
(B=0.9T), and not in a weak magnetic field (B = 0.05 T), as in the present work.

A change in the Ry sign in films depending on x complicates the comparison of the Ry(x)
dependences for bulk and film samples. However, it can be seen (Fig. 2b) that despite the alternating
change of R4 sign in the range x = 0 — 0.02, the character of the Ru(x) dependence remains the same as for
bulk crystals, having extrema corresponding to the phase transitions of the above types, if we take the Ry
value of Bi as the reference point. In other words, a change in Ry sign does not prevent observation of the
concentration anomalies.
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The calculation of the p, and pp values using equation (1) showed that the dependences pn(x) and
Ly (x) have also a pronounced nonmonotonic character (Fig. 3). There are several clear maxima at x ~ 0.01,
~ 0.03, ~ 0.06, ~ 0.08, ~ 0.14 and ~ 0.18. These concentrations correspond to the characteristic
compositions (Fig. 1) at which there are qualitative changes in the Bi:xSby band energy structure. It should
be noted that, in these dependences, as well as in the Ry (x) dependence, two maxima can be distinguished,
corresponding to the semimetal — indirect-gap semiconductor transition and indirect-gap semiconductor -
direct-gap semiconductor (x ~ 0.06 and x ~ 0.08, respectively). The dependence Ap/p (X) (Fig. 4a) actually
repeats the character of the dependences pn(x) and i, (x).

It was shown theoretically [32] that the Bi1.xSbyx band structure depends not only on the composition
and thickness of the film, but also on the orientation of the film on the substrate. Therefore, it can be
expected that at low Sb concentrations, when the degree of anisotropy in the film is sufficiently high, the
extrema on the concentration dependences of the properties of the films can be shifted relative to these
positions in the crystal. Some shift of the maxima on the dependences Ap/p (X), pn(x) and pp (x) for bulk
crystals and films in the range of compositions x = 0 - 0.1 is related, apparently, to this circumstance.

In Fig. 4,b, the concentration dependences of TE power factor P = S; ¢ for bulk crystals and thin
films are presented. The lower values of P in thin films compared to bulk crystals can be explained by
lower values of electrical conductivity in thin films, since the values of the Seebeck coefficient, are
practically the same in crystals and films (Fig. 2a). Fig. 4 shows that the P(x) dependence, as well as the
dependences on the composition for all other kinetic coefficients of crystals and films, has a distinctly
nonmonotonic character. The compositions at which the maximum values of P are observed, are different
for crystals and thin films (at x ~ 0.03 and x ~ 0.06, respectively). however, these data correspond to 300 K,
while the highest values of TE figure of merit correspond to temperatures below 200 K [1 — 3]. Therefore,
our immediate task is to obtain the temperature dependences of the Kkinetic coefficients of thin
Bi1Shy films.

Thus, we can conclude that the concentration anomalies of TE and galvanomagnetic properties
observed for Biw«Shx polycrystals and attributed [17 — 25] to critical phenomena accompanying phase
transitions, are reproduced in the thin films obtained from these crystals. A change in the technology for
preparing initial bulk crystals (the reduction in the annealing time of bulk from 1200 to 720 hours) does not
change the behavior of the concentration dependences of kinetic coefficient of bulk crystals and thin films
qualitatively. The nature of the magnetic field (strong or weak) in which the galvanomagnetic properties
are measured does not change the general character of the dependences of the properties on the
composition and the presence of anomalies, but only affects the value of RH and Ap/p.

However, it should be noted that this is observed in sufficiently "thick" films (d = 250 + 10 nm),
when quantum size effects (e.g, the oscillating nature of the d - dependences of properties) are practically
not manifested. The transition to very thin films and manifestation of these effects can significantly change
the physical picture. However, in a number of cases, thin-film TE energy converters are used with layer
thicknesses when size quantum effects do not manifest themselves.

Conclusions

1. It was established that the concentration anomalies of TE and galvanomagnetic properties associated
with the manifestation of critical phenomena accompanying percolation and electronic phase transitions
observed in BiwxShx polycrystals in the composition range x = 0 — 0.25, are largely reproducible in thin
Bi1«Shy films with thicknesses d = (250 = 10) nm obtained from these crystals by thermal evaporation in
vacuum on mica substrates.

2. A change in the magnetic field value used in the measurement of Ry and magnetoresistance, a change in
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the technology of polycrystals of which the films were made (a decrease in the annealing time from 1200
to 720 hours) do not affect the fact of the presence of concentration anomalies of properties both in
polycrystals and in thin films.

The alternation of the RH sign in the range x = 0 — 0.02 with changing the composition under a
constancy of sign of the Seebeck coefficient in Bi;Shy thin films was found. The sign of the Ry in a film
depends on the degree of film anisotropy, which, in turn, depends on the presence of a phase transition.
A change in the Ry sign with a changing the composition is not an obstacle to the detection of anomalies
in the concentration dependences of properties.

The results obtained is one more confirmation of the fact of the presence of percolation and electronic
phase transitions in the BiixSbyx solid solutions which manifest themselves in critical phenomena
observed not only in crystals, but also in films.

Good agreement of the critical compositions in the concentration dependences of the properties of the
Bi1«Shy crystals and thin films, indicates good reproducibility of the compositions of polycrystals in thin
films obtained from these polycrystals.

The existence of the concentration anomalies of TE and galvanomagnetic properties in BiwxShy bulk and
thin film states should be taken into account when interpreting the results of studies, predicting TE
properties, and using the Bi1xShx polycrystals and thin films in TE devices.
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EJIEKTPOHHI ®A30BI IEPEXOIHU Y TOHKHUX
MJUIIBKAX Bi1-xShx

Memoto danoi pobomu 6yn0 eugueHHs KoHyenmpayiunux 3arexchocmeil TE ma eanveanomaznimuux
enracmugocmeti moukux naieox Bi1xSby ¢ inmepeani x = 0 — 0.25. Touxi naiexu Bi1xSby moswunoio
d = (250 £ 10) um 6yau euecomosieni mepmivHum UNAPOBYSAHHAM Y 8aKyymi kpucmanie Bi1«Sby na
(111) cmoosaui nioknaoku, a MPAHCNOPMHI — 81ACMUBOCMI (€1eKMpPONpoGiOHicmb, Koepiyienm
3ecbexa, xoepiyicnm Xonna, pyxaugicms eieKmpoHia i 0ipoK, MacHemoonip) niidox GUMIPIOBAIUCD
3a KimMHamuoi memnepamypu. bByno ecmamnosneno, wo 6ci aHomanii Ha KOHYEHMPAYIUHUX
BANEHCHOCMAX BAACMUBOCTEH, WO CROCmepicanucs pauiwe 6 macusnux Kpucmanax BiixSbyx i
no8’A3y8anucs i3 eNeKmpOHHUMU DA308UMU Nepexooamil, GIOMBOPIOANUCL Y MOHKUX NII6KAX.
Ompumani oamni, 3 00H020 OOKY,— Ye we 00uH 00KA3 ICHY8AHHS KOHYEHMPAYIUHUX 0cobaugocmeil y
MPAHCROPMHUX GLACTNUBOCMAX MEepOux po3uunie Bi1xSby, a, 3 dpyeo2o 60oky, yi dani exazyioms Ha
000py 8iOnogionicmv  CKIA0iI6 BUXIOHUX KpUCMATI@ CcKiadam moukux naigox. Qodepowcani
pe3yiomamu Ciid epaxogyeamu npu iHmepnpemayii pe3yibmamie 00CAi0NCeHb MAd NPOSHO3YEAHHI
enracmueocmeltl Kpucmanis i moukux niieok Bi1xSby. Bion. 21, puc. 4.

Karwouosi ciaoBa: BiixSby, TBepamii po3umH, TOHKa IUTIBKa; KOHLEHTpauis, (a3oBHi mepexin,

TepMOENEKTPUYHI BIIACTUBOCTI, TaJJbBAHOMATHITHI BIACTUBOCTI.
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IJIEKTPOHHBIE ®A30BbIX IEPEXO10B
B TOHKUX IVIEHKAX Bi1-xShx

Lenvio  Oannoti  pabomvr  Obl10  uU3yyeHue  KOHYeHMpayuownvix  3asucumocmen  TO u
2A/1bBAHOMACHUMHBIX CEOUCME MOHKUX NAeHOK Bi1xSby 6 unmepeane x = 0 - 0.25. Touxue naenku Bil-
xSbx momwunou d = (250 £ 10) Hm 6bLIU U320MOBNEHVI MEPMUYECKUM UCNAPEHUEM 8 BaKyyme
kpucmannos BiixSbx ma (111) cmoosuvie noonoscku, a  mpaumcnopmmuvie — ceéolicmsa
(anexkmponpogooHocms, Koapguyuenm 3eebexa, kosppuyuenm Xoana, nOOBUNCHOCMb INEKMPOHOS U
ObIPOK, MASHUMHOE)NACHOK USMEPANIUCL NPU KOMHAmMHOU memnepamype. bvino ycmanoeneno, umo éce
AHOMAIUU HA  KOHYEHMPAYUOHHLIX 3A6UCUMOCAX CE0UCMS, KOmopbvlie HAOI00ANUCs panee 6
maccusnolx  kpucmainax  BlixSDx  u  ceazaner ¢ onexmponnvivu - gpazosvimu  nepexooamu,
80CNPOU3BOOUNUCL 8 MOHKUX HAeHKax. [lomyyennvle Oanmble, ¢ OOHOU CMOPOHBL, - MO euje 00HO
00KA3amenbCmeo CyWecmeo8anus KOHYEHMPAYUOHHbIX 0COOEeHHOCMEN 6 MPAHCNOPMHBIX CEOUCMEAX
meepovix pacmeopos BiixSby, a ¢ Opyeou cmopomusl, smu Odanmvle ykazvieaiom Ha XOpouLyio
coomeemcmeue CK1a008 bIXOOHbIX KPUCMATIOE COCMABAM MOHKUX nieHok. I1onyuennvie pe3ynbmamol
cnedyem yuumul8ams npu UHMeEpnpemayuu pe3yibmamos uccie008anuil U NPOSHO3UPOBAHUU CBOUCME
Kpucmanios u moukux nienox BiiySby. Bubn. 21, puc. 4.

KuiroueBble ciioBa: Bii.xSbx, TBepaplil pacTBOp TOHKas IUICHKA; KOHLEHTpauus; (pa3oBbId MEpexoj;
TEPMOAJIEKTPUUECKHE CBOMCTBA; TaJIbBAHOMArHUTHBIE CBOMCTBA
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